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Abstract

B cells mount specific antibody responses to protect our body from infection. At the same time,
their antibody responses can be directed to local self or alloantigens to drive tissue inflammation.
Although similarity is obvious between these two responses, a direct comparison remains to be
made. Renal allograft rejection is one of diseases which involve pathogenic antibody responses
and tissue-local B cell activation. Serum alloreactivity and intrarenal B cell infiltrates both predict
a poor prognosis. However, it is unknown how or whether intrarenal B cells contribute to
alloreactive antibody production and allograft rejection. In this study, we performed single cell
RNA-sequencing (scRNA-seq) on activated B cells sorted from eight renal allograft rejection
biopsies. Their transcriptome was compared with tonsil germinal center (GC) B cells, in order to
elucidate a signature specific to intrarenal B cell activation. Our analyses revealed their unique
transcriptional state that resembled peritoneal B1 cells including the upregulation of specific innate
signaling pathways. Furthermore, comparison to transcriptome of whole rejected renal allografts
discovered autocrine and paracrine interactions surrounding intrarenal B cells. Finally, we
characterized their antibody reactivity. Although intrarenal B cells expressed highly mutated
antibodies, none of them reacted to human leukocyte antigens (HLAs). Autoreactivity was not
generally enriched either, leaving their reactivity elusive. However, infiltrating plasma cells
showed robust clonal expansion, expressing antibodies that strongly and specifically bound to
nucleolar self-antigens including Ki-67. Overall, this study uncovers two unique B cell states in
renal allograft rejection: an innate peritoneal Bl-like phenotype and plasma cells expressing

antibodies to ubiquitous nucleolar self-antigens.
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1 Introduction

B cells are the protagonist of humoral immune responses. They produce antibodies to exogenous
antigens to protect our body from infection. On the other hand, when their activation is
uncontrolled, they drive autoimmune diseases and transplant rejection.

How B cells become activated effectors has been one of the most intensely studied topics
in immunology. Today, we know B cells are activated mainly via two pathways: GC responses
and T-independent (TT) B cell activation. In this introduction, I will describe what is known about
these processes and how they play a role in inflammatory diseases, in particular renal allograft

rejection, the main topic of this thesis study.

1.1 Germinal centers

Each B cell expresses unique B cell receptors (BCRs) generated during their development (/).
When BCRs are made, they tend to have only limited affinity and broad reactivity (2). Additionally,
only a small fraction of naive B cells can recognize any given antigen. To confer sufficient humoral
protection, B cells need to improve affinity and specificity of their BCRs and expand antigen-
reactive clones. Both of them are achieved in GCs.

Upon recognition of cognate antigens, B cells upregulate a chemokine receptor CCR7 and
migrate toward T-cell zones (3). At the same time, they downregulate SIPR1, a receptor critical
for lymphocyte egress from secondary lymphoid organs. Instead of S1PRI, they upregulate
another receptor SIPR2 (4, 5). These changes tailor them for dynamic movement and interaction

within GCs. At the border of T-B zones, B cells encounter follicular-helper T (Tth) cells to initiate



a GC response. Within roughly one week after an encounter with antigens, activated B cells and
Tth cells form visible GCs, which also contains follicular dendritic cells (FDCs) (6).

GCs have two regions: dark zone (DZ) and light zone (LZ). DZ and LZ are named based
on their anatomical features. They are also molecularly marked by expression of CXCR4 and
CD83 respectively both in mice and humans (7). In DZ, B cells rapidly expand and accumulate
somatic hypermutations (SHMs) in the variable region of BCR genes. Proliferation and mutations
need to be precisely orchestrated so that they do not happen at the same time. This separation
echoes B cell development in bone marrow (8). DZ sequesters these processes into two
compartments: proliferative DZ (DZp) and differentiating DZ (DZd) (9). DZp is where B cells
proliferate. DZp cells express both CD83 and CXCR4, which indicates they are a transitional
population between LZ and DZ. DZp cells divide only once or twice (/0). Moreover, they form
cell clusters instead of scattering throughout DZ. These observations further indicate that
proliferation in DZp is tightly regulated both temporally and spatially. B cells then transition to
DZd, where they upregulate Aicda encoding a key enzyme, activation-induced cytidine deaminase
(AID), to induce SHMs (11).

After expansion and mutations, about a half of DZ cells proceed to LZ (7, 12). In LZ, B
cells are selected based on affinity and specificity of their mutated BCRs. Antigen-reactive BCRs
allow B cells to capture antigens displayed on FDCs (/3). This BCR engagement induces the first
survival signal. B cells then internalize, process and present antigens on major histocompatibility
complex (MHC) class II to Tth cells. Tth cells in turn provide B cells with the second, more critical
survival signal via CD40-CD40L interaction (/4). B cells in LZ compete for these survival signals
based on affinity and specificity of BCRs. This process is called affinity maturation, which

completes within just several hours.



Although B cells preferentially migrate from DZ to LZ (15), nearly 10 % of LZ cells reenter
DZ for further expansion and SHM. This phenomenon, known as cyclic reentry (7, 16), facilitates
clonal evolution of BCRs. Each GC starts with a mixture of diverse B cell clones. Those clones
compete in the course of GC responses that typically last for around three weeks. In the end, each
GC contains much reduced clonal diversity (/7). However, the extent of the clonal dominance
varies highly among GCs. This feature allows multiple clones to affinity-mature in parallel,
maintaining diversity of antibody repertoire.

LZ B cells eventually differentiate into antigen-secreting plasma cells or memory cells.
Plasma cells can be short-lived or long-lived. The former robustly secretes antibodies during their
short lifespan to clear pathogens, whereas the latter homes to bone marrow and supplies antibodies
throughout life. Memory B cells enter circulation and contribute to rapid recall responses on
occasions of secondary antigen exposure. Plasma cells mainly differentiate from affinity-matured
B cells (/8). On the other hand, B cells with low-affinity BCRs constitute main precursors for
memory B cells (/9). This distinction indicates that affinity-based selection in LZ determines not

only survival but also terminal differentiation in GCs.

1.2 Transcriptional regulation in germinal centers

Upon BCR engagement, downstream signaling via NF-kB activates a transcription factor IRF4.
IRF4 is critical for the initiation of GC responses, as it upregulates indispensable transcription
factors such as BCL6 and OBF1 (Pou2afl) (20). BCL6 cooperates with another transcription
factor, BACH2, to repress genes of various pathways including plasma cell differentiation,
apoptosis, interferon (IFN) responses, Toll-like receptor (TLR) signaling (21, 22). This
transcriptional repression allows B cells to both initiate and maintain GC responses. On the other
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hand, OBF1 and its partner OCT2 (Pou2f2) activate a transcriptional program indispensable for
GC formation (23).

Once GCs are formed, another transcription factor FOXO1 is upregulated in DZd. FOXO1
represses genes related to BCR signaling and plasma cell differentiation (24). These pathways are
also targeted by BCL6, making a synergistic effect. At the same time, FOXO1 activates genes
related to cell cycle, CXCR4 signaling, and DNA damage responses, preparing B cells for
proliferation and SHM. SHM is carried out by AID. AID expression is upregulated in DZp by
multiple transcription factors such as E2A, PAXS and IRF8 (25-27). FOXO1 also supports SHM
by stabilizing AID (28).

In addition to SHM, AID mediates another important process called class-switch
recombination (CSR). CSR switches constant regions of BCRs, or isotypes, conferring them
specific functions. CSR was previously thought to happen in GCs, as AID is highly expressed in
GCs. CSR is also impaired in mice lacking transcriptional factors critical for GC responses, such
as IRF4 and FOXOI1 (24, 29). However, CSR mainly happens at a very early stage of B cell
activation, even before GCs are formed (30, 37). Therefore, although AID mediates both SHM
and CSR, these two events occur at different timepoints.

In LZ, signaling downstream of BCR engagement sequesters FOXO1 from the nucleus.
BCR signaling also downregulates Foxol transcription, turning off the DZ program (32).
Additionally, strong BCR signaling upregulates Myc (c-Myc), which promotes the survival of
affinity-selected B cells. c-Myc is also required for cyclic reentry to DZ (33). c-Myc expression
level remains high in DZp, where it is phosphorylated and activates proliferation (9). In this way,

c-Myc bridges LZ and DZp.



Survival signals in LZ also drive plasma cell differentiation. Plasma cell differentiation is
governed by two transcriptional factors, BLIMP1 (Prdml) and XBP1 (34, 35). Without a cue for
differentiation, they are repressed by transcription factors such as BCL6 and PAXS (36, 37). IRF4
releases this repression, which is induced by strong BCR and CD40 stimulation in LZ (38). This
role of IRF4 seems in contrast to its function to upregulate Bc/6 in the initiation of GC responses.
These different functions of IRF4 might be explained by distinct dimerization partners in each
context (20). IRF4 also directly upregulates Prdmi, which in turn activates Xbpl (39). This
cascade of transcriptional regulation efficiently directs affinity-matured B cells to plasma cells.

The transcriptional regulation of memory B cell differentiation is not as well defined. In
contrast to plasma cells, memory cells emerge mainly from B cells with low-affinity BCRs. In fact,
low-affinity BCRs are enriched in GC B cells expressing a memory B cell marker (/8). Strong
CDA40 signaling also prevents memory B cell differentiation by repressing BACH2 (40). These
findings indicate an inverse association between BCR affinity and memory B cell. However, some
memory B cells express high-affinity BCRs. Therefore, multiple mechanisms should govern

memory B cell differentiation depending on BCR affinity.

1.3 T-independent B cell activation

Although GCs drive specific and robust humoral responses, B cells can also respond to a class of
antigens without GCs and T-cell help. Those antigens are called TI antigens (47). TI antigens are
divided into TI-1 and TI-2 antigens. TI-1 antigens activate B cells in a BCR-independent manner,
via engagement of pattern-recognition receptors (PRRs) inducing innate immune signaling. They
include bacterial or viral components such as lipopolysaccharide (LPS) and bacterial DNA. On the

other hand, TI-2 antigens only activate mature B cells in BCR-specific manner. They have a
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repetitious structure, so that they crosslink multiple BCRs. Without the need of T cell help and GC
formation, B cells can respond to these antigens much more rapidly than to conventional antigens.
Moreover, B cells secrete antibodies even without antigenic stimuli. Such antibodies, mostly
circulating IgM and mucosal IgA, are called natural antibodies (42). This rapid or natural antibody
production serves the first-line defense against infection. For this specific protection, the immune
system has specialized, innate-like B cell subsets called B1 cells and marginal zone (MZ) B cells.
This section focuses on B1 cells and delineates their unique phenotype.

B1 cells were originally found as CD5-expressing B cells (43). While they account for only
a small fraction of B cells in lymphoid organs and circulation, they represent a main B cell subset
in body cavities such as peritoneal cavity and pleural cavity. In mice, B1 cells show distinct surface
protein expression compared with conventional B (coined as B2) cells, such as higher IgM and
lower IgD. Splenic and peritoneal B1 cells also differ (44). For instance, most peritoneal B1 cells
express CD11b, a component of cell adhesion complex Mac-1, while splenic B1 cells do not. On
the other hand, most splenic B1 cells express a cell-surface sialomucin CD43, while some
peritoneal B1 cells lack it. In addition to surface markers, peritoneal B1 cells specifically express
intracellular molecules as well, such as calcium ions sensors, annexin II and S100a6 (45).

These differences could reflect their localization in different tissues. However, CD11b
deletion does not alter B1 cell count in peritoneal cavity (46). Instead, CD11b promotes B1 cell
migration from body cavities to secondary lymphoid organs. Upon influenza infection, type-1 IFN
pathways convert CD11b to its high-affinity form, which allows B1 cells to migrate from pleural
cavity to mediastinal lymph nodes. Moreover, both annexin II and S100a6 promote proliferation
and cell motility, often associated with tumorigenesis (47). Therefore, this peritoneal B1-specific
gene expression could underlie distinct functions of B1 subsets. Additionally, there is another B1
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subset called B1b cells. They share all the surface markers of traditional B1 (or Bla) cells except
CD5. Despite their similarity, a reconstitution experiment demonstrated that they have distinct
origins (48). Their existence further highlights diversity within B1 cells.

B1 cells secrete most natural IgM, and also contribute to the mucosal IgA pool (49). IgM
production is mediated by a small number of splenic and bone marrow Bl cells, instead of
peritoneal B1 cells (50). Moreover Blb, but not Bla, cells give rise to IgA plasma cells in the gut
(51). Importantly, natural antibodies have roles other than protection against infection, such as
clearance of apoptotic cells (52). Moreover, deletion of secretory [gM markedly reduces immature
and mature B cells, and even alters their repertoire (53). Therefore, via natural antibody production,
B1 cells maintain immune homeostasis.

Their broad roles come from a unique reactivity and repertoire of their antibodies. Each B1
antibody tends to react to multiple, and often self, antigens (57, 54). The most well characterized
antigen is a phospholipid phosphatidylcholine (PtC) (55). PtC-reactive cells account for nearly
10 % of Bla cells in peritoneal cavity. Their anti-PtC antibodies predominantly utilize Vul1 and
Vk9 in C57Bl/6 mice, although other V genes dominate in different strains (56). Along with this
observation, early studies based on hybridomas or bulk sequencing suggested that B1 cells carry a
limited set of V genes and junctional diversity (57). Consistently, a large fraction of Bla cells
develop in fetuses or neonates, when mice have limited expression of TdT, an enzyme responsible
for junctional diversity (58). However, more accurate analyses using fluorescence-activated cell
sorting (FACS) demonstrated that the disparity between B1 and B2 repertoire is less profound than
previously acclaimed (48, 59). Especially, their repertoire is much less skewed in Bla cells

generated later in life and B1b cells (60).



Nonetheless, some BCR usages are specific for Bl cells, and impact their lineage
commitment. For instance, B1 cells dominate in Vux12-transgenic mice (6/) while only B2 cells
develop in VuB1-8-transgenic mice (62). Moreover, Thy-1-specific B1 cells develop only in
antigen-sufficient mice (63). These results demonstrate that BCRs instruct B1 development via
antigen recognition. Additionally, Bla-specific heavy chains allow pro-B cells in fetal liver to
expedite light chain rearrangement (64). This early IgK rearrangement bypasses a requirement of
surrogate light chain and pre-BCR checkpoint, thereby letting autoreactive clones persist. These
observations highlight a unique developmental pathway shaping early B1 repertoire. Finally,
switching VuB1-8 to Vu12 in mature B2 cells forces them to acquire a B1 phenotype (65). This
conversion involves not only surface markers, but also their functions such as peritoneal cavity
migration and spontaneous IgM secretion. These results highlight that BCRs are critical for Bl
cells to both acquire and maintain their phenotype.

Another unique property of Bl cells is their rapid response to innate stimuli. LPS
stimulation robustly induces antibody secretion from B1 cells in vitro and in vivo (66, 67). This
antibody production does not require proliferation, which is distinct from plasma cell
differentiation in GCs. In addition to stimulating antibody production, LPS downregulates an
adhesion molecule CD9 on B1 cells and promotes egress from peritoneal cavity (68). Despite their
distinct response to TLR ligands, B1 and B2 cells exhibit similar TLR expression (69, 70).
Therefore, rather than receptors, differences in downstream machinery should underlie the
phenotype of B1 cells. It remains unclear how they respond to stimuli which activate other innate
pathways, such as NOD or inflammasome pathways.

B1 cells have been characterized mostly in mice. In contrast, their human counterpart
remains elusive. Although CD5" B cells exist in humans, their frequency in circulating blood is
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much higher than in mice (77). In fact, CD5 are broadly expressed in human B cells, including
transitional, activated or anergic B cells (72). These observations question CDS5 as a reliable B1
marker in humans. Instead, it is proposed that another mouse B1 marker CD43 with other markers
(CD20* CD27* CD70") defines B1 cells in humans (73). However, this definition remains highly
controversial (74, 75). Particularly, both CD27 and CD43 are expressed on pre-plasmablasts,
another B2 population which spontaneously secrete antibodies (76). Collectively, B1 cells are not
well defined in humans. Identification of such a population requires more comprehensive profiling
of gene/protein expression and functional analyses to demonstrate key B1 properties, such as a
response to innate stimuli.

A widely accepted view is that B1 cells produce unmutated low-affinity IgM antibodies.
However, B1b cells also class-witch to [gA and produce mucosal antibodies. These IgA antibodies
often contain SHMs (77). The presence of CSR and SHM indicates B1b cells can express AID in
a certain circumstance. Unlike GC responses, mucosal IgA production and their mutations do not
totally depend on T-cell help (78). It remains to be investigated what induces AID expression in
B1 cells. Additionally, B1 cells can also class-switch to IgG. Indirect evidence come from a B1-
deficient mouse strain (79, 80). Mice deficient in Nfkbid almost completely lack B1 cells, whereas
B2 cells develop normally. These mice can mount T-dependent humoral responses at an equivalent
level as wildtype mice. In contrast, TI response is severely impaired, including diminished titer of
TI antigen-specific IgG. This defect was rescued by transfer of wildtype peritoneal B cells,
indicating they contribute to IgG production as well. Moreover, both Bla and B1b cells can express
AID and class-switch to IgG upon in vitro stimulation (87). These in vitro stimulated B1 cells even
participated in GC responses when transferred into lupus-prone NZB/NZW mice. This system is

highly artificial, dependent on multiple signals from CD40 along with cytokines IL4 and BAFF
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provided from feeder cells. Nevertheless, this observation demonstrates a potential of B1 cells to
acquire a GC-like phenotype.

Although it is unclear whether they mount high-affinity antibody responses, their
autoreactive nature implicates them in inflammatory diseases. Indeed, many autoimmune mouse
models have an increased number of Bl cells (82). Their proinflammatory role has been
investigated using hypotonic cell depletion by intraperitoneal H>O injection (83). In this system,
B2 cells dominantly refill the depleted B cell pool, allowing investigation of peritoneal B1 cell
function. In a mouse model of spinal cord injury, IgM autoantibodies accumulate in lesions and
drive tissue destruction (84). This tissue damage and IgM deposition is significantly reduced
without peritoneal B1 cells. Furthermore, B1 cells infiltrate pancreatic islets of nonobese diabetic
mice (85). Depletion of peritoneal Bl cells clears B cell infiltrates and ameliorates diabetes.
Interestingly, this treatment also reduces anti-DNA IgG titer, although it is not shown whether B1
cells produce these antibodies. These results indicate that B1 cells participate in autoimmune

humoral responses.

1.4 B cell self-tolerance
With BI1 cells as an exception, self-tolerance mechanisms prevent autoreactive B cells from
participating in immune responses. However, stochasticity of BCR rearrangement constantly
supplies autoreactive clones. Once these autoreactive B cells become activated, they produce
pathogenic antibodies and drive autoimmune or inflammatory diseases.

BCR rearrangement is random. Therefore, it inherently risks developing autoreactive B
cells. Nearly 80 % of human early immature B cells express antibodies reactive to human epithelial
type-2 (HEp-2) cells, indicating reactivity to ubiquitous self-antigens (86). Three mechanisms
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tolerize those autoreactive B cells in development: deletion, anergy, and receptor editing (87—-89).
Thanks to these central tolerance mechanisms, frequency of autoreactive B cells drops to 20 % in
mature naive B cell repertoire in humans. It is largely unknown why the immune system retains
such a substantial number of autoreactive B cells. A large fraction of them are likely to be anergic
(90). Anergic B cells have a short lifespan in presence of non-autoreactive B cells (97). Therefore,
it is unclear whether a majority of those autoreactive B cells actually play a role.

In periphery, SHM can also generate de novo autoreactive B cells. Peripheral tolerance
mechanisms deal with such acquired autoreactivity. Peripheral tolerance has been extensively
studied in transgenic mice with hen egg lysozyme (HEL)-reactive BCRs. In mice carrying a HEL
transgene and a small population of HEL-reactive B cells, reactive B cells are expelled from B cell
follicles (92). Additionally, HEL-reactive B cells transferred to HEL-transgenic mice cannot
participate in B cell follicles (93). Transferred HEL-reactive cells disappear from recipient mice
within 60 hours after transfer, suggesting they quickly die. This mechanism is called follicular
exclusion. Human B cells expressing autoreactive idiotype 9G4 are also excluded from follicles,
suggesting this mechanism is functional in humans as well (94). Importantly, follicular exclusion
is observed in mice expressing mutated HELs, in which B cells need SHM to become reactive (95).
Therefore, follicular exclusion also tolerizes de novo autoreactive B cells in GCs. Unlike anergy,
follicular exclusion requires competition with non-autoreactive B cells. Moreover, excluded, but
not anergic, B cells can secrete antibodies with T cell help. Therefore, anergy and follicular
exclusion complement each other to ensure peripheral tolerance.

In order to breach these tolerance mechanisms, autoreactive B cells require another cue in
addition to BCR engagement. A well-known example is TLR, in particular TLR7 and TLR9 (96).
TLR7 and TLR9 are intracellular receptors for RNA and DNA respectively. When BCRs
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recognize nucleic acids, they are internalized and ligate these TLRs in endosomes. This pathway
is critical for development of anti-nucleic acid antibodies, since such reactivity is markedly
reduced in autoimmune mice lacking B cell-intrinsic TLR7 or TLR9 (97). Antibodies reactive to
DNA or RNA are often detected in systemic lupus erythematosus (SLE) patients (98). Additionally,
single nucleotide polymorphisms (SNPs) in TLR7 and TLR9 loci are associated with SLE (99).
These observations highlight importance of these TLRs in B cell autoimmunity.

To activate this pathway, B cells do not have to recognize nucleic acids directly. Indeed,
various autoimmune diseases manifest antibodies against nuclear components associated with
nucleic acids, such as anti-histone antibodies in SLE (/00) or anti-RNA polymerase antibodies in
systemic sclerosis (SSc) (/01). A striking example is antinucleolar antibodies often detected SSc
(102). The most extensively studied nucleolar antigen is fibrillarin, a component of protein-RNA
complex called small ribonucleoproteins (snoRNPs). snoRNPs facilitate assembly of ribosomal
RNAs. This RNA binding allows snoRNPs-reactive antibodies to stimulate TLR7. Indeed,
duplication of the 7LR7 locus strongly skews antibody repertoire in lupus mice toward
antinucleolar reactivity (/03, 104). These results suggest that endosomal TLR stimulation
underlies a break in tolerance against broad nuclear and nucleolar antigens.

In addition to the B cell-intrinsic effect, TLR ligation stimulates both type-1 and type-2
IFN production from other immune cells. Type-1 IFNs directly acts on B cells. For instance, both
IFN-o and IFN-B enhance survival and proliferation upon BCR engagement (/05). In vitro
incubation with IFN-a robustly upregulates TLR7 in B cells (/06). On the other hand, B cells
deficient for IFN-a receptors respond poorly to TLR7 agonists. In addition to type-1 IFNs, IFN-y
also plays a critical role in autoreactive B cell activation. Mature B cell-specific deletion of an
IFN-y receptor (Ifngrl) strongly ameliorates lupus-like symptoms and reduce GC formation (/07).
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In fact, these IFN pathways are the most prominent signature in SLE patients (/08). These results
indicate that TLR and IFN pathways cooperate to break B cell tolerance.

Additionally, both TLR and IFN induces expression of a cytokine BAFF from innate
immune cells (/09). BAFF plays an essential role in B cell activation, survival, and antibody
production. BAFF has three receptors (BAFFR, TACI and BCMA), each of which has a distinct
expression pattern. Especially TACI is preferentially expressed by Bl cells, while it is
downregulated in GC B cells (/10), suggesting its unique role in these distinct B cell subsets.
BAFF is upregulated in many B cell-mediated autoimmune diseases. Efficacy of a BAFF-blocking
antibody Belimumab, the only FDA-approved drug for SLE treatment in the last 60 years,
underpins importance of BAFF in B cell autoimmunity (//7). Interestingly, all the pathways
mentioned above—TLR, IFN and TACI—are downregulated in GC B cells (27, 110). Their
repression might function as a safeguard to prevent aberrant B cell activation in GCs.

Once B cell tolerance is breached, it manifests as circulating autoantibodies. In many cases,
autoreactivity detectable in circulation targets ubiquitous self-antigens, such as DNA and histones.
However, many autoimmune diseases affect specific organs: kidney in lupus nephritis, joints in
rheumatoid arthritis (RA), pancreas in Type-1 diabetes, etc. Tissue lesions often contain antibody
deposition, suggesting production of autoantibodies specific to afflicted organs. Those tissue-
specific antigens are not readily accessible in secondary lymphoid organs. How do B cells become
activated and selected for local antigens? In fact, B cells infiltrate into local tissues and mount in

situ humoral responses.
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1.5 Ectopic B cell activation in tertiary lymphoid structures

Although B cells normally generate specific and high-affinity antibodies in GCs, they can
recapitulate the process in non-lymphoid tissues. There, B cells form aggregates called tertiary
lymphoid structures (TLS) (/72). TLS structurally resemble GCs and contain B, T and FDCs.
Furthermore, TLS and GCs also share their functions. B cells in TLS often express proliferation
markers such as Ki-67, suggesting their expansion (//3, 114). Additionally, B cells interact with
Tth cells in TLS (//5). This interaction accompanies formation of supramolecular activation
complex (SMAC), suggesting cognate interaction and T-cell help. Finally, B cells in TLS can
express AID, accumulate SHM and class-switch their antibodies (173, 116). These observations
suggest TLS function as ectopic GCs.

In fact, affinity selection in TLS can occur in autoimmune diseases. In lupus nephritis,
highly mutated antibodies cloned from tissue-infiltrating B cells targeted a self-antigen called
vimentin (//7). Moreover, this reactivity disappeared when mutations were reverted (//8),
suggesting that B cells became affinity-matured and selected for the anti-vimentin reactivity.
Importantly, vimentin is highly abundant in inflamed kidneys. In line with this, antibodies
expressed in synovia of RA patients frequently target locally abundant antigens such as calreticulin
or citrullinated proteins (179, 120). These results suggest that TLS select B cells for reactivity to
local antigens.

Supporting the selection for local antigens, antibody repertoire in tissue-infiltrating and
circulating B cells are clearly different (/21, /22). In the study of anti-vimentin antibodies, we
also demonstrated that in situ selected antibodies did not react to double-stranded DNA, the most

dominant antigen in serum reactivity of SLE patients (//7). These observations underscore that
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we need to study antibody repertoire of tissue-infiltrating B cells in order to fully understand
humoral responses at the site of tissue inflammation.

Despite the structural and functional similarities of TLS to GCs, little is known about their
transcriptional regulation. One of rare examples is an anti-apoptotic protein BCL2. Although
BCL2 is downregulated in GCs, it is highly expressed in B cell infiltrates in lupus nephritis and
allograft rejection patients (/23). Furthermore, Bcl2 inhibition clears tubulointerstitial
lymphocytes in lupus mice. These results indicate distinct transcriptional regulation of B cell
activation in GCs and local tissues. However, a comprehensive, transcriptomic level comparison
has yet to be done.

Furthermore, several local tissue-associated B cell subsets are reported. One is age-
associated B cells (ABCs) (/24). ABCs are originally identified as CD11c¢" B cell population
enriched in aged mice (/25, 126). Their development requires a transcription factor T-bet (/27).
T-bet overexpression is even sufficient to acquire an ABC phenotype. T-bet is strongly induced
by TLR7 stimulation. BCR engagement and IFN-y also enhance the TLR7-mediated T-bet
induction. However, BCR and IFN-y alone have a minimal effect, highlighting importance of
innate stimuli for ABCs. In fact, chronic stimulation by a TLR7 agonist greatly increases ABC
number in wildtype mice (/25). This increase is associated with antinuclear autoantibody
development, implicating their role in autoimmune diseases. Indeed, ABC-like cells are present in
autoimmune patients, especially enriched in afflicted tissues such as the synovium of RA patients
(128) and the kidney of lupus nephritis patients (129, 130). These results suggest their role in tissue
inflammation.

Another interesting feature of ABCs is their similarity to B1 cells. First of all, they robustly

secrete antibodies upon TLR7 stimulation (/25). On the other hand, they are generally inert to
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BCR engagement (/26). They share surface marker expressions as well, such as high CD11b,
TACI and low CD21 and CD23 (725, 126). Additionally, despite the high TACI expression, both
of them do not depend on BAFF for survival (126, 131). However, they also have clear differences.
For instance, ABCs do not express B1 markers CD5 and CD43 (/32). Furthermore, ABCs express
highly diverse, class-switched BCRs with somatic mutations, while B1 cells generally express a
restricted set of unmutated IgM (7/33). Therefore, despite the similarities, they are likely to be
independent subsets.

Another local inflammation-associated signature is hypoxia. A low oxygen level induces
transcription factors which belong to hypoxia-inducible factor (HIF) family. HIF proteins, in
particular HIF1a and HIF2a, exert various effects on all immune cell types, from homeostasis of
hematopoietic stem cells in bone marrow to effector lymphocyte differentiation in periphery (/34).
Since inflammatory sites are generally hypoxic, local inflammation highly activates the HIF
pathway in infiltrating cells. In fact, HIFla® CD4 and CD8 T cells infiltrate the kidney of lupus
mice and patients (/35). Pharmacological and genetic Inhibition of HIF 1a ameliorates renal injury,
suggesting a fundamental role of HIF1a in lupus nephritis.

These pathways are activated in local inflammation and seemingly drive pathogenesis.
However, it is unknown whether they are characteristic to tissue-infiltrating cells or pathogenic
immune responses. For instance, an ABC-like phenotype is acquired in protective B cell responses
as well. T-bet expression by B cells is required to control chronic viral infection in mice (/36).
Albeit transiently, ABC-like cells appear in flu-vaccinated individuals as well (/37). These
observations indicate that the ABC-like phenotype is a mode of B cell activation involved in
humoral responses in general. Additionally, GC B cells highly activate the HIF pathway (9, 738).
Hypoxia slows down antibody production and attenuates AID expression, indicating that the HIF
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pathway regulates GC responses. Moreover, HIF1a can be induced by BCR engagement or LPS
stimulation even at a normal oxygen concentration. Taken together, it is unclear whether these
phenotypes represent tissue-local B cell activation. In order to define a phenotype specific to in
situ B cell activation, we need to directly compare B cell activation signatures in GCs and local
tissues.

For this purpose, I propose to investigate in situ B cell activation in renal allograft rejection
patients. Although kidney biopsy is invasive, high prevalence of kidney transplant and location of
allografts in front abdomen makes it easier to access than other diseases. Additionally, a phenotype
of graft-infiltrating B cells is unknown. In particular, it is a long-standing question whether graft-
infiltrating B cells become locally selected to donor HLAs. In the following sections, I describe
how B cells participate in renal allograft rejection, what remains unknown, and how this study

addresses it.

1.6 Antibody-mediated B cell roles in renal allograft rejection
Kidney transplant is by far the most common type of solid organ transplant. In the United States,
more than 23,000 people received a kidney transplant in 2019 (Organ Procurement and
Transplantation Network). This number has surged by nearly 40% within the last 10 years, due to
increased prevalence of causal diseases such as diabetes and hypertension. Despite drastic
improvement of immunosuppressive regimens, at least 10 % of recipients experience rejection one
year after transplant. Furthermore, rejection rate is as high as 25% considering the first five years
after transplant (/39). Therefore, it is urgent to understand mechanisms of renal allograft rejection.
Humoral immune responses against allografts is a critical pathway driving rejection. The
most frequently targeted antigens are HLAs. HLA loci are the most polymorphic regions in the
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human genome: more than 26,000 alleles have been reported to date (/40). Therefore, it is very
common that a donor and a recipient have HLA mismatches. Mismatched HLAs elicit humoral
responses in recipients, which develops donor HLA-specific antibodies (DSAs). Serum DSAs
strongly indicate a worse transplant outcome (/4/—143). For this reason, serum DSA is one of the
key criteria for diagnosis of allograft rejection.

DSAs are clinically tested using Luminex-based solid phase assays (/44). HLA-binding
assays are divided into two types: mixed-antigen and single-antigen bead (SAB) assay. Mix-
antigen assay is a screening test, in which each Luminex bead is coated with a mixture of class-I
or class-II HLAs. On the other hand, each bead in SAB assay is coated with a single allotype of
HLA. SAB is preferentially used in clinics, since it can reveal specific allotypes targeted by
antibodies. However, SAB assay is subject to false positive. Since SABs are coated without beta-
2 microglobulins (f2m), epitopes masked with f2m in vivo are exposed. Purification and coating
of HLAs also induces denaturation, creating non-native epitopes (/45). Additionally, variation
among lots and manufacturers is evident (/46, 147). Therefore, one needs to account for such false
positives in order to draw a reliable conclusion.

Eplets help clinicians identify true HLA reactivity (/48). Eplets are polymorphic amino
acid residues in HLAs. Structural proximity defines them so that each eplet represents a domain
which antibodies can recognize. Given HLAs share a distinct set of eplets. Therefore, serum
reactivity is suggested to be true if it targets multiple HLA allotypes sharing eplets which are
specifically expressed by a donor.

In addition to DSAs, antibodies against several non-HLA antigens have been detected in
recipients’ serum (/49). Vascular endothelial cells in particular are speculated as a source of non-

HLA antigens. In fact, serum reactivity to endothelial cells can develop in rejection patients (/50).
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Several antigens expressed by endothelial cells have been identified as targets, such as Angiotensin
type 1 receptor (AT1R) and perlecan, a component of vascular walls (151, 152). Development of
such non-HLA reactivity suggests a break in tolerance.

However, such non-HLA antibodies are not necessarily a manifestation of autoimmunity.
A study of genome-wide non-synonymous SNPs demonstrated that non-HLA mismatches between
a recipient and a donor are associated with graft loss, independently of HLA mismatches (/53).
Furthermore, allograft recipients developed antibodies against epitopes predicted from the non-
HLA mismatches. This finding suggests that non-HLA reactivity could also arise from allotypic
differences.

A representative example of such non-HLA alloantigens is minor histocompatibility
antigens. It has been long known that minor histocompatibility antigens underlie rejection in HLA-
matched transplant (/54). Most well-studied antigens are those encoded on Y chromosome, so-
called HY antigens. Although X and Y chromosomes are highly homologous, proteins encoded in
distinct regions on Y chromosome become immunogenic when transplanted into females. In
kidney transplant, male-to-female transplant has the highest risk of rejection (/55). Antibodies
directed to HY antigens indicate that HY antigens drive B cell selection in renal allograft rejection
(156). Additionally, autosomal minor antigens were also characterized (/57). MHC class I
polypeptide-related sequence A (MICA) is one of them. As MICA is encoded in an HLA locus, it
is highly polymorphic. In fact, MICA antibodies are associated with renal allograft rejection (/58).
Although most other autosomal minor antigens are restricted to class-1 HLA, class-II restricted
antigens have been also reported. Therefore, those antigens could also elicit humoral responses.

Produced graft-reactive antibodies damage tissues via Fc receptor-mediated cytotoxicity
(159) or complement activation (/60). In particular C4d, a product of complement activation, is
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often deposited in rejected renal allografts. C4d deposition indicates activation of the complement
pathway that directly damages tissues. In fact, C4d deposition predicts early graft loss (/61). These
observations highlight a direct role of antibodies in allograft rejection.

One of the central questions is how B cells are selected for antigens in allograft, especially
HLAs. Although GCs in secondary lymphoid organs would plausibly be where DSAs and other
anti-graft antibodies develop, they could possibly be produced by in situ B cell activation as well.
B cell aggregates in allografts were associated with poor prognosis in several studies (/62—164).
Although a few studies failed to reproduce this association (/65—167), the discrepancy could be
due to the vague definition of “B cell clusters,” limited sample sizes or inter-patient variation.
These graft-infiltrating B cells showed clonal expansion and SHMs (168, 169). Additionally,
CD138" or CD38", but not CD20", clusters are associated with serum DSAs (163, 170, 171). Albeit
in explants, organized TLS have also been reported (/72). Taken together, an in situ origin of
DSAs is an interesting hypothesis to test. However, studies have been hampered by difficulty in
accessing patient tissues.

To circumvent this problem, various animal models have been created. Some of them
involve B cell infiltration in allografts (/73-176). However, renal allografts tend to become
rejected within a few weeks in animal models (/77), which contrasts with human cases where
rejection can take years to proceed. Therefore, animal models do not well represent kinetics of B
cell selection in human renal allograft rejection. Most importantly, mouse transplant models often
rely on a complete MHC mismatch. Therefore, B cell responses in mouse models are heavily
skewed toward allo-MHCs. On the other hand, as discussed above, humoral responses in transplant
patients target a broad range of non-HLA antigens as well. In one study, more than 40 % of patients

who were positive for tissue C4d deposition did not have detectable serum DSA (/78). These
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observations suggest that developmental mechanisms of anti-graft antibodies are much more
complex in humans.

There is one mouse model which develops non-HLA antibodies. This model utilizes a
mismatch of only three amino acids in MHC-II I-A between C57BL/6 and bm12 strains (/79). In
this model, recipient mice develop antinuclear autoantibodies. Interestingly, this autoantibody
production depends on donor CD4" T cells, at least in the context of cardiac allografts (/80). These
findings indicate that so-called “passenger” cells present in allografts play an active role in shaping
B cell reactivity in allograft rejection (/81, 182). However, as this model fails to mount anti-MHC
humoral responses, it has not been considered to model typical cases of allograft rejection. Taken
together, these mouse models are not ideal for studying how B cell reactivity is locally selected in
patients. In order to understand how B cell reactivity is shaped in renal allografts, we need to
directly study it in humans.

One study tackled this challenge, by producing monoclonal antibodies from graft-
infiltrating B cells in one patient (/83). In this study, they found only two HLA-reactive clones
out of more than 100 clones tested, despite serum DSA positivity of the subject. This result
indicates that graft-infiltrating B cells do not produce DSAs. Their antibodies were not selected
for ubiquitous self-antigens either. As an alternative mechanism selecting B cell reactivity, they
proposed polyreactivity. Polyreactive antibodies can bind to structurally distinct antigens, which
is usually measured by an enzyme-linked immunosorbent assay (ELISA) with plates coated with
double-stranded DNA, LPS and insulin (86). However, frequency of polyreactive antibodies they
found were no higher than that in naive B cell repertoire (86). Therefore, it is unknown for what

reactivity intrarenal B cells are selected.
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This lack of apparent affinity selections echoes another mouse study, in which antigen non-
specific T cells can also infiltrate allografts (/84). However, even such specificity-independent
migration requires other antigen-specific T cells. Furthermore, B cells need to encounter local
antigens to reside in tissues (/85). These mouse studies indicate that graft-infiltrating B cells
should recognize, and be possibly selected for, local antigens.

Importantly, this previous human study had several caveats. First of all, they studied only
one subject, which makes it impossible to generalize their findings. Moreover, their observation
does not necessarily reflect what is happening in the course of rejection, since they investigated an
explant, a “dead” kidney allograft at the end stage of rejection. Finally, they collected B cells using
a pan-B cell marker CD20 alone, which missed plasma cells. Therefore, another study with more

subjects, especially focused on activated B cells in an early stage of rejection, is desired.

1.7 Antibody-independent B cell roles in renal allograft rejection
Although antibodies definitely play a critical role in rejection, B cells modulate immune responses
via cytokines as well (186). B cells express a wide array of cytokines upon in vitro stimulation.
Interestingly, B cells co-stimulated with Th1 cells express type-1 cytokines such as IFN-y, while
coculture with Th2 cells upregulates type-2 cytokines such as IL-6 (/87). Those polarized B cells
in turn dictate differentiation of naive T cells. These results suggest that a complex interplay in a
local immune environment controls cytokine production by B cells.

B cell-derived cytokines have profound effects in inflammation. One such example is IL-
15. IL-15 is a potent proinflammatory cytokine upregulated in many inflammatory diseases.
Although a majority of IL-15 is believed to be produced by monocytes or epithelial cells (/88), B
cells also express IL-15 (/89). In multiple sclerosis patients, B cell-derived IL-15 enhances
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cytotoxicity of CD8 T cells. Although IL-15 overexpression is associated with renal allograft
rejection as well (/90), it is entirely unknown whether B cells express IL-15 in this context.
Regarding allograft rejection, however, the most notable is a phenotype called regulatory
B (Breg) cells (/91). Breg cells express an immunosuppressive cytokine IL-10 and induce graft
tolerance. Murine Breg cells often express B1 marker CD5, suggesting their B1 origin. However,
paralleling the elusiveness of human B1 cells, studies failed to associate human Breg cells with a
specific B cell subset (/92). A suppressive function of mouse Breg cells were demonstrated both
in vitro and in vivo (176, 193). The presence of suppressive B cells has been indirectly suggested
in humans as well. In healthy individuals, a small fraction of circulating B cells produce IL-10
upon ex vivo stimulation and suppress T-cell activation (794, 195). In the context of transplant,
tolerant recipients had increased circulating B cells (/96, 197). Moreover, pan-B cell depletion by
rituximab induced acute allograft rejection in five out of six (83 %) patients (/98). This incidence
was much higher than a control group treated with an anti-CD25 antibody (14 %) or even compared
with patients without an induction therapy (35 %) (/99). Although these accumulating evidence
highlight a regulatory role of B cells, it is unknown whether graft-infiltrating B cells have this
phenotype. The lack of knowledge on in situ B cell phenotype further underpins the need for their

detailed characterization.

1.8 Aims and significance

Despite our growing understanding of the mechanisms of GC responses and accumulating
observations of TLS and B cell infiltrates in various diseases, differences in regulatory
mechanisms of B cell activation at different sites still remain a fundamental question in the field

of B cell biology. Given their presence at the very site of inflammation, elucidation of phenotypes
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of TLS-forming B cells should provide important insights into how B cells drive tissue-local
inflammation.

Although sample limitation has been the biggest barrier to studying human TLS, recent
advances of next-generation sequencing (NGS) have enabled us to obtain a tremendous amount of
data from small biopsies. Especially, scRNA-seq provides transcriptomic analyses with an
incredible depth of information. At the same time, its single cell-level resolution allows BCR
repertoire analyses and production of recombinant antibodies to identify their targets. Collectively,
it is an ideal approach to study in situ B cell biology in human diseases (200, 201).

Here, I present a study to unveil transcriptional characteristics of local B cell activation in

rejecting kidneys of transplant patients. I set out to accomplish two specific aims:

Aim 1:
To identify an in situ B cell phenotype in human renal allograft rejection. For this aim, I
perform scRNA-seq on activated B cells collected from biopsies of renal allograft rejection

patients and compare them to those in tonsil GCs. I hypothesize that local B cell activation

in rejecting allografts has a transcriptional profile distinct from that in tonsil GC responses.

Furthermore, I postulate that these differences will reflect both unique proinflammatory

functions and mechanisms of intrarenal B cell activation.

Aim 2:
To characterize reactivity and selection of in situ antibody repertoire in human renal

allograft rejection. 1 hypothesize that there is in situ selection for anti-HLA reactivity.

Therefore, I will identify HLA-reactive antibodies using a clinically approved Luminex-
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based assay. I will also screen for autoreactivity with HEp-2 cell staining. When selection
for self-antigens is obvious, specific targets will be identified with mass spectrometry.
These analyses will identify antigens and potential mechanisms driving in situ B cell

selection.

This study reveals that intrarenal B cells have a unique innate phenotype reminiscent of peritoneal
B1 cells. Additionally, comparison with gene expression in whole renal allografts demonstrate
complex local interactions around B cells. Surprisingly, their antibodies did not react to allo-HLAs.
Instead, plasma cells expressed antibodies clonally selected to nucleolar self-antigens including
Ki-67. These findings highlight the importance of investigating what is happening in situ of

afflicted organs in order to understand mechanisms of tissue inflammation.
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2 Transcriptional profile of intrarenal B cells in human renal allograft rejection

2.1 Introduction

GCs orchestrate clonal expansion, SHM and affinity selection to produce high-affinity antibodies
and immunological memory (6). However, the same process also drives pathogenic humoral
responses in many inflammatory and autoimmune diseases. Self-destructive B cell activation often
accompanies formation of GC-like structures in afflicted organs, called TLS (//2). TLS exhibit
hallmarks of B cell selection including clonal expansion and SHM. However, despite the
functional similarity between GCs and TLS, little is known about transcriptional regulation of TLS.
To comprehensively understand mechanisms underlying tissue-local B cell responses, a direct
transcriptomic comparison of B cell activation between a local tissue and a secondary lymphoid
organ is necessary.

For this purpose, human renal allograft rejection serves as an interesting subject. B cells
infiltrate rejecting renal allografts and form TLS. Intrarenal B cell clusters predict poor graft
survival (/62—164). However, their role in rejection is unknown. They could be promoting tissue
destruction by producing allograft-reactive antibodies. Additionally, they could be modulating a
local immune environment by cytokines. Elucidating a phenotype and mechanisms of antigen
selection of intrarenal B cells would provide insights into how they contribute to allograft rejection.

Here, I present a direct transcriptomic comparison of activated B cells in rejecting renal
allografts and tonsil GCs, utilizing scRNA-seq. Analyses revealed that intrarenal B cells have a
unique transcriptional state that resembles innate-like peritoneal B1 cells. Furthermore, intrarenal
B cells displayed complex autocrine and paracrine interactions within allografts. These data

highlight a site-specific B cell phenotype and potential mechanisms driving local inflammation.
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2.2 Results

2.2.1 Distinct transcriptional states in activated intrarenal and tonsil B cells

To better understand in situ B cell responses in renal allograft rejection, CD45" DAPI" Calcein®
CD19" CD38" activated B cells were sorted from five renal allograft biopsies and four
tonsillectomy samples (Figure 2.1A). B cell infiltration was confirmed in a paired biopsy from
each allograft patients by immunohistochemistry (Figure 2.1B). Those biopsies were reviewed by
a blinded renal pathologist for diagnosis. C4d deposition and serum DSA were also clinically
tested. Results and clinical characteristics for each patient are summarized in Table 2.1.

Sorted B cells were then subjected to scRNA-seq following the Smart-Seq2 protocol (202).
To ensure a high-quality dataset, we excluded cells which had less than 3,000 or more than 15,000
expressed genes (Figure 2.1C). We also removed potential non-B cells which had low expression
of immunoglobulin (Ig) constant region genes. After this quality control (QC), 655 renal and 129
tonsil B cells were used for subsequent analyses. Batch effects from separate sequencing runs were
normalized using an External RNA Control Consortium (ERCC) spike-in control and RUVSeq R
package (203) (Figure 2.1D and E).

To assess cell population heterogeneity, sequenced cells were mapped onto a t-distributed
stochastic neighbor embedding (t-SNE) space. As demonstrated in Figure 2.2A, renal B cells
formed one diffuse cluster while tonsil B cells formed two distinct clusters, one of which
overlapped with the kidney cluster and the other that was distinct. This clustering was not due to
batch-associated differences, suggesting that B cells in renal allograft and tonsil had distinct
transcriptional profiles. Moreover, B cells from all five renal biopsies were distributed similarly in

the t-SNE space. Therefore, intrarenal B cells had a similar transcriptional profile across patients
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Figure 2.1 Gating scheme for cell sorting and QC of scRNA-seq data.

(A) Gating scheme for single-cell sorting of CD19" CD38" activated B cells in renal allograft
and tonsil samples. (B) A representative image of a CD19" cell cluster observed in patient
biopsies. A scale bar indicates 50 um. (C) A scatter plot showing detected gene count and Ig
heavy chain gene expression on the x and y axis respectively. Cells which passed QC are colored
in red. (D and E) t-SNE plots colored by experimental batches before (D) and after (E) batch
normalization with ERCC spike-in and RUV Seq.
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Table 2.1 Patient information.

* HT: Hypertension, IgAN: IgA nephropathy, RN: Reflux nephropathy, MCKD: Medullary cystic kidney disease, T1D/T2D: Type-1/2 diabetes

Table 2.2 Ig class distribution.
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(A and B) t-SNE plots showing B cell distribution in scRNA-seq data. Shape indicates tissue
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regardless of clinical features.

Although intrarenal B cells formed a single diffuse cluster on t-SNE, this population split
based on Ig class-switching states (Figure 2.2B). About 70 % of both renal and tonsil B cells
expressed IgM, and the remaining cells mostly expressed IgG or IgA (Figure 2.2C). Each patient
had different proportions of Ig-class switched cells (Table 2.2). However, across patients,
unswitched and class-switched cells were similarly distributed in the t-SNE space. Ig class also
distinguished the two tonsil B cell clusters. Unswitched tonsil and renal B cells largely overlapped
while each switched population formed distinct clusters. Importantly, this separation remained
when genes encoding Ig heavy chain constant regions were removed from analysis (Figure 2.2D
and E). These data suggest that B cells in rejected renal allografts and tonsil are similar prior to
CSR but diverge thereafter.

Differential gene expression was then assessed across tissue sources and Ig class-switch
states. These comparisons identified 2855 differentially expressed genes (DEGs) in total
(Supplementary Table 2.1). Hierarchical clustering divided them into five clusters (Figure 2.3A).
Cluster 1 contained genes specifically downregulated in switched tonsil cells. Clusters 2 and 3
were genes preferentially expressed in intrarenal cells. On the other hand, cluster 4 represented
genes repressed in intrarenal cells. Finally, cluster 5 contained genes specifically upregulated in
switched tonsil cells.

Pathway enrichment analysis based on Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGQG) databases revealed specific biological pathways enriched in each
cluster (Figure 2.3B). Cluster 1 was highly enriched for IFN-related pathways. IFN-y signaling-
related genes in clusters 1 and 2 included STAT1, IRFI and NLRC5 (Figure 2.3C). IFN-y activates

STAT1, which induces IRF'I and NLRC5 (204). NLRCS5 activates genes encoding HLA class I and
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Figure 2.3 Genes and pathways active in
intrarenal B cells represented their
unique phenotype. (A) A heatmap
showing hierarchical clustering of the
2855 DEGs. Row Z-scores were
calculated from mean expression values of
each gene in the four populations based on
their tissue sources and Ig class switch
states. (B) Enrichment of GO terms and
KEGG pathways in the five gene clusters.
At most 10 most significantly enriched
pathways were shown per cluster.

(Continued on the next page) (C-F) Violin
plots showing expression levels of
representative  genes in  indicated
pathways. Cells are grouped by tissue
sources and Ig class-switch states.
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their machinery. Clusters 1 and 2 contained HLA-C, B2M, TAPBP. STATI and IRFI are shared
with type-1 IFN signaling downstream of /FFNAR2, which was also present in cluster 2. These
results suggest that IFN pathways are globally activated in intrarenal B cells.

IFN stimulation enhances sensitivity of B cells to innate stimuli (/06). Indeed, both GO
and KEGG pathways pointed out enrichment of innate immune signaling pathways in cluster 1.
Intrarenal B cells highly expressed specific pattern recognition receptors (PRRs) in clusters 1 and
2, including NLRPI, NODI, TLR2 and TLR7 (Figure 2.3D). In addition to these PRRs, clusters 1
and 2 contained their downstream signaling components as well, such as TRAF3, TRAF6, RIPK ]
and MAPK13. Therefore, intrarenal B cells highly express genes of innate immune sensing and
signaling pathways.

Many of these innate immune genes were also associated with cytokine production-related
pathways, which were enriched in cluster 1. In line with this, cluster 2 and 3 had several cytokine
ligands and receptors preferentially expressed by intrarenal B cells: IFNAR2, IL15, TNFRSFIB,
and TNFRSF13B (Figure 2.3E). Among them, TNFRSF 3B had the most significant difference
between intrarenal and tonsil B cells. TNFRSF 3B encodes TACI, a receptor for B cell-activating
cytokine BAFF. BAFF is abundant in rejecting renal allografts (205). Therefore, the high
expression of TNFRSF13B could be important for intrarenal B cells activation by BAFF.

Anti-apoptotic factor BCL2 was also found in cluster 1 (Figure 2.3F). This is consistent
with our previous report that intrarenal B cells highly express BCL2 in human renal allograft
rejection and lupus nephritis (/23). Along with BCL2, many of the pathways enriched in cluster 1,
such as IFN, TLR, or cytokine production-related pathways are direct targets of BCLO, a
transcriptional repressor in GC responses (27). Indeed, expression of BCL6 was lower in renal B

cells as well as another transcriptional repressor BACH2, which shares targets with BCL6 (22).
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These results suggest that some of the intrarenal B cell phenotype might be due to a lack of BCL6
and BACH? expression.

BCL6 and BACH?2 belonged to cluster 5. This cluster was enriched for several pathways
that have been ascribed to GC B cells, including proliferation and SHM. Notably, AICDA was
expressed in class-switched tonsil B cells but not significantly in other B cell populations. We did
not find differential expression of other genes encoding GC-related transcription factors, such as
POU2AF1, POU2F2, IRF4, FOXOI1, and MYC. Collectively, these results indicate that intrarenal
class-switched B cells lack the essential transcriptional features of GC B cells, which could be
mainly attributed to repressed BCL6 and BACH?.

Along with cluster 5, cluster 4 contained genes suppressed in intrarenal B cells. Although
cluster 4 had only one enriched pathway, this cluster also contained several genes implicated in B
cell functions. Cluster 4 splits into three subclusters (a, b, ¢). Cluster 4a contained genes commonly
downregulated in class-switched cells, such as IGHD and IGHM. On the other hand, cluster 4b
and 4c respectively contained genes suppressed in class-switched, or both switched and
unswitched, intrarenal B cells. Cluster 4b contained regulators of BCR signaling, CD79B and
FCRL3 (206), whereas cluster 4c contained several HLA class-II genes. This differential

expression might underlie distinct modes of activation between intrarenal and tonsil B cells.

2.2.2 Intrarenal B cells resemble peritoneal B1 cells

Clusters 2 and 3 represented genes highly expressed by intrarenal B cells. However, neither of
them demonstrated enrichment of specific GO terms. Instead, examination of individual DEGs
revealed potentially important differences. Most notable was AHNAK (Figure 2.4A). AHNAK

mRNA levels were far higher in intrarenal B cells compared with tonsil B cells regardless of Ig
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class switch (Figure 2.4B). Expression of the AHNAK protein in intrarenal B cells was confirmed
by confocal microscopy (Figure 2.4C).

Although AHNAK is important for regulation of calcium signaling in activated T cells in
mice (207), its role in B cell biology is unknown. Interestingly, within mouse B cell subsets, Ahnak
is preferentially expressed in peritoneal cavity B1 cells (ImmGen (208), Figure 2.4D). Furthermore,
cluster 2 had other genes specifically expressed in peritoneal B1 cells, such as /TGAM (CD11b)
and S710046 (Figure 2.4E and F). These observations motivated us to examine whether cluster 2
was enriched for genes having this peritoneal B1-specific expression pattern.

333 mouse genes had an expression pattern similar to Ahnak in peripheral B cell subsets

(ImmGen, correlation coefficient 2 0.8) (Figure 2.4G and Supplementary Table 2.2). The Ahnak-

covariant mouse genes corresponded to 293 human homologs. These “AHNAK-covariant” human
genes had enrichment of pathways related to cell adhesion, lymphocyte activation and LPS
responses, reflecting a unique phenotype of peritoneal Bl cells (Figure 2.4H and I). AHNAK-
covariant genes were highly enriched in cluster 2 and to a lesser degree in clusters 1 and 3
(Figure2.4J). These results suggest that AHNAK-covariant genes represent in situ B cell activation
in renal allograft rejection.

Although AHNAK-covariant genes were enriched in cluster 2, they represented only 5% of
the cluster. Therefore, we next tested if cluster 2 genes were generally enriched in peritoneal B1
cells. Using ImmGen microarray data, B cell subsets were scored for expression of genes in each
DEG cluster. This analysis demonstrated that peritoneal B1 cells had a higher score for cluster 2
than the other populations (Figure 2.4K). This trend was weaker, but still present, when scores
were calculated without Ahnak-covariant genes (Figure 2.4L). This result suggests that intrarenal

B cells highly express genes associated with peritoneal B1 cells.
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Figure 2.4 AHNAK represents a Bl-like transcriptional profile of intrarenal B cells.
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(Continued from the previous page) (A) A volcano plot showing DEGs between Ig class-switched
intrarenal and tonsil B cells. Genes expressed higher in intrarenal B cells are shown on the right
side of the plot. Genes with a significant difference are colored in red. (B) A violin plot
demonstrating mRNA expression of AHNAK. (C) Staining images of AHNAK with nuclei
(Hoechst) and a B-cell marker CD19 in rejected renal allograft and tonsil. The high-magnification
panel corresponds to the yellow square on the merged panel. Scale bars indicate 50 pm or 25 um
(high-magnification panel). (D) Ahnak expression pattern in peripheral mouse B cell subsets. T:
transitional, Fo: follicular, GC: germinal center, MZ: marginal zone, Sp: spleen, and PC: peritoneal
cavity. (E and F) Violin plots and expression patterns of a murine homolog of /TGAM (E) and
S10046 (F). (G) Expression of 333 mouse genes that correlate with Ahnak. The mean value of the
333 Ahnak-covariant genes (including Ahnak itself) is shown as a black line with a grey shade
indicating standard deviation. The red line indicates Ahnak expression.

(Continued on the next page) (H and I) Enrichment of GO terms and KEGG pathways in the 293
AHNAK-covariant genes. At most 10 most significantly enriched pathways are shown. (J)
Enrichment of the AHNAK-covariant genes in each gene cluster from Figure 2.3A. (K and L) (K
and L) Heatmaps showing DGE cluster scores of each murine B cell subset, calculated with (K)
or without (L) Ahnak-covariant genes. Rows and columns respectively represent gene clusters and
murine B cell subsets. DEG scores were scaled by row to obtain Z-scores. Rows and columns
respectively represent gene clusters and murine B cell subpopulations. DEG scores were scaled to
obtain row Z-scores. (M) Gene expression scores for AHNAK-covariant genes tagged to “innate
immune response” GO term. * p=0.016
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B1 cells are known as innate-like B cell subsets. Intrarenal B cells also highly expressed
genes encoding PRRs and their signaling components. Therefore, we next investigated whether
intrarenal B cells and mouse peritoneal B1 cells expressed a similar set of innate immune genes.
As areference of innate immune genes characteristic to peritoneal B1 cells, we identified AHNAK-
covariant genes which were tagged to “innate immune response” GO term (Supplementary Table
2.2). When scores were calculated for expression of those genes, Ig-switched intrarenal B cells
had a significantly higher score than Ig-unswitched tonsil B cells (Figure 2.4M). Albeit
insignificant (p = 0.064), this trend was present between Ig-switched intrarenal and tonsil B cells.
Collectively, these results indicate that intrarenal B cells resemble peritoneal B1 cells in terms of
innate gene expression as well.

We also investigated if intrarenal B cells expressed gene programs previously ascribed to
in situ B cell phenotypes associated with other inflammatory renal diseases. One such phenotype
is the age-associated B cell (ABCs). In human lupus nephritis, ABC-like gene expression was
associated with activation of tissue-infiltrating B cells (/30). A hallmark of an ABC phenotype is
expression of T-bet (7hx21). T-bet induction in B cells depends on stimuli from TLR7 and IFN-y
(127), pathways upregulated in intrarenal B cells. However, most intrarenal and tonsil B cells did
not express 7BX21 at a detectable level. Indeed, they had no difference in overall expression of 26
genes associated with ABCs (Figure 2.5A). Therefore, despite some similarities, intrarenal B cells
are distinct from ABCs.

HIF-1 pathway is another gene signature upregulated by tissue-infiltrating B and T cells in
lupus nephritis patients (/35, 209). However, none of HIF-family genes were upregulated in
intrarenal B cells compared with tonsil B cells (Figure 2.5B-F). These data indicate that the

hypoxia-induced pathway is not characteristic for intrarenal B cells in allograft rejection.
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Figure 2.5 Intrarenal B cells had no association with ABC and HIF signatures.

(A-F) Violin plots showing the gene expression of ABC-associated genes (A), HIFIA (B),
HIF2A4 (C), HIF34 (D), HIFIB (E), or HIF2B (F). Cells were grouped by their tissue source and
Ig class-switch state.
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ABC and HIF-1 gene signatures are activated in normal B cell activation (/37, 138).
Therefore, finding no difference compared with tonsil B cells does not necessarily mean these
pathways are not important for intrarenal B cell activation. Nevertheless, these data demonstrate
that class-switched intrarenal B cells in allograft rejection have a unique transcriptional profile

reminiscent of innate peritoneal B1 cells.

2.2.3 Receptor-ligand co-upregulation reveals intrarenal interactions around B cells

We next examined the relationships between intrarenal B cells and other cell populations in
rejecting renal allografts. For this purpose, we first identified genes known or postulated to encode
a ligand or a receptor (210) that were preferentially expressed in Ig class-switched renal versus
tonsil B cells. We then queried whole tissue microarray data for ligands and receptors upregulated
in rejected renal allografts (/62). With these genesets, we tested whether intrarenal B cells and
rejected tissues co-upregulated any ligand-receptor pairs.

This analysis identified 10 ligand-receptor pairs co-upregulated (Figure 2.6A). One of them
was IL15-IL15RA, encoding a proinflammatory cytokine IL-15 and a component of its receptor
complex. Tissue staining showed no detectable IL-15 expression in tonsil (Figure 2.6B). In
contrast, infiltrating B and other immune cells highly expressed IL-15 in rejected renal allografts.
IL-15RA was moderately expressed in both tonsil and renal allograft tissue. However, it was most
abundant in renal tubular cells. IL-15RA trans-presents IL-15 to immune cells expressing another
receptor dimer IL2RB/IL2RG (217). This staining pattern indicates that IL-15 secreted by B cells
might be captured by tubular cells for presentation to surrounding immune cells. These data
suggest an interplay between intrarenal B cells, tubular cells and other cellular components in

allograft rejection.
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(Continued from the previous page) (A) Ligand or receptor-encoding genes upregulated in Ig class-
switched renal B cells (vs. switched tonsil B cells) and rejected renal allografts (vs. normal
allografts). Gene names were connected to each other when both their ligand and receptor were
present. Color (red and blue) indicates ligands and receptors respectively. (B) Staining images of
nuclei (Hoechst), CD19, IL-15, and IL-15RA in rejected renal allograft and tonsil tissues. The
merged CD19/IL-15 panels were a magnification of the yellow box in merge panels. Scale bars
indicate 100 pm. (C-E) Gene expression level of SIPRI (C), CCR6 (D), or SIPR2 (E).

The other co-expressed pairs contained several cell migration-related axes, such as NT5E-
TNC, CD55-CD97, COL4A4-ITGA2, CD44-COLI1A2, ICAM2-ITGB2. Although not paired with
their ligands, both B cells and renal tissue also expressed /TGA4 and SELL. These receptor-ligand
pairs could explain potential mechanisms for migration and retention of B cells within rejecting
renal allografts.

Another co-upregulated pair was BTLA and CD79A. B cells ubiquitously express CD79A,
as it encodes a signaling chain of BCR, Iga. Additionally, BTLA binds to Iga on the same cell
surface to attenuate BCR signaling (2172). Therefore, the BTLA-CD79A axis represents autocrine
interaction in B cells, rather than communication with other cells. Intrarenal B cells expressed both
a ligand and a receptor for several other axes, thereby indicating autocrine or inter-B cell
interaction: GDF7-BMPR2, VIM-CD44 and ITGAM-ICAM?2. A role of GDF7-BMPR2 in B cell
activation is unknown. However, other receptors and ligands of their family attenuates CD40
signaling (213). On the other hand, CD44 and CD11b (ITGAM) both mediate cell adhesion (274,
215). Therefore, these pathways could autonomously regulate B cell activation and interaction in
rejecting renal allografts.

Although not paired with tissue-upregulated genes, intrarenal B cells expressed other

migration-related genes: APP, CD24, CXCL16, CCR6, PECAM1 and SIPR1. S1PR1 is critical for
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B cell egress from lymphoid organs (4). Therefore, B cells need to downregulate it to participate
in GC responses. Indeed, S1PRI expression was significantly repressed in tonsil B cells upon class
switch, while it was largely retained in intrarenal B cells (Figure 2.6C). This expression pattern of
S1PRI mirrors that of another gene encoding an important chemokine receptor CCR6. Consistent
with the fact that GC B cells do not express CCR6 (/9), its expression was repressed in class-
switched tonsil B cells, whereas intrarenal B cells expressed it at a high level (Figure 2.6D). In
contrast with these two receptors, SIPR2 is highly expressed in GC B cells and coordinates their
migration (5). Indeed, S/PR2 was upregulated in class-switched tonsil B cells, while it remains
low in intrarenal B cells. (Figure 2.6E). These results demonstrate that intrarenal B cells lack an
expression pattern of migratory molecules characteristic to GC B cells, further highlighting their

distinct phenotypes.

2.2.4 Serum DSA positivity does not differentiate intrarenal B cell phenotypes
In renal allograft rejection, serum DSAs predict a worse clinical outcome (/4/—143). However, it
is unknown where B cells produce DSAs or whether DSA-producing B cells have a unique
phenotype. To begin to address these questions, we tested whether serum DSA positivity was
associated with differences in transcriptional programs of intrarenal B cells. Since our initial cohort
had only one DSA-positive patient, we obtained three additional renal biopsies (two from DSA-
positive patients and one from a DSA-negative patient) as well as three tonsillectomy samples.
From these samples, activated B cells were sorted and subjected to scRNA-seq (Table 2.1).

After filtering for both gene coverage and Ig expression, we had 513 cells to integrate with
the first cohort (Figure 2.7A). The second cohort had a lower sequence coverage compared to the

first cohort (Figure 2.7B). Since normalizing scRNA-seq data with different sequencing depth by
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a single scaling factor (e.g. total mapped reads) introduces bias (216, 217), we first
normalized our data by SCTransform implemented in Seurat (2/7, 218). The data were then
integrated by ComBat (279) to cancel batch effects between cohorts (Figure 2.7C and D).

The resulting integrated data had a similar t-SNE projection to that of the first cohort
reproducing the distinct renal and tonsil B cell clusters (Figure 2.8A). As in the previous analysis,
class switched B cells were separate whereas unswitched cells clustered together (Figure 2.8B). In
addition, there was a plasma cell cluster which highly expressed PRDM1 (Figure 2.8C and D).
This population was mostly derived from a newly recruited rejection patient 6 with a few cells
coming from another DSA-positive and three DSA-negative patients.

Except for plasma cells, B cells did not cluster depending on patients’ serum DSA
positivity (Figure 2.8E). Comparing gene expression of the non-plasma cells from the DSA-
positive and negative patients, we could identify only three genes differentially expressed (Figure
2.8F). In contrast, we detected nearly 500 differentially expressed genes between class-switched
renal and tonsil non-plasma cells (Figure 2.8G). These results suggest that a transcriptional profile

of intrerenal B cells does not reflect a difference in serum DSA positivity.
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2.3 Discussion

Here, I demonstrate that intrarenal B cells have a phenotype distinct from tonsil GC B cells. They
highly expressed multiple pathways which activate B cells, such as IFN and innate immune
pathways. In particular, innate-like phenotype paralleled with their peritoneal Bl-like gene
expression. Overall, this study revealed a unique in situ B cell phenotype in human renal allograft
rejection.

Our data indicate that intrarenal B cells lack a GC-associated transcriptional program. They
expressed much lower A/CDA and genes associated with an active cell cycle compared with tonsil
B cells. This lack of GC programs is also highlighted by their expression pattern of chemokine
receptors. Intrarenal B cells had high S/PR1 and CCR6, and low SIPR2 expression. This pattern
is an opposite of GC B cells, which rather resembles memory B cells. Finally, intrarenal B cells
lack critical transcription factors BCL6 and BACH?2. This differential expression underscores that
intrarenal B cell activation is distinct from GC responses.

Consistent with a lack of BCL6-mediated repression, intrarenal B cells highly expressed
genes of IFN and TLR signaling pathways (27). IFN pathways are implicated in renal allograft
rejection. IFN-a treatment alone can induce rejection of renal allografts (220). IFN-y pathway is
also upregulated in rejecting renal allografts (227). Both type-1 and type-2 IFNs also activate B
cells, by enhancing an effect of BCR engagement (/05). The upregulation of IFN pathways in
intrarenal B cells indicate that IFNs might promote allograft rejection partly via B cell activation.

IFN pathways crosstalk with TLR pathways. In particular, IFN-a is sufficient to upregulate
TLR7, one of identified DEGs, in B cells. TLR7 is also highly expressed by infiltrating immune

cells in rejected renal allografts, even compared with nephritic kidneys of SLE patients (222).
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Given TLR stimulation has profound effects on B cell activation and selection (223), this pathway
might be important in intrarenal B cell activation as well.

However, we did not find an evidence of TLR7 activation in our data. In mice, TLR7
stimulation is sufficient for 7hx2/ upregulation in B cells, as shown for ABCs (/25). Most of our
intrarenal B cells did not express 7BX2/ at a detectable level. This lack of detection cannot be
explained by insufficient sequencing depth, since scRNA-seq with lower depth could detect 7TBX21/
expression (/30). This lack of TBX21 expression could indicate that intrarenal B cells were not, at
least recently, activated via TLR7.

Among PRRs upregulated in intrarenal B cells, the most differentially expressed one in our
data was NLRPI. NLRP1 is a key component of inflammasome pathways (224). Importance of
this pathway has been extensively characterized in macrophages and monocytes (225). However,
it is unknown if the NLRP1 inflammasome is functional in B cells. In fact, expression of mouse
homologs Nirpla and Nlrplb are negligible in B cells (ImmGen). However, NLRPI is more
broadly expressed in humans, including B cells. Although roles of NLRP1 or inflammasome in
general are largely unknown in the context of allograft rejection, our data indicate that NLRP1
could play a role in intrarenal B cell activation.

In addition to enriched pathways, AHNAK provided another clue to understand an
intrarenal B cell phenotype. AHNAK was one of the most significantly upregulated genes in
intrarenal B cells. AHNAK expression was much higher in intrarenal than tonsil B cells regardless
of Ig class switch suggesting that AHNAK is a general feature of intrarenal B cells. A B cell-
related role of AHNAK is largely unknown. However, AHNAK regulates calcium flux upon T

cell receptor (TCR) stimulation, which is indispensable for T cell activation (207). Given a
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similarity between BCR and TCR signaling (226), AHNAK could be important for B cell
activation as well.

A mouse homolog of AHNAK is specifically expressed in peritoneal B1 cells. Genes with
this expression pattern were significantly enriched in cluster 2, indicating that intrarenal B cells
resemble peritoneal B1 cells. As B1 cells are known as innate-like B cells, AHNAK-covariant
genes were also enriched for genes involved in innate immune responses. These innate immune
genes include migration related genes such as /TGAM and CD44, as well as signaling components
RIPK] and JAK3. Some of those genes were also upregulated by intrarenal B cells compared with
tonsil B cells. Indeed, overall expression of those AHNAK-covariant innate genes was higher in
intrarenal B cells. This result indicates that this innate, peritoneal Bl-like gene signature is a
general feature of intrarenal B cells in allograft rejection.

To identify this B cell subset-specific gene signature, we used mouse transcriptomic data,
instead of those of humans. This is because mouse data covers a broader list of B cell subsets
including those in the peritoneal cavity, while currently available human data are limited to a few
B cell subsets in circulating blood. This comprehensiveness of the mouse data allowed us to
identify the unique expression pattern of Ahnak. Although a global expression pattern of orthologs
are largely conserved in humans and mice (227), individual genes could be expressed differently
in these two species. Therefore, it is possible that a true peritoneal Bl signature in humans is
different from what we found in this study.

Moreover, definition of human B1 cells is elusive. Although several markers have been
proposed, they are highly controversial (73-75). In our data, none of previously reported Bl
markers (CD5, CD27, CD43 and CD70) were differentially expressed between intrarenal and
tonsil B cells. Another B1 phenotype is high IgM and low IgD expression. Again, these Ig genes
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were not differentially expressed between intrarenal and tonsil B cells. Moreover, activated B2
cells also upregulate B1 markers such as CD5 and CD27. Therefore, these markers are not very
useful to identify a B1-like population in activated B cells like those in our data.

Although AHNAK-covariant genes were strongly enriched in cluster 2, they accounted for
only 5 % of the cluster. Therefore, the peritoneal Bl-like signature is only a portion of unique
features of intrarenal B cell activation. This peritoneal B1-like feature might reflect their higher
sensitivity to innate stimuli, or more likely, their presence in a local non-lymphoid organ.

In fact, our analyses revealed potential interactions around B cells in rejecting allografts,
many of which were related to cell adhesion and migration. Those genes included /TGAM, one of
AHNAK-covariant genes. ITGAM encoding a peritoneal B1 marker CD11b. CD11b composes a
protein complex Mac-1, which binds to ICAM1 and ICAM?2 (215). ICAM1 is highly expressed by
over 90 % of proximal tubular cells (228). Our data also suggest ICAM2 is expressed by intrarenal
B cells. Taken together, CD11b also likely to play an important role for B cells to localize and
interact in renal allografts. Once functional importance of CD11b and other adhesion pathways is
proven, they could be therapeutic targets to abrogate graft infiltration of B cells. In fact, CD11b-
blocking antibody effectively inhibit migration of myeloid cells into an inflamed site (229). It is
interesting to test its effect on B cell infiltration into allografts.

An important question is how intrarenal B cells affect rejection. B1 cells are postulated to
be a main producer of IL-10. IL-10-producing Breg cells have been also implicated in transplant
tolerance in mice and humans. However, our data found no upregulation of their markers, such as
IL10 and FOXP3. Instead, intrarenal B cells expressed the proinflammatory cytokine IL-15. IL-
15-producing B cells have been reported in multiple sclerosis patients (/89). B cell-derived IL-15
promotes cytotoxic activity of T cells. Therefore, intrarenal B cells could promote allograft
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rejection via IL-15 in the same mechanism. In line with this hypothesis, high IL-15 expression is
associated with renal allograft rejection (/90). In mice, antagonizing IL-15 protects from cardiac
allograft rejection (230). On the other hand, in non-human primates, IL-15 blockade failed to show
efficacy (231). However, the result is arguable because only two subjects were in each treatment
group. Therefore, a role of IL-15 in a context of renal allograft rejection, especially B cell-intrinsic
one, remains to be elucidated.

IL-15 expression in B cells can be induced ex vivo by CD40, but not LPS or CpG,
stimulation (/89). If the same mechanism underlies IL-15 expression in our data, that would
indicate T-dependent activation of intrarenal B cells. T-cell help is a critical component that drives
B cell affinity selection and antibody production, which is the most obvious proinflammatory role
of B cells. Pathogenic antibodies drive inflammation in many inflammatory diseases. Renal
allograft rejection is no exception. In the next chapter, I will explore reactivity of antibodies

expressed by intrarenal B cells.
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3 Reactivity and selection of antibodies expressed by intrarenal B cells

3.1 Introduction

DSAs are a critical driver of antibody-mediated rejection. A central question is where and how
they develop. Graft-infiltrating B cells are potential producers of DSAs given they can clonally
expand and somatically mutate their antibodies (168, 169). However, association between DSAs
and CD20" infiltrates is unclear. Furthermore, one study suggested that graft-infiltrating B cells
rarely express DSAs (/83). Nevertheless, as mentioned in chapter 1.6, this study had several
caveats. Therefore, the question still remains open.

scRNA-seq applied in the previous chapter allows us to clone matched Ig heavy and light
chain genes. This advantage provides us with an opportunity to investigate their reactivity and
affinity selection, in multiple patients with ongoing rejection. Another interesting feature of our
cohort is the presence of IgG-expressing plasma cells, which makes this study the first to
demonstrate clonality and reactivity in plasma cells in renal allografts.

Here I demonstrate complete absence of HLA reactivity in intrarenal antibodies. Non-
plasma cells were not selected for autoreactivity either. In contrast, plasma cells were clonally
related, and strongly selected for self, particularly nucleolar, antigens. These results clearly
demonstrate that DSAs do not emerge from in situ B cell responses. Rather, our data suggest that

local immune responses can breach B cell tolerance in renal allograft rejection.
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3.2 Results

3.2.1 Cloning and recombinant expression of intrarenal antibodies

In order to characterize antibody selection in intrarenal B cells, we set out to create recombinant
antibodies. Pre-amplified cDNA of scRNA-seq’ed B cells were recovered for seven renal biopsies
and two tonsil samples. From the cDNA, Variable regions of Ig genes were further amplified using
nested polymerase chain reaction (PCR) as previously described (232). Obtained sequences were
aligned to IMGT reference using IMGT/HighV-QUEST (233, 234) and analyzed for somatic
mutations. In total, we identified full-length Ig heavy chain variable regions from 457 B cells in
seven rejection patients and 77 in two tonsillectomy patients (Figure 3.1A).

Somatic mutation burden was similar between rejection and tonsillectomy samples (Figure
3.1B). In general, unswitched B cells had less mutations than switched cells. A small fraction of
both switched and unswitched intrarenal B cells had exceptionally high frequencies of mutations.
Since subcloning was not performed before Sanger sequencing, PCR and/or sequencing errors
must have inflated the mutation burden shown here.

Next, clonal relationships were investigated among the sequenced antibodies. Antibodies
were determined to be clonally related, when they shared the same variable (V), diversity (D),
joining (J) segments and complementarity-determining region (CDR) 3 length. Despite high
mutation rates, only a limited number of shared clonal families existed in most patients (Figure
3.1C). In contrast, many of the plasma cells were clonally related. This population contained 15
clonal families in patient 6, and two clonal families in patient 7. This result suggests that plasma
cell populations were clonally expanded, and likely selected in sifu for specific antigens.

In order to characterize their reactivity, we next expressed recombinant antibodies. Paired
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Figure 3.1 Antibodies expressed by intrarenal B cells were not selected for allo-HLA
reactivity. (A) A table showing distribution of number and Ig classes of the sequenced antibody
heavy chains as well as number of expanded clonal families across patients (B) A violin plot
showing distribution of mutations in the variable region of Ig heavy chains, grouped by tissue
source and the Ig class-switch state. (C) t-SNE plots as in Figure 2.8, with data points labeled
with their clonal family. "-": antibody genes were not sequenced; "0": the cells did not share
their clonotype with others; 1-21: cells shared a clonotype with other B cells with the same
number. (D) A table showing distribution of number and Ig class of the recombinantly produced
antibodies across patients. (E) A violin plot showing distribution of mutations in recombinantly
expressed antibodies.
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heavy and light Ig variable regions were cloned into human IgG expression vectors. The C-
terminal of the heavy-chain construct was modified with a FLAG tag, so that we could stain tissues
circumventing IgG-expressing cells or IgG deposition (53). Antibodies were expressed in human
embryonic kidney (HEK) 293A cells and purified with protein A beads. In total, 105 antibodies
(74 1gG/A and 31 IgM) were expressed from intrarenal B cells in seven allograft patients (Figure
3.1D and Supplementary Table 3.1), covering 11 out of the 21 expanded clones. For patient 6,
antibodies were exclusively cloned from IgG-expressing plasma cells. Additional 19 antibodies
(9 IgG and 10 IgM) were also expressed from two tonsillectomy patients. As expected, the

mutation rate was higher in IgG/IgA antibodies than IgM (Figure 3.1E).

3.2.2 Allo-HLA reactivity does not select intrarenal antibodies

To characterize HLA reactivity, expressed antibodies were subjected to a screening assay. In this
assay, a mixture of HLA class-I or class-II antigens coat Luminex beads. Antibody binding was
evaluated by normalized background (NBG) ratio which is fold-increase binding over negative
control serum after binding to naked beads is subtracted. Binding was positive when NGB ratio
was equal to or higher than 2.2. When tested in phosphate-buffered saline (PBS), 17 % (18 / 105)
of intrarenal antibodies were positive (Figure 3.2A). We observed 19 % positive (9 / 47) in serum
DSA-positive patients, while 16 % (9 / 58) in negative patients. Therefore, this HLA binding was
not associated with serum DSA positivity (p = 0.82, chi-squared test). Additionally, we observed
21 % (4 /19) positivity in tonsil antibodies. Although this latter sample was small, it suggested that
this HLA binding was not a specific feature of intrarenal B cells. Furthermore, all the class II-

binding antibodies also bound to class I antigens, suggesting that at least some of the observed
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(Continued from the previous page) antibodies with trimmed MFI > 1,000 were analyzed. (C)
A ratio of antibodies that had a recipient-expressed antigen among top-10 hits. (D) Trimmed
MFTI of 6-2D3. Donor-expressed antigens are colored in green. (E) A ratio of antibodies whose
top-10 hits shared eplets. (F) Trimmed MFI of a representative antibody 3-1E12 with a shared
eplet. A recipient-expressed antigen is colored in red. (F) Eplets (columns) present in antigens
(rows) detected in (G). Eplets shared among more than five antigens are shown. Eplets shared
among all the top-10 hits are highlighted in red. (H) Change in HLA binding in the Screening
assay tested in negative control human serum.

HLA binding is not even epitope-specific.

To further delineate the HLA binding, screening-positive renal antibodies were tested on a
single-antigen bead (SAB) assay, in which only a single type of HLA antigens is present on each
bead. Out of 18 tested antibodies, 17 antibodies showed trimmed mean fluorescent intensity (MFI)
higher than 1,000. 15 of the 17 antibodies detected HLA-C, specifically HLA-Cw*06:02 as the
top hit (Figure 3.2B and Supplementary Table 3.2). These HLA-C antigens were also present in
top 10 hits of HLA-A-bound antibodies. These antigens were detected regardless of whether a
donor expressed them or not. In fact, except one antibody, 6-2D3, all these antibodies had a
recipient-expressed antigen in their top-10 hits (Figure 3.2C). These results indicate that most of
the observed HLA binding is not specific to donor antigens.

Eplets represent polymorphic epitopes in HLAs, which can be useful to investigate
specificity of HLA binding. However, even 6-2D3 showed a broad reactivity to HLA-A and C
antigens (Figure 3.2D), which did not share eplets. Including 6-2D3, a majority of antibodies (11
out of 17) did not had an eplet shared among all their top-10 hits (Figure 3.2E). Therefore, their
binding could not be explained by eplets either. All the 6 antibodies whose top-10 hits shared an
eplet bound to HLA-C antigens (Figure 3.2F and G). Again, their binding patterns were not donor-

specific.
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These HLA-C antigens could be problematic, because HLA-C binding detected by solid
phase assays tend to be false positive caused by denatured antigens (235-237). Moreover, our
antibodies were tested without blocking, which could have allowed them to manifest polyreactivity.
Therefore, the observed binding could be non-specific, even for the antibodies with shared eplets.

Only six out of 17 antibodies had an eplet shared among all their top 10 hits, suggesting
that a majority of observed binding are not epitope-specific (Figure 3.2D and Supplementary Table
3.2). All the antibodies with a shared eplet bound to HLA-C antigens. However, HLA-C antigens
can be problematic, because HLA-C binding detected by solid phase assays tend to be false
positive caused by denatured antigens (235-237). Moreover, our antibodies were tested without
blocking, which could have allowed them to manifest polyreactivity. Therefore, the observed
binding could be non-specific, even for the antibodies with shared eplets.

If the observed HLA binding comes from non-specific binding, adding a blocking reagent
could absorb it (238). Therefore, we next retested antibodies on the screening assay in presence of
negative control human serum. Strikingly, all the previously positive antibodies lost their binding
(Figure 3.2E). Of note, as far as we tested, the ELISA used to determine polyreactivity could not
distinguish binding to coated antigens from that to uncoated plate surface (data not shown).
Therefore, we could not demonstrate that intrarenal antibodies bind to multiple antigens with
ELISA. Nevertheless, the loss of binding with blocking indicate that the observed HLA binding is
polyrectivity, instead of specific reactivity to alloantigens.

Polyreactivity is often associated with increased autoreactivity (86). Therefore, we
investigated whether the observed promiscuous binging was a manifestation of autoreactivity. For
this purpose, intrarenal antibodies were tested for their reactivity to HEp-2 cells by

immunofluorescence microscopy. For antibodies cloned from allograft patients except patient 6,
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frequency of HEp-2-reactive clones was 18 % (15 / 84) (Figure 2.3A). This frequency is similar
to that reported for naive or tonsil GC repertoires (86, 239). HEp-2 reactivity was slightly more
common in HLA-polyreactive antibodies (27%, 4 / 15 vs. 16%, 11 / 69). However, this difference
was not statistically significant (p = 0.54, chi-squared test). These results suggest that neither are
these antibodies selected for autoreactivity, nor does the promiscuous HLA binding reflect

autoreactivity.

3.2.3 Plasma cells dominantly express antinucleolar autoantibodies

In contrast, within the clonally expanded plasma cells, 76 % of (16 / 21) antibodies reacted to HEp-
2 cells (Figure 3.3A). Reactive clones spread across 8 different clonal families. These antibodies
had a high prevalence of antinucleolar antibodies (Figure 3.3B). The similar staining
patterns among multiple clones suggest that these plasma cells were selected for the same or
closely associated antigens.

To identify potential antigens, we selected three antinuclear antibodies (6-2A4, 6-2B9 and
6-1B5) from different clonal families. We selected 6-A4 as it represents the most expanded clonal
family. 6-2B9 showed the strongest signal in HEp-2 staining, and 6-1B5 showed the most specific
staining pattern to nucleoli. Using these antibodies, we performed western blot on a nuclear
fraction of HEp-2 cell lysates. Out of the three antibodies tested, 6-2A4 and 6-2B9 showed similar
broad immunoreactivity above a relative molecular weight higher than 50 kDa, while 6-1B5 did
not show detectable bands (Figure 3.4A).

Next, immunoprecipitations (IP) was performed with the three antibodies from the lysates
of HEp-2 nuclear fractions. IP was also performed with two negative control antibodies: 7AS and

7E3 which bound to neither HLA nor HEp-2 cells. Precipitates were washed and resolved by
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Figure 3.3 Clonally expanded plasma cells were selected for antinucleolar reactivity. (A)
Frequency of HEp-2-reactive antibodies in indicated patients. (A) HEp-2 staining images of the
16 positive antibodies cloned from patient 6 plasma cells. Antibodies of the same clonal family
are grouped together. Numbers on the left side of images indicate their clonal family number as in
Figure 3.1C.
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Figure 3.4 Ki-67 is a specific target of clonally expanded antibodies. (A) Western blot on HEp-
2 nuclear lysates using the three antibodies, 6-2A4, 6-2B9 and 6-1B5. (B) Top-10 preferentially
bound antigens detected in the IP/mass spectrometry analysis. Log2 fold changes of signal
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sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE). The gels were
Coomassie-stained and lane regions above IgG heavy chain (> 50 kDa) were excised and subjected
to tandem mass spectrometry. Detected peptides were mapped to the human proteome according
to UniProt database. Signal intensity was normalized to median, and fold changes were calculated
for the three antinucleolar antibodies over the mean intensity of the two negative control antibodies.

This experiment revealed that two of the three antinucleolar antibodies (6-2A4 and 6-2B9)
detected a nucleolar antigen Ki-67 as the top hit (Figure 3.4B). The other positive antibody, 6-1B5,
had another nucleolar antigen HEATR1 as the top hit. HEATR1 was also found in the top 10 hits
of 6-2B9. Therefore, it is possible that these antibodies bind to the same or associated protein
complex. Next, other plasma cell antibodies were tested for anti-Ki-67 reactivity by tissue staining.
Since Ki-67 is highly expressed in proliferating cells, tonsil tissues were stained to test co-
localization of signals from the antinucleolar antibodies and a commercial anti-Ki-67 antibody. A
total of six antibodies showed co-localization with Ki-67, including 6-2A4 and 6-2B9 (Figure
3.4C). The additional four antibodies belonged to the same clonal family as either 6-2A4 or 6-2B9.
These results indicate Ki-67 reactivity drives in situ clonal selection.

Within the clonal family of 6-2A4, two antibodies did not show detectable signal on tonsil
staining. Therefore, we investigated their phylogenetic tree to see whether Ki-67 reactivity was
gained or lost during clonal evolution. An analysis of heavy chains showed that costaining-positive
6-2G7 and negative 6-2G1 shared the same amino acid sequence (Figure 3.5A). On the other hand,
these two antibodies had different light chain sequences (Figure 3.5B). Therefore, their different
staining results came from mutations in light chains. For both heavy and light chains, 6-2A4 had

the sequences most similar to germline antibody. The other antibodies in this clonal family shared
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the amino acid mutations present in 6-2A4. These observations suggest that Ki-67 costaining
capability was lost by mutations, while antinucleolar reactivity persisted through a series of
mutations. Although development of Ki-67 is unclear at this point, these results collectively
demonstrate that intrarenal plasma cells breach tolerance and become strongly selected for self

nucleolar antigens in renal allograft rejection.

6-2A4 6-2A4
f 6-2E2 6-2G7
K‘G-ZHlO 6-2H10
/’/ 6-2F5 6-2F5
6-2G7 6-2E2
“o0.006 0261 0.006 6-2G1

Figure 3.5 Changes in Ki-67 reactivity through clonal evolution.

(A and B) Phylogenetic trees showing amino acid changes in heavy (A) and light (B) chains of
antibodies in clonal family 14 that 6-2A4 belongs to. Color indicates Ki-67 costaining results
(red: positive, blue: negative).
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3.3 Discussion

Here we demonstrate that intrarenal B cells are not selected for HLA reactivity. Instead, ubiquitous
self-antigens strongly drive selection in plasma cells. This study is the first to demonstrate that a
break in self-tolerance happens in in situ B cell repertoire in renal allograft rejection.

Intrarenal B cells expressed much less 4/CDA than tonsil B cells. Therefore, it was
surprising to find a comparable amount of SHMs in their antibody genes. Despite this high
mutation burden, we found few clonally expanded B cells. Therefore, they could be activated and
mutated in secondary lymphoid organs and recruited into the graft afterword, instead of being
activated and selected locally.

Alternative hypothesis is that the low AICDA expression in intrarenal B cells might be
sufficient to induce SHMs. In fact, a fraction of naive B cells express a very low level of 4/CDA
(240). These AICDA™ B cells contain less, but a substantial number of SHMs compared to GC B
cells. B cell activation in rejecting allografts is not necessarily as acute as GC responses. Therefore,
the observed mutations might have accumulated slowly with low AICDA.

A majority of B cells were selected for neither HLA nor self-antigens. This observation is
consistent with the previous study (/83). However, our study overcame their caveats. Firstly, we
demonstrated lack of HLA reactivity in multiple patients. Secondly, we tested reactivity in
activated B cells, including clonally expanded plasma cells. Lastly, we isolated B cells from
diagnostic biopsies, instead of an explant. Collectively, our results generalized the notion that
DSAs are not produced in situ.

When tested without serum blocking, nearly 20 % of antibodies bound to HLA-coated
beads. However, SAB analysis demonstrated that this binding can explained by neither selection

to donor antigens nor shared eplets. Most importantly, it completely disappeared in presence of
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serum blocking. Therefore, none of the observed HLA binding was a result of antigen-specific
selection, including the seemingly donor-specific antibody 6-2D3 or antibodies which bound to
antigens with shared eplets. Taken together, this HLA binding is manifestation of polyreactivity,
which does not likely to happen in patients. These results also highlight importance of proper
blocking for studying specificity of monoclonal antibodies.

In addition to HLA reactivity, we did not find enrichment of autoreactivity in most patients.
This lack of obvious selection could indicate that intrarenal B cells generally express a low-affinity
antibody repertoire. In fact, we rarely found clonally expanded populations. A mouse model of
cardiac allograft rejection has shown that antigen non-specific T cells can be recruited in local
tissues (/84). Therefore, it is possible that intrarenal B cells observed here is a result of such non-
specific recruitment.

The same study also showed that even such non-specific recruitment needs to accompany
other antigen-specific T cells. This requirement of cognate antigens has been shown for tissue
resident memory B cells as well (/85). In our study, about 20 % of B cells expressed antibodies
reactive to HEp-2 cells. It is possible that these self-reactive clones opened a door to other non-
reactive B cells for graft infiltration.

The other possibility is that a majority of intrarenal B cells are reactive to kidney-specific
antigens which were not tested in this study. In line with this possibility, serum from rejection
patients often reacts to kidney-specific antigens expressed by renal vascular endothelial cells (150,
159). Considering the absence of clonal expansion in our cohort, it is unlikely that those intrarenal
B cells are going through in situ affinity maturation. Nevertheless, a more comprehensive set of

antigens need to be tested to define true reactivity of intrarenal antibodies.
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On the other hand, plasma cells showed robust clonal expansion. Despite serum DSA
positivity of the patient they were derived from, they did not bind to HLAs. Instead, they showed
strong selection for nucleolar self-antigens. Those plasma cells were mostly derived from one
patient. Several studies associated DSA with CD38h¢h or CD138" plasma cell infiltrates (163, 170,
171). Therefore, it is possible that plasma cells could be selected for allo-HLA reactivity in other
cases. Nevertheless, our results clearly demonstrate that plasma cells can breach tolerance and
selected for non-HLA, nucleolar self-antigens.

It is interesting how such reactivity develops in renal allograft rejection. Even in the patient
with plasma cells, clonal expansion was not observed in non-plasma cells. Additionally, most of
non-plasma cells were not clonally related to plasma cells. AICDA was also mostly lacked in
plasma cells. These results indicate that plasma cell differentiation and selection did not happen in
situ. Instead, they are more likely recruited to the graft after being selected in secondary lymphoid
organs.

Finally, mass spectrometry analysis identified two potential nucleolar antigens, Ki-67 and
HEATRI. Albeit rare, anti-Ki-67 antibodies are reported in murine and human SLE (241, 242). It
is interesting to test whether such reactivity can be detected in serum of transplant patients as well.
Additionally, HEATRI1 is reported as a minor histocompatibility antigen (243). However, the
reported HEATR1 epitope is restricted to class-I HLA, HLA-B8. Therefore, the reported epitope
is unlikely to select BCR specificity. Additionally, neither patient 6 and his donor carried HLA-

B8, making it unclear whether HEATR1 behaves as a histocompatibility antigen in that patient.
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4 Discussion

4.1 Overall implications of this work

Here I demonstrated that infiltrating B cells in allograft rejection have a unique transcriptional
profile. They expressed high innate immune genes as well as a series of genes characteristic to
peritoneal B1 cells. On the other hand, they expressed a much lower level of GC-signature genes,
such as AICDA and BCL6. These results highlight distinct phenotypes of activated B cells in GCs
and rejecting allografts.

While intrarenal B cells expressed heavily mutated antibodies, we found little evidence of
clonal expansion. In line with these observations, they were neither antigenically selected by
allotypic differences nor ubiquitous self-antigens. Therefore, they are not likely to be going
through in sifu affinity maturation and selection, although their reactivity to kidney-specific
antigens remains to be tested. Importantly, this gene expression and lack of selection was shared
across patients regardless of their clinical features, indicating that the phenotype found in this study
commonly applies to graft-infiltrating B cells in renal allograft rejection.

In contrast, plasma cells exhibited a high degree of clonal expansion and SHM.
Surprisingly, none of those plasma cell-derived antibodies reacted to HLAs. Rather, multiple
clones from expanded clonal families recognized nucleolar self-antigens. These results suggest
that renal allograft rejection can breach tolerance in plasma cells, selecting their reactivity to
nucleolar self-antigens, instead of mismatched HLAs. Since we had only one patient with this
phenomenon, it needs to be investigated how common such reactivity is.

In this study, we did not focus on TLS. All the studied patients had histological evidence

of antibody-mediated rejection with B cell infiltrates. Those B cell infiltrates formed diffused
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aggregates as shown in Figure 2.1B which often contained CD4" cells as well. However, we did
not delineate whether those aggregates had a TLS signature, such as presence of Tth cells and
FDCs. The lack of a GC signature such as BCL6 and AICDA indicates that intrarenal B cells studied
in this study were not derived from TLS.

Albeit infrequently, BCL6" AID" B cell clusters have been observed in explants (/72).
Since we studied an earlier stage of rejection using diagnostic biopsies, it is possible that in situ B
cell selection in TLS could happen at a later stage of rejection. Importantly, even in explants with
GC-like B cell clusters, antibodies produced in the graft did not reflect allo-HLA reactivity
detected in serum. Therefore, intrarenal B cells do not contribute to serum DSAs, whether they
form TLS or not.

In line with this and other previous studies (168, 169), our results suggest that intrarenal B
cells have a unique antibody repertoire compared with circulating antibody repertoire. Especially,
even in serum DSA-positive patients, intrarenal B cells did not produce anti-HLA antibodies.
These findings indicate that an in sifu B cell repertoire is selected in a mechanism distinct from
allo-reactivity development in secondary lymphoid organs.

Firstly, intrarenal B cells could be reactive to antigens specifically expressed by kidney-
specific antigens which were not tested in this study. In mice, tissue recruitment of lymphocytes
require cognate antigens (/84, 185). Antibody production to kidney endothelial cells has been also
reported in allograft rejection patients (/49). Therefore, it is important to investigate reactivity of
in situ produced antibodies to kidney endothelial cells, as well as a more comprehensive set of
antigens using a protein array.

If these antibodies are not reactive to kidney-specific antigens either, it is possible that a
majority of intrarenal B cells are recruited in a BCR-non-specific manner. Antigen-non-specific
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cells can infiltrate tissues as a bystander, in presence of other antigen-specific cells (/84). We
observed HEp-2 reactivity in about 20 % of non-plasma cells. It is possible that this reactivity was
sufficient to allow other non-reactive B cells to be recruited.

As an alternative possibility, low-affinity B cells could be preferentially recruited to the
graft. Compared with tonsil B cells, intrarenal B cells highly expressed CCR6. CCR6 expression
in activated B cells is a marker of memory cells. Memory cells in general express lower-affinity
antibodies compared with plasma cells. CCR6" GC B cells also represent memory B cell
precursors expressing low-affinity antibodies (/9). In addition to CCRG6, intrarenal B cells
exhibited a similar gene expression pattern to this population, such as high SIPRI, CD44,
TNFRSF13B, and low SI/PR2 and cell cycle genes. These results suggest that a majority of
intrarenal cells could be low-affinity memory B cells instead of high-affinity plasma cells.

Plasma cells from one patient were clonally selected for reactivity to nucleolar self-
antigens. They showed robust clonal expansion, and a few plasma cells shared a clonotype with
non-plasma cells as well. These observations indicate that plasma cells could be clonally selected,
and even differentiate in sifu in rejecting allografts. Since we have not tested reactivity of non-
plasma cells in the patient 6, we do not know whether B cells broke self-tolerance in sifu. Given
that more than 80 % of infiltrating B cells expressed class-switched antibodies, it is likely that they
were pre-activated before being recruited to the graft. It is interesting to test reactivity of non-
plasma cells in this patient and their germline antibodies, so as to understand the development of
the antinucleolar reactivity.

Importantly, the plasma cell-positive patient did not have a history of autoimmune diseases.
Therefore, inflammation in allograft rejection was sufficient for B cells to break self-tolerance.

Such broken tolerance with antinuclear autoantibodies has been reported in the C57BL/6-bm12
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mouse model of renal allograft rejection (/79). This model has only a three amino-acid mismatch
in MHC class II, driving humoral responses to autoreactivity instead of alloreactivity. This mouse
model would provide an important insight into how B cells break tolerance in the context of
allograft rejection.

The combination of C57BL/6 and bm12 strains is better known in the context of lupus
nephritis. Transfer of bm12 splenocytes into a C57BL/6 mouse, or vice versa, induces a graft-
versus-host disease (GVHD) with lupus-like symptoms, including antinuclear antibody production
(244). In this setting, recipient class-Il MHCs present self-antigens to donor CD4* T cells, which
is recognized as non-self due to the MHC mismatch. This activation of CD4" T cells is essential
for autoantibody production in this lupus model. It would be possible that antigen presentation by
mismatched MHCs/HLAs drive production of antinuclear antibodies in the C57BL/6-bm12
transplant model and our human case. Indeed, a cardiac allograft model of C57BL/6-bm12 requires
donor CD4" T cells for rejection (/80). This persistence of donor “passenger” cells in allografts
and their potential participation in immune responses is known as microchimerism, which has been
observed in both mice and humans (181, 182).

However, microchimerism is much less frequent and persistent in kidney transplant
compared with other solid organ transplant: donor-derived cells are completely cleared from
circulation within 150 days after transplant (/87). Therefore, it is not likely that donor immune
cells contribute to rejection happening several years after kidney transplant.

Rather than donor immune cells, antigen presentation could be mediated by non-immune
cells, such as fibroblast and epithelial cells. In fact, MHC class II expression by intestinal epithelial
cells is required for GVHD in the gut (245). In the kidney, kidney-intrinsic MHC class 1I
expression is critical for development of glomerulonephritis (246). It would be interesting to
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investigate an expression pattern of class-Il HLAs in rejected allografts, as well as which cell types
present class-1I antigens in the C57BL/6-bm12 renal allograft model.

Although T cell help is fundamental for B cell affinity selection, B cell intrinsic
mechanisms also promote the development of antinucleolar antibodies. TLR7 is one of such key
factors. TLR7 has been associated with antinucleolar antibodies both in mice and humans (247).
Intrarenal B cells in our data highly expressed 7LR7. Identified potential antigens, Ki-67 and
HEATRI, also interact with RNA. Ki-67 binds to RNA via an accessory protein NIFK (248).
HEATRI is one of snoRNPs that assembles ribosomal RNAs (249). Therefore, it is possible that
antibodies recognizing Ki-67 or HEATR1 activate TLR7. Taken together, the upregulation of
innate immune pathways might contribute to the selection of antinucleolar reactivity observed in
this study.

Although intrarenal B cells upregulated 7LR7 along with its downstream signaling
components such as TRAF3 and TRAF6, they did not express TBX21, a gene directly upregulated
by TLR7 stimulation. This lack of TBX21 expression was true for plasma cells as well. TLR7
stimulation is critical for the development of antinucleolar antibodies in mouse models (97, 104).
Nevertheless, we do not have an evidence of TLR7 activation in these cells at this point.

In addition to innate signaling pathways like 7LR7, intrarenal B cells highly expressed
genes of other B cell-activating pathways, such as type-1 and type-2 IFN pathways. Since both
type-1 and type-2 IFNs are abundant in rejecting renal allografts (221, 250), it is likely that
intrarenal B cells receive an activation signal from them. IFN-a upregulates 7LR7, which could
explain how intrarenal B cells highly express it.

Another important B cell-activation pathway implicated in this study is BAFF. Intrarenal

B cells highly expressed TNFRSF13B encoding a BAFF receptor TACI. Pathological role of BAFF
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has been extensively characterized in autoimmune diseases such as SLE (/09). In renal allograft
rejection, serum BAFF level is correlated with onset of antibody-mediated rejection (257). BAFF
is also expressed in rejected allografts (252). These results indicate that BAFF could play an
important role in B cell activation in renal allografts.

Not only receiving signals from these inflammatory mediators, B cells also secrete
cytokines. Studies of circulating B cells in mice and humans have implicated immunosupressive
Breg cells producing IL-10. However, we instead found that intrarenal B cells produce a
proinflammatory cytokine IL-15. IL-15-expressing B cells were previously reported in multiple
sclerosis patients (/89). In that study, B cell-derived IL-15 enhanced cytotoxic activity of CD8" T
cells. IL-15 also acts on more abundant CD4" T cells, rendering them resistant to suppression by
Tregs or upregulating their NK receptor expression (253). In renal allograft rejection, IL-15
transcripts are abundant in rejected allografts (/90). Our result also showed that many infiltrating
immune cells expressed IL-15. These observations collectively indicate that B cells could
contribute to allograft rejection via IL-15 production.

In addition to these well characterized pathways discussed above, a unique signature was
identified by an analysis of AHNAK. Although a role of AHNAK in B cell biology is unknown, it
is specifically expressed in peritoneal B1 cells. Interestingly, our analysis revealed that other genes
with a similar expression pattern were enriched in a geneset upregulated in intrarenal B cells.
Along with the lack of a GC transcriptional signature, this peritoneal Bl-like gene expression
highlights the uniqueness of the intrarenal B cell phenotype.

Nevertheless, those AHNAK-covariant genes accounted for only a small fraction of genes
upregulated in intrarenal B cells. Therefore, intrarenal B cells do not completely recapitulate

peritoneal B1 cells. ANHAK-covariant genes, including those related to innate immune responses,

74



contained several genes involved in cell migration and adhesion, such as /TGAM and CD44. Taken
together with the fact that intrarenal B cells were not enriched for autoreactivity, they are
presumably B2 cells which acquired a phenotype adapted to a local non-lymphoid tissue.

Many of migration-related genes upregulated by intrarenal B cells were also paired with
those upregulated at the tissue level. Upregulation of several identified genes, such as ITGAM,
ITGA4 and SELL, is associated with lymphocyte infiltration in in tumor tissues (254). Therefore,
these migration-related genes could be commonly important for lymphocyte infiltration in a local
tissue. These identified axes could also be therapeutic targets to block immune cell infiltration in
allografts.

Interestingly, activated B cells in lupus nephritis tissues express AHNAK-covariant genes
such as AHNAK and ITGAM at a higher frequency and expression level compared with naive B
cells (/30). On the other hand, liver carcinoma-infiltrating B cells express equivalent level of
AHNAK compared to circulating B cells (255). These results indicate that upregulation of AHNAK-
covariant genes should depend not only on a presence in non-lymphoid tissues, but also on a local
inflammatory environment. In lupus nephritis, IFN-stimulated B cells do not
highly express AHNAK. Also in our data, IFN signature did not correlate with AHNAK expression
(data not shown). These data indicate that IFN is not likely a driver of AHNAK-covariant gene
expression in inflamed kidneys. Focusing on other pathways commonly upregulated in renal
allograft rejection and lupus nephritis could provide insights into how intrarenal B cells upregulate
this gene signature.

Activated B cells in lupus nephritis tissues have an ABC-like phenotype. However, our
intrarenal B cells did not show this signature. In particular, intrarenal B cells in allografts lacked

TBX21 expression. Although it is possible that the RNA-seq setting we employed could not
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reliably capture 7TBX21 transcripts, our results indicate that intrarenal B cells in rejecting allografts
have a phenotype distinct from ABCs in lupus nephritis. Interestingly, in mice, T-bet expression
in B cells is stable (which lasts at least 40 days), and T-bet" and T-bet™ antigen-specific memory B
cells are derived from different clonal populations (256). It is unknown whether receptor affinity
or specificity affects TBX21 expression in B cells. Intrarenal B cells in lupus nephritis are selected
to ubiquitous self-antigens such as vimentin (//7), while those in rejecting allografts are not. It is
interesting whether the deference in their antibody reactivity underlies the differential expression
of TBX21.

Overall, this study demonstrates a unique transcriptional phenotype and antibody reactivity
of B cells infiltrating rejecting renal allografts. These insights shown here could have never been
obtained from only studying circulating B cells or mouse models. Our findings underscore that we
need to focus on what is happening in sifu to truly understand mechanisms driving tissue

inflammation.

4.2 Current and Future directions

Additional experiments are ongoing to more precisely characterize antibody reactivity of intrarenal
B cells. In our data, non-plasma cells were not selected for allo or self-reactivity. However, it is
possible that they are selected for antigens specific to inflamed kidney tissues. We have stained
rejected renal allografts using a few highly mutated antibodies, which turned out negative (data
not shown). However, immunofluorescent tissue staining is not very sensitive. Moreover, tissue
staining is laborious, which makes it challenging to test more than 100 expressed antibodies. To
circumvent these drawbacks, we are planning to test their reactivity on kidney endothelial cells,

which are recognized as a source of non-HLA antigens in renal allografts. Endothelial staining
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allows us to test antibody reactivity in a higher-throughput manner. Additionally, we can also test
whether immunological activation of endothelial cells affects antibody binding. These experiments
will provide us with more detailed understanding on their reactivity and selection.

Plasma cells were clearly selected for nucleolar self-antigens. Mass spectrometry and tissue
staining identified Ki-67 as a potential target in nucleoli. However, these experiments do not
necessarily indicate direct binding. To demonstrate direct binding, we are currently cloning
recombinant Ki-67. Ki-67 weighs more than 300 kDa, which is too huge to clone as a whole.
Therefore, we fragmented it and cloned into a histidine-tagged pET-24b (+) vector. This
expression system is what we previously employed to make recombinant vimentin (//7). Once
antigens are expressed and purified, they will be coated on plates for ELISA. If direct binding is
proven, it would be interesting to investigate whether anti-Ki-67 antibodies can be detected in
serum of transplant recipients, and whether they can predict clinical outcomes.

The clonal expansion and affinity selection in plasma cells suggest T-dependent B cell
activation. Therefore, graft-infiltrating T cells could have a corresponding specificity. TLS in renal
allografts almost always contain CD4" T cells along with B cells. Additionally, we previously
demonstrated functional interaction between B cells and Tth cells in allografts (/15).
Characterization of intrarenal T cell repertoire is indispensable to completely understand how in
situ B cell repertoire is shaped in allograft rejection.

Compared with CD4" T cells, CD8" T cells are less abundant in renal allografts. Without
a clear implication of their role in B cell activation, interaction between B cells and CD8" T cells
has not been extensively studied. However, B cells can present antigens to CD8" T cells (257).
Moreover, CD8" T cells can also express CD40L (258). Although not widely accepted, CD8" T
cells with a Tth-like phenotype have been also reported (259). Therefore, it is possible that CD8*
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T cells activate B cells. In fact, our data showed an upregulation of class-I MHC in intrarenal B
cells. These observations make it interesting to investigate possible interaction between B cells
and CD8" T cells. For this purpose, cell-distance mapping developed in our laboratory will be a
very powerful tool (/15, 260). We are currently accumulating tissue staining data, so that we can
measure distance B cells and CD4* or CD8" T cells in an unbiased and high-throughput manner.
Testing association between cell distance and clinical features will provide functional implication
of their interaction.

In terms of interaction between B cells and others, our data demonstrated potential axes
present in rejected renal allografts. We compared our B cell data with whole tissue data. Therefore,
we could not visualize which cell types are actually interacting with B cells. Throughput of
scRNA-seq is becoming higher and higher, allowing analysis of 10,000 cells altogether. Therefore,
it will be feasible to analyze all cell types present in rejecting allografts, In fact, such studies have
been carried out for other diseases (/30, 267). Such a comprehensive analysis of intrarenal cells
will definitely provide a higher-resolution picture of how they are interacting in situ.

To examine phenotypes of such tissue-local immune cells, having a control population
from secondary lymphoid organs, such as tonsil B cells in this study, would be very informative.
However, in our study, tonsil donors were deidentified. Causes of tonsillectomy are mainly two
types: tonsillitis due to recurrent infection, or sleep apnea caused by airway obstruction without
apparent inflammation (262). Our study design did not allow us to tell which was the case.
Moreover, we cannot tell medical background of those tonsil donors, such as history of
autoimmune diseases and organ transplant. Because of this limitation, we cannot call those tonsil
B cells or their antibodies a “healthy” control. We believe they represent GC B cells, since they

expressed a clear GC gene signature and tonsil B cells from all the seven donors showed the same
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clustering on a t-SNE space. Nevertheless, we should make sure that we have access to their
medical information in future studies.

Moreover, we had an unexpected discrepancy in scRNA-seq data quality between cohorts.
As shown in Figure 2.7B, the second cohorts had much lower sequencing depth. As a result, the
resolution of the second-cohort data was limited compared with the first cohort. The normalization
scheme we employed effectively integrated the two cohorts. However, as well as technical
variation, true biological information was surely lost by this normalization. In fact, several DEGs
found in the first cohort, such as 7LR7 and IL135, did not reproduce in the integrated data. For this
reason, we could not analyze the integrated data as thoroughly as we did on the first cohort data.
In future studies, every omics study must be carefully designed so as to minimize batch effects.

Another caveat of our study is that we lack functional data. The biggest barrier for
functional studies is accessibility of patient samples. Therefore, we need animal models which
recapitulate B-cell infiltration in rejecting allografts. Fortunately, our collaborator developed a
mouse model of renal allograft rejection which involves B-cell infiltration (/76). This mouse
model will allow us to mechanistically study intrarenal B1 cells. For example, we would be able
to study a role of B1 cells by combining this model with a genetic background which lack B1 cells
(79) or peritoneal B1 cell depletion (83). Utilizing genetics, we could also investigate a B cell-
intrinsic role of specific genes such as TLRs and Ahnak.

Regarding mouse models, the C57BL/6-bm12 transplant model is interesting to study (/79).
This model develops antinuclear autoantibodies, which makes it a unique model for studying how
B cell break self-tolerance to nuclear antigens in the context of transplant rejection. For example,
blocking of BAFF and APRIL with TACI-Ig diminishes this reactivity in this model. Such global

blockade of BAFF/APRIL should profoundly affect B cells outside allografts as well. Nevertheless,
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intrarenal B cells highly express TNFRSF13B encoding a BAFF receptor TACI. Given high BAFF
expression reported in rejecting allografts (251, 252), BAFF could be important for activating
intrarenal B cells and shaping their antibody reactivity. Including BAFF, this mouse model could
help us investigate whether factors found in this study, such as TLR7 and IFNs, play a role in
development of antinucleolar antibodies in allografts.

The study revealed a previously unknown phenotype of intrarenal B cells in allograft
rejection patients. Our findings underscore the importance of studying immune responses at the
very site of inflammation. At the same time, our finding provides new questions which need to be
addressed in future studies. I would be excited to see how these questions will be answered,

eventually leading to development of new therapeutics.
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5 Materials and Methods

Clinical sample collection

Kidney biopsies were collected as an additional biopsy core from consented patients. Presence of
antibody-mediated rejection was clinically confirmed for all the sequenced transplant patients.
Tonsil samples were deidentified and collected from tonsillectomy cases. All the clinical samples
were collected on the day of biopsy at the University of Chicago Hospital. Sample collection was

approved by the Internal Review Board at the University of Chicago.

Cell sorting

Within 5 hours after collection, tissues were minced and digested with Liberase TL (Sigma-
Aldrich) for 15 minutes at 37 °C. Cells were washed and stained for 30 minutes at 4 °C with
Calcein AM (eBioscience) and antibodies: PE-CD19 (eBioscience, SJ25C1), APC-CD38 (BD,
HIT2), PE-Cy7-CD45 (eBioscience, HI30). Stained cells were washed, and DAPI (Thermo Fisher
Scientific) was added to the single-cell suspension immediately before the samples were subjected
to BD FACSAria Fusion for sorting. Doublets were excluded by FSC-A/FSC-H gating, and
CD45+ Calceint DAPI- CD19+ CD38+ activated B cells were single-cell sorted into 96-well
plates with catching buffer (RLT lysis buffer (Qiagen) with 1% 2-mercaptoethanol (Sigma-
Aldrich)). Sorted cells were immediately spun down and stored at -80 °C until being processed for

scRNA-seq.

scRNA-seq

scRNA-seq was performed following Smart-seq 2 protocol (202). mRNA was purified from sorted
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cell lysates using SPRI beads (Beckman Coulter), and reverse transcribed to cDNA with ERCC
spike-in controls (Thermo Fisher Scientific). cDNA was amplified for 20 cycles using KAPA HiFi
HotStart ReadyMix PCR Kit (Kapa Biosystems). Aliquots of the amplified cDNA were also used
for antibody cloning later. cDNA library was generated using Nextera XT DNA Library

Preparation Kit (Illumina), pooled and sequenced with Illumina sequencer.

Read alignment, quality control and data integration

For mapping sequencing reads, a human transcriptome (GRCh38) was obtained from Ensembl
database. Low-complexity regions were masked from the transcriptome using RepeatMasker 4.1.0
(263) with “-noint -norna -qq” options. The masked transcriptome was used for pseudoalignment
by kallisto 0.46.1 (264). For the first cohort, poor-quality cells were excluded from the analyses if
they were expressing less than 3,000 genes or more than 15,000 genes. Furthermore, to exclude
cells which could be non-B cells, cells were filtered out if a sum of log2-cpm of Ig heavy chain
constant region genes was below 5. Batch effects were corrected by normalizing counts to ERCC
using the RUVSeq 1.16.1 (203) with “k = 2” option. For the second cohort, read alignment and
QC was done in the same manner except that 1,000 genes were used for gene count cut off. In
order to normalize the difference in sequencing depths between the first and second cohorts,
SCTransform in Seurat R package 3.1.1 (217, 218) was applied. The normalized data were further
processed by ComBat in sva package R package 3.32.1 (219) to remove batch effects between the

two cohorts.

t-SNE projection and cell cluster assignment for the differential gene expression analysis
Gene expression similarity among single cells were visualized by t-SNE plots, whose coordinates
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were calculated by Rtsne package 0.15. Expressed Ig isotypes were determined from the sScRNA-
seq data by assigning the most highly expressed Ig constant region gene. Cells were categorized
as “unswitched” if their isotype was IgM or IgD, and categorized as “switched” otherwise. For the
first cohort, the ERCC-normalized data was scaled by log2 cpm before making t-SNE plots. For
the integrated data, clusters were assigned by Seurat, and the plasma cell cluster was identified by

PRDM1 expression. Plasma cells were removed from differential expression analyses.

Differential gene expression analysis

Differential expression was tested on genes expressed by at least 10% of each category to be
compared. For the first cohort, raw pseudocounts were rounded and subjected to edgeR 3.26.8
(265) with unwanted variables calculated by RUVSeq in the design matrix. For the integrated data,
independent t-tests were applied to expression values after ComBat. For both analyses, false
discovery rate (FDR) was calculated by adjusting p values for multiple testing by the Benjamin-

Hochberg method. Genes with FDR < 0.05 and log2 fold change 2 1 were categorized as

differentially expressed.

Hierarchical clustering of 2855 DEG

For the first cohort, differential expression was tested in four comparisons (class-switched renal
vs. tonsil, unswitched renal vs. tonsil, renal class-switched vs. unswitched, and tonsil class-
switched vs. unswitched). Mean expression values of identified 2855 DEG were calculated in four
populations (renal switched, renal unswitched, tonsil switched, tonsil unswitched). Then

hierarchical clustering was performed based on their expression pattern across the four population
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means, identifying 5 gene clusters. A heatmap was produced using pheatmap R package 1.0.12

based on the clustering and row Z-scores calculated from the mean values.

Pathway enrichment analysis

GO and KEGG enrichment was tested using clusterProfiler 3.12.0 (266) and org.Hs.eg.db
annotation database 3.8.2. FDR 0.05 was used for a significance cutoff. When there were more
than 10 significantly enriched GO terms, redundant terms were removed using “simplify” function

in clusterProfiler library with its default setting.

Enrichment analysis of AHNAK-covariant genes
Gene expression in mouse B cell subsets in the spleen or peritoneal cavity were fetched from
ImmGen (208). Genes were identified as Ahnak-covariant genes, when their expression pattern

within the peripheral B cell subsets had a correlation coefficient 2 0.8 with Ahnak. The Ahnak-

covariant genes were converted to their human orthologs as 4HNAK-covariant genes using
Ensembl database. Then enrichment of the AHNAK-covariant genes in DEG clusters was tested by
a hypergeometric test. For the background frequency, we used the frequency of the Ahnak-

covariant genes within all the mouse genes detected in ImmGen microarray data.

Calculation of gene expression scores

Geneset-based scores were calculated as a sum of scaled expression values of genes present in
each geneset. For DEG cluster scores in mouse B-cell subsets, DEG in each gene cluster were
converted to mouse orthologs in the same manner described above. Then, scores for the mouse

genes were calculated for each replicate in ImnmGen data. A mean score was calculated for each
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B-cell subset, scaled to Z-scores and visualized as a heatmap. For innate immune genes, genes
tagged to “innate immune response” GO term were identified in AHNAK-covariant genes. Within
the identified genes, those expressed by at least 10 % of cells were used to calculate a score. For
ABC-associated genes, 17 ABC-upregulated genes and 9 ABC-downregulated genes were defined
according to a previous study (/30). Then a difference between a scaled sum of expression of

ABC-upregulated and downregulated genes were used as the score.

Ligand-receptor co-expression analysis

For a geneset expressed by intrarenal B cells, we used DEG which were highly expressed in
intrarenal B cells in the “class-switched renal vs. tonsil” comparison. To obtain a geneset expressed
in rejected renal allografts, we referred to publicly available microarray data (5). Since the data
had three categories of rejection (acute, chronic, and drug or infection-induced), they were grouped
together as “rejection.” Then gene expression was compared between the rejection and normal
allografts using t-test, in order to identify genes upregulated in rejected renal allografts. Within the
identified DEG, genes encoding a receptor or a ligand were identified by crossmatching them with
Functional Annotation of the Mammalian Genome (FANTOM) 5 database (2/0). Connections of

identified ligands and receptors were visualized using Cytoscape 3.7.2 (267).

Tissue staining

Paraffin-embedded formalin-fixed tissue blocks were sectioned by 3 um thickness. Tissue sections
were deparaffinized with xylene and ethanol, and subjected to antigen retrieval with 10 mM citrate
buffer pH 6.0 (ThermoFisher Scientific). Tissue sections were blocked with Tris-buffered saline

TBS) containing 10 % normal donkey serum (Jackson ImmunoResearch Laboratories), and
g y
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incubated with a combination of primary antibodies: rat or rabbit anti-CD19 (Invitrogen, 6(OMP31
or abcam, EPR5906 respectively), rabbit anti-AHNAK (Proteintech, 16637-1-AP), mouse anti-
IL15 (abcam, ab55276), and rabbit anti-Ki-67 (abcam, EPR3610). Antibody binding was detected
by fluorophore-conjugated highly cross-adsorbed secondary antibodies (ThermoFisher Scientific),
and nuclei were stained with Hoechst 33342 (ThermoFisher Scientific). For staining of FLAG-
tagged recombinant antibodies cloned from rejection patients, rat anti-DYKDDDDK (BioLegend,
L5) was used as the secondary antibody, which was then detected with fluorophore-conjugated
anti-rat IgG antibodies. Stained sections were mounted in ProLong™ Gold Antifade Mountant

(ThermoFisher Scientific) and analyzed on SP8 confocal microscopy (Leica).

Sequencing of antibody genes and clonality analysis

Variable regions of antibody heavy and light chain genes were amplified from cDNA using nested
PCR (232). PCR products were Sanger-sequenced, and mapped to IMGT reference (233).
Antibodies were determined to belong to the same clonal family when they shared the same VDJ
segments and CDR3 length. Phylogenetic trees were constructed using Clustal Omega (268) and

FigTree 1.4.4 (269).

Antibody cloning and recombinant expression

Heavy and light chain variable regions were cloned into AbVec IgG expression vectors. The vector
had a FLAG tag at the C terminus of IgG constant region to enable tissue staining in the presence
of IgG-expressing cells or IgG deposition (/78). A pair of cloned heavy and light chain vectors

were transfected to HEK293A cells. After five days of culture, secreted IgG was purified using
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Protein A agarose beads (Pierce), eluted in 0.1 M glycine-HCI pH 2.8, neutralized with 1M Tris

buffer pH 9.0 and stored in PBS with 0.05% sodium azide.

HLA-binding assay

Antibodies were diluted at 150 pg/mL in PBS and tested on LAB Screen™ Mixed or Single
Antigen (OneLambda) according to the manufacturer’s protocol. To test the binding in the
presence of blocking, positive antibodies from intrarenal B cells were prepared in PBS, then
diluted 1:1 in PBS or negative control serum included in the kit, and subjected to the assay. NBG

ratio was calculated as the experimental readout according to the manufacturer’s protocol:

: Si = So
NB GTathi = m
Si and So are sample signals from the i th antigen-coated beads and negative beads, and N; and No

are negative serum signals from the i th antigen-coated beads and negative beads. NBG ratio 2

2.2 was used as the positivity threshold. For SAB assay, differences in trimmed MFI between
antibodies and negative control serum were used as a readout. Eplets information was fetched from

HLA Epitope Registry (270).

HEp-2 cell staining

Antibodies were diluted at 50 pg/mL in PBS, and tested on NOVA Lite® HEp-2 ANA kit (Inova
Diagnostics) according to the manufacturer’s protocol. Antibody binding was detected on SP8
confocal microscopy by fluorescent signal from fluorescein isothiocyanate (FITC)-conjugated

polyclonal anti-human IgG secondary antibody included in the kit.
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Western blot

HEp-2 cells (ATCC® CCL-23TM) were cultured and harvested. A nuclear fraction was prepared
using Nuclear Extraction Kit (Abcam) following the manufacturer’s protocol. Before the final
centrifugation step, lysates were sonicated with three times of a 10-second pulse on ice. Lysates
were boiled in Laemmli buffer at 95 °C for 5 minutes, and resolved by SDS-PAGE. Proteins on
the gel were transferred to a polyvinylidene fluoride membrane, blocked by 5 % bovine serum
albumin-containing TBS, and incubated with 10 pg/mL antibody diluted in the blocking buffer at
4 °C overnight. The membrane was washed and incubated with a horseradish peroxidase-
conjugated anti-human IgG antibody, and binding was detected with Pierce™ ECL Western

Blotting Substrate (ThermoFisher Scientific).

IP from a nuclear fraction of HEp-2 cell lysates

HEp-2 nuclear lysates were precleared with Protein A Agarose beads, and incubated with 5 pg of
antibodies at 4 °C overnight. The beads were washed with Tween20-containing PBS, and captured
antibody-antigen complexes were eluted and resolved by SDS-PAGE. Gels were stained with
InstantBlue® Protein Stain (Expedeon) at 4 °C overnight. Stained gels were destained in deionized
water, excised leaving molecular weight higher than IgG heavy chain, and used for mass

spectrometry.

Sample preparation for mass spectrometry

Gel Samples were excised and chopped into ~1 mm? pieces. Each section was washed in distilled
water and destained using 100 mM NH4HCO3 pH7.5 in 50 % acetonitrile. A reduction step was
performed by addition of 100 pL. 50 mM NH4HCO; pH 7.5 and 10 pL of 200 mM tris (2-
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carboxyethyl) phosphine HCl at 37 °C for 30 minutes. The proteins were alkylated by addition of
100 pL of 50 mM iodoacetamide in 50 mM NH4sHCOs pH 7.5 buffer, and allowed to react in the
dark at 20 °C for 30 minutes. Gel sections were washed in water and acetonitrile, and vacuum
dried. Trypsin digestion was carried out overnight at 37 °C with 1:50 - 1:100 enzyme-protein ratio
of sequencing grade-modified trypsin (Promega) in 50 mM NH4HCO;3; pH 7.5, and 20 mM CaCl..
Peptides were extracted first with 5 % formic acid, then with 75 % ACN:5 % formic acid,
combined and vacuum dried. Digested peptides were cleaned up on a C18 column (Pierce), speed

vacuumed and sent for liquid chromatography—tandem mass spectrometry (LC-MS/MS).

High-performance liquid chromatography (HPLC) for mass spectrometry

All samples were resuspended in Burdick & Jackson HPLC-grade water containing 0.2 % formic
acid (Fluka), 0.1% TFA (Pierce), and 0.002% Zwittergent 3-16 (Calbiochem), a sulfobetaine
detergent that contributes the following distinct peaks at the end of chromatograms: MH" at 392,
and in-source dimer [2M + H'] at 783, and some minor impurities of Zwittergent 3-12 seen as
MH™" at 336. The peptide samples were loaded to a 0.25 uL C8 OptiPak trapping cartridge custom-
packed with Michrom Magic (Optimize Technologies) C8, washed, then switched in-line with a
20 cm by 75 um C18 packed spray tip nano column packed with Michrom Magic C18AQ, for a
2-step gradient. Mobile phase A was water/acetonitrile/formic acid (98/2/0.2) and mobile phase B
was acetonitrile/isopropanol/water/formic acid (80/10/10/0.2). Using a flow rate of 350 nL./min, a
90-minute 2-step LC gradient was run from 5 % B to 50 % B in 60 minutes, followed by 50 % -
95 % B over the next 10 minutes, held 10 minutes at 95 % B, back to starting conditions and re-

equilibrated.
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LC-MS/MS data acquisition and analysis

The samples were analyzed via data-dependent electrospray tandem mass spectrometry (LC-
MS/MS) on a Thermo Q-Exactive Orbitrap mass spectrometer, using a 70,000 RP survey scan in
profile mode, m/z 360-2000 Da, with lockmasses, followed by 20 HCD fragmentation scans at
17,500 resolution on doubly and triply charged precursors. Single charged ions were excluded,
and ions selected for MS/MS were placed on an exclusion list for 60 seconds.

All LC-MS/MS *.raw Data files were analyzed with MaxQuant version 1.5.2.8, searching
against the UniProt Human database (Download 9/16/2019 with isoforms, 192928 entries) *.fasta
sequence, using the following criteria: LFQ was selected for Quantitation with a minimum of 1
high confidence peptide to assign LFQ Intensities. Trypsin was selected as the protease with
maximum missing cleavage set to 2. Carbamidomethyl (C) was selected as a fixed modification.
Variable modifications were set to Oxidization (M), Formylation (N-term), Deamidation (NQ).
Orbitrap mass spectrometer was selected using an MS error of 20 ppm and a MS/MS error of 0.5
Da. 1% FDR cutoff was selected for peptide, protein, and site identifications. Ratios were reported
based on the LFQ Intensities of protein peak areas determined by MaxQuant (version 1.5.2.8) and
reported in the proteinGroups.txt. The proteingroups.txt file was processed in Perseus (version
1.6.7). Proteins were removed from this results file if they were flagged by MaxQuant as
“Contaminants”, “Reverse” or “Only identified by site”. Three biological replicates were
performed. Samples were filtered to require hits to have been seen in at least two replicates per
condition. Intensities were normalized by median intensity within each sample. Median intensity
of the two negative control antibodies were calculated for detected proteins. Then, log2 fold

changes over the means of negative controls were obtained for the three antinucleolar antibodies.
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Statistical Analyses

To adjust p-values for multiple testing, the Benjamin-Hochberg method was used throughout this
study. Geneset enrichment was tested by a hypergeometric test (Figure 2.3B and 2.4J). For Figure
2.3B, p-values were adjusted for multiple. A t-test was used to assess differences in innate immune
gene scores (Figure 2.4M). Differential gene expression in integrated RNA-seq data was also

tested by t-test, and p-values were adjusted for multiple testing (Figure 2.8F and G).
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