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Abstract

Ten-Eleven Translocation-2 (TET2) is an epigenetic modifier and potent regulator
of immune cells, yet its role in B-1 cell biology is largely unknown. B-1 cells protect
against infection and clear apoptotic cells via the production of natural Immunoglobulin
M (IgM). Our study analyzed B-1 cell subsets from mice with global knockout (KO) of
TET2 compared to wildtype (WT) controls using flow cytometry to determine the
frequency and number of B cell subsets, RNA sequencing to determine differences in
global gene expression as well as B cell receptor (BCR) repertoire analysis, and enzyme-
linked immunosorbent assay (ELISA) to evaluate plasma IgM levels. Mice with TET2-
KO had elevated numbers of B-1a and B-1b cells in their primary niche, the peritoneal
cavity, as well as in the bone marrow and spleen. Consistent with this finding, circulating
IgM was elevated in TET2-KO mice compared to WT. We observed reduced expression
in both heavy and light chain immunoglobulin genes, predominantly in B-1a cells from
TET2-KO mice compared to WT controls. As expected, [gM was by far the most
abundant isotype expressed by genes in B-1 cells. Yet, only in B-1a cells was there a
significant increase in the proportion of IgM isotypes in TET2-KO mice compared to
WT. Analysis of the complementarity determining region 3 (CDR3) revealed an
increased abundance of replicated CDR3 sequences in B-1 cells from TET2-KO mice,
which was more clearly pronounced in B-1a compared to B-1b cells. The results from our

study suggest that TET2 may regulate the pool of antigen-specific IgM-producing cells.
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Chapter 1: Introduction



B cells are key mediators of auto-immunity

B cells are major immune cells with roles in innate and adaptive immunity. Their
primary function is to secrete antibodies in response to danger or pathogen signaling via
pattern recognition receptors (PRRs) or T cell-mediated activation. Several subsets of B
cells exist in mice and can be broadly categorized as B-1 and B-2 due to the timing of
their development, as B-1 cells arise earlier within the fetal liver and B-2 cells arise later
and are repopulated by hematopoietic progenitors in the adult bone marrow (BM) [1] [2-
6]. B-2 cells populate secondary lymphoid organs (SLOs) and are the main B cell type in
circulation. B-2 cells can be further classified into marginal zone (MZ) and follicular
(FO) B cells. Marginal zone B cells (MZB) are static and located in the marginal zone of
the spleen, and show similar characteristics to B-1 cells in early participation in Type 1 T
cell-independent (TI) responses, but also participate in T cell-dependent responses [1].
FO B-2 cells reside around follicular dendritic cells in the white pulp of the spleen and
the cortical areas of peripheral lymph nodes, and they also circulate [1]. FO B-2 cells are
dependent on T follicular helper (Tth) cell interaction in the formation of germinal
centers (GC), specialized microenvironments within SLOs, to promote effective primary
immune responses and antibody isotype switching for the establishment of high-affinity
B cell memory cells or long-lived plasma cells [1, 7].

There is also a subset of B cells called regulatory B cells, which secrete anti-
inflammatory cytokines such as IL-10 and TGF-f and suppress effector T cell responses.

They can play a role in autoimmune diseases, transplantation tolerance, and allergic



3
reactions. This subset of B cells is implicated in the modulation of immune responses and

maintenance of immune tolerance, but they require more investigation.

B-1 cells produce natural IgM antibody

B-1 cells originate from the fetal liver and are long-lived and self-renewing [8-
11]. B-1 cells can be found predominantly in the serosal spaces such as the peritoneal
cavity (PerC) or the pleural cavity, but can also migrate to SLOs such as the spleen and
lymph nodes, as well as into the BM [12] [13]. B-1 cells can produce antibodies via TI
responses without GC formation. There are two types of TI responses. The Type 1 TI
response involves activation of antibody secretion via a PRR such as toll-like receptor 4
(TLR4) or cytokine stimulation, independent from signaling through the B cell receptor
(BCR) [14-18]. In this case there is limited affinity maturation (the process of increasing
antibody affinity for a given antigen), so the majority of the antibodies produced have
lower affinity to specific antigens but more extensive specificities for antigens as a whole
[9]. In addition, B-1 cells can produce antibodies such as [gM (immunoglobulin M),
which are naturally occurring (i.e. can be present even without infection) [19-21]. These
natural antibodies act during the innate immune response to provide rapid protection and
maintain tissue homeostasis through apoptotic cell clearance [22]. However, the Type 2
TI response signals through BCR cross-linking, which at a large enough scale overrules
the need for T cell mediation to produce antigen-specific antibodies [23].

The first antibody isotype to be produced by B cells is IgM. 80% of IgM is

derived from B-1 cells, where a low level of IgM is produced by B-1 cells in serosal



cavities, and the majority of IgM is produced by the few B-1 cells in the spleen and BM
[19, 24-26]. IgM acts in several ways to control the immune response. The first is to bind
to the complement compound C1 and activate the classical complement pathway, which
results in the opsonization of antigens and subsequent cytolysis. Additionally, Fc
receptors Fca/pu-R and Fcp-R bind to IgM, which results in the uptake of the IgM-bound
antigen and endocytosis. Thus, IgM facilitates the clearance of antigens and the
resolution of inflammation [27]. Another important function of B cells is the secretion of
cytokines. Cytokines can influence other immune cells towards a more pro- or anti-
inflammatory state, as well as serve as recruiters for additional immune cell infiltration
[28]. Autoimmune disorders tend to be caused by IgG antibodies against self, while [gM

antibodies tend to be protective [29-45].

Generation of diverse antibodies

B cells produce antibodies of varied specificity through their BCR. The BCR
structure is complex and is critical for the recognition and resultant response of the B cell
to antigens. The BCR is membrane-bound and made up of a variable region and a
constant region. The variable region, which consists of heavy and light chains, binds to
specific antigens. This region's diversity allows B cells to recognize a vast array of
antigens. The variable region includes V (variable), D (diversity), and J (joining)
segments. The light chain variable region includes V and J segments only (no D

segment). The constant region determines the antibody's class (IgM, IgD, IgG, IgA, IgE)



and mediates effector functions. The constant region of the heavy chain anchors the
receptor in the B cell membrane.

The BCR generates diverse antibodies through a process called VDJ
recombination, resulting in millions of different specificities from a relatively small
number of genes. VDJ recombination of the immunoglobulin heavy chain involves the
random selection and recombination of V, D, and J gene segments to form a complete
heavy chain variable region exon. The light chain also undergoes recombination of its V
and J genes. Additional variability is introduced through non-template-encoded N
nucleotide (N-additions) and nucleotide excisions at the junctions between V-D and D-J
gene segments.

Antigen binding occurs and is determined by hypervariable regions of IgH V
genes called the complementarity determining regions (CDRs), the most variable of
which is CDR3. Several studies have sequenced the variable region of the heavy chain
(Vn) and shown that significant heterogeneity exists in the Vu repertoire of B cell subsets
from different locations.

Antibodies are unbound versions of the BCR. Sometimes, antibodies can bind to
similar epitopes on different antigens, which is called cross-reactivity. Errors in VDJ
recombination can potentially create self-reactive receptors, contributing to autoimmune
diseases. The severity of autoimmune disorders like systemic lupus erythematosus (SLE)
are often dependent on the titer of auto-antibody in circulation or in the disease-targeted

tissues.



Atherosclerosis is an autoimmune disorder

Atherosclerosis (ASCVD), the major type of cardiovascular disease (CVD), is a
disease of chronic systemic inflammation and is characterized by the formation of lipid-
laden lesions which occlude the blood vessel lumen, reducing blood flow past the lesions.
As the disease progresses, thromboembolic events such as stroke or heart attack risk
increases and is the leading cause of death worldwide [46]. ASCVD is widely becoming
accepted as being classified as an autoimmune disorder [47-50]. The development of
atherosclerosis begins with an accumulation of low-density lipoprotein (LDL) in the
artery wall, which can become oxidized [51]. Oxidized LDL (oxLDL) activates the
endothelial cells lining the artery wall, which induces adhesive membrane glycoproteins
that serve as sites of attachment for circulating immune cells such as monocytes to
extravasate from the vessel into the lesion. OxLDL is then taken up by scavenger
receptors on monocyte-derived macrophages [52]. Eventually, when a macrophage has
engulfed a large amount of oxLDL, there is a phenotypic change, and the heavily lipid-
laden cell becomes a foam cell and forms fatty streaks. Other immune cells infiltrate the
artery wall as atherosclerosis progresses, including neutrophils, T cells, and B cells,
which increases inflammation. As foam cells accumulate and die, the lesion grows, and
smooth muscle cells surrounding the blood vessel migrate to the surface of the lesion to
form a stabilizing fibrous cap. As the lesion grows, the fibrous cap can become
destabilized, and rupture and a blood clot can lead to stroke or heart attack. Connections
among the immunologic side to activated endothelium, local inflammation, and

infiltration of immune cells have received great attention.



B cells in atherosclerosis

While the role of monocytes and macrophages has been extensively studied in
atherosclerosis inflammation research, more recently lymphocytes have been shown to
contribute to the inflammation landscape [53]. Evidence demonstrates a role for B cell
subsets in atherosclerosis progression [54-72]. B-2 cells can be atherogenic by
influencing CD4 helper T cell differentiation towards a pro-inflammatory Th1 fate
through IgG secretion, and an additional study which depleted B-2 cells showed
attenuated atherosclerosis [28, 64, 67, 73]. However, further studies are needed to
identify the specific mechanisms involved in B-2-mediated atherosclerosis progression.

B-1 cells can be divided further into B-1a and B-1b B cell subsets based on
surface expression of CD5 (B-1a cells are CD5" and B-1b cells are CD57), but both are
atheroprotective and produce IgM [8, 16, 25, 61, 63]. Passive and active immunization of
mice with IgM specific to LDL or oxLDL attenuated atherosclerosis and established that
IgM is atheroprotective [73-79]. IgM to oxidation-specific epitopes (OSEs) that amass
during atherosclerosis, such as malondialdehyde (MDA) and oxidized phospholipids
present on oxLDL, can reduce macrophage lipid uptake, thereby preventing foam cell
formation and subsequent inflammatory cytokine production [74, 75, 77, 80, 81].

Our lab discovered that the B-1b B cell subset produces ample IgM to OSE and
protects Apoe-/- mice from diet-induced atherosclerosis [61]. A putative human
equivalent to the murine B-1 cell was recently identified through its ability to produce

IgM spontaneously; plasma levels of IgM to MDA-LDL in humans are associated with



less coronary artery disease (CAD) and fewer adverse events [82]. In addition, IgM to
MDA-LDL can predict 15-year CVD outcomes, potentially providing clinical assistance
to reassign a significant number of individuals into adjusted risk categories following a
traditional risk assessment [78, 83-85]. Altogether, these data provide evidence that [gM

to MDA-LDL-producing B cells in humans may be atheroprotective.



TET?2 loss of function is associated with CVD research

Researchers have discovered a novel risk factor that could increase CVD risk by
two- to four-fold: Clonal Hematopoiesis of Indeterminate Potential (CHIP) [86-98].
CHIP is the occurrence of a clonal population of blood cells with somatic mutations
detected at a variant allele frequency of 2% or higher [86]. Overwhelmingly, CHIP
mutations accumulate with age [86, 88, 92, 94, 95, 99, 100]. Individuals with CHIP and a
conventionally low risk of CVD exhibit a significant level of atherosclerosis [87-91, 94-
96, 99-103]. Furthermore, somatic mutations in candidate driver genes such as Ten-
Eleven Translocation 2 (TET2), DNA Methyl Transferase 3A (DNMT3A4), and Additional
Sex Combs-Like protein 1 (4SXLI), are canonically associated with hematological
malignancies, and are implicated in this increased CVD risk. Additionally, individuals
with CHIP have an unexpected and noteworthy increase in mortality attributed to the
increase in CVD prevalence among individuals with CHIP.

The TET family of proteins act enzymatically as a-ketoglutarate-dependent
cytosine dioxygenases that promote DNA demethylation by oxidizing the methyl group
of 5-methylcytosine (5mC) to 5-hydroxymethylcytosine (ShmC) [104-107]. The
methylation status of DNA is important in recruiting proteins for gene repression or
inhibition of transcription factor binding. Additionally, TET proteins enlist chromatin
modifying proteins to histones, which can affect gene expression via physical
accessibility for transcription [108, 109]. Thus, TET proteins are potent epigenetic

modulators.
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TET?2 deficiency accelerates atherosclerosis in mice

Murine BM chimera studies showed a connection between deficiency in TET2
and acceleration of atherosclerosis through an increase in inflammatory macrophage
production of IL-1 B and activation of the NLRP3 inflammasome [110, 111]. While
macrophages are an important cell type in atherogenesis, so too are B cells; B cells are
known to play a role in modulating inflammation in atherosclerotic plaques, as mentioned
earlier. We posit that macrophages are not the only immune cells involved in
atherosclerosis progression via TET2 deficiency. We hypothesize that B cells could assist
in shaping the inflammatory landscape in atherosclerosis in subjects with TET2 CHIP.
Gathering more data and developing information about the mechanistic regulation of
other immune cells by TET2 will enable precision medicine to emerge further in the

treatment of CVD.

TET?2 regulation of myeloid cells

TET2 is highly involved in hematopoietic cell development and differentiation
[112-114]. Dysfunction in TET?2 is well characterized in hematological malignancies like
acute myeloid leukemia (AML) and myelodysplastic syndromes [115-122], as well as
autoimmune disorders like systemic lupus erythematosus (SLE) and rheumatoid arthritis
(RA) [123-127].

In the myeloid lineage, which consists of monocytes, macrophages, and
granulocytes, TET2 loss can affect inflammatory response via altered cytokine secretion

(Figure 1) [110, 111, 116, 128]. Research has shown that TET2 can repress macrophage
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and dendritic cell expression of IL-6, a major pro-inflammatory cytokine, in two ways
[116, 129]. The first is through interacting with Ikb{, an inhibitor of NF«kB, to bind to the
IL-6 promoter. The second way is through recruiting histone deacetylase 2 (HDAC2) to
repress IL-6 expression. Additionally, as mentioned earlier, TET2 suppresses NLRP3-
inflammasome-mediated IL-1B production in macrophages [110, 111]. TET2 and its

effects on myeloid cells have been widely studied [114, 116, 118, 119, 126, 130-133].

TET2 regulation of lymphocytes

In the lymphoid lineage, which consists of T cells and B cells, there is less known
about the role TET2 plays in development and differentiation (Figure 1). In T cells,
ShmC is elevated during their development in the thymus, specifically in regions where
transcription factors influence CD4 and CDS differentiation commitment [134]. Loss of
TET2 in T cells can reduce commitment towards Th1 and Th17 CD4 helper T cell
subsets and increase CDS8 T cell differentiation, impair regulatory T cell stability, and
aberrantly activate and increase effector function [135-137].

In B cells, TET2 has been implicated in B cell lymphomas and systemic
autoimmunity. A study investigating TET2/3 loss during B cell development using a
Mb1-Cre system found that loss of TET2 and TET3 together impairs B cell development
at the pro-B to pre-B transition in a cell-autonomous manner due to decreased
immunoglobulin kappa light chain (Igk) rearrangement and expression [109]. In addition,
the investigators noted a reduction in mature B cell number in the double knockout which

was age-related, and suggested that TET2 and TET2 play a role in maintaining B cell
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homeostasis [109]. Another study corroborated the above results with a double knockout
of TET2/3 and found that TET2/3-dependent demethylation is necessary to properly
control gene expression and normal developmental progression in B cells [138]. In a
study of diffuse large B cell lymphomas (DLBCLs), about 10% of patients with DLBCL
had mutations in TET2 [139]. In a B cell-specific TET2-deficiency model using a CD19-
Cre system, GC formation was disrupted, and plasma cell differentiation was prevented.
GCs are transiently formed structures where B cells undergo clonal expansion, class
switch recombination (CSR) at the IgH locus, somatic hypermutation (SHM) of Vi
genes, and selection for increased affinity of a BCR for its unique antigenic epitope
through affinity maturation [1]. GC B cells intermittently migrate between the GC dark
zone (DZ), where they undergo clonal expansion and SHM, and the GC light zone (LZ)
where cells expressing a high-affinity BCR are positively selected. Successful exit from a
GC is necessary for plasma cell differentiation. The study showed that TET?2 loss results
in reduction in the ShmC mark leading to aberrant repression of enhancers for genes that
must be induced to resolve the GC phenotype and mediate the plasma cell phenotype
[140, 141]. It was also shown that TET activity was required for CSR from IgM to IgG1
[139]. Furthermore, activation-induced cytidine deaminase (AID) was involved in SHM
and immunoglobulin class switching of GC B cells via DNA hypomethylation, and has
been shown to be dependent on TET2 enhancer elements within the Aicda locus [108,
142, 143].

Another study using two models of TET2 knockout, Mx1-Cre/Tet2-¥tox and

Tet2LaczLacZ regulted in elevated frequency of B cells in both of the knockouts compared
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to the WT; however, the sample size for this experiment was very low (n=2) and bears
repeating with a larger sample size [144]. Tanaka and colleagues utilized a CD19-Cre
system to make a double knockout of TET2 and TET3, and they found that there was
aberrant T cell activation through B cells. Further, they observed that repression of CD86
in self-tolerant B cells was dependent on TET2/3 to prevent autoimmunity [124]. All the
above-mentioned studies primarily focused on B-2 cells and suggest reduced production
of high-affinity IgG (an isotype associated with increased atherosclerosis). Our results
focusing on B-1 cells with TET2 deficiency will fill the knowledge gap that currently

exists in the field and reveal how TET?2 loss in B-1 cells affects cell number and function.
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Figure 1. TET2 regulation of immune cells. TET2-mediated DNA demethylation
regulates gene expression programs critical for many different immune cells’
development, differentiation, homeostasis, activation, proliferation, and function. TET2 is
involved in regulating the development and differentiation of T cells from hematopoietic
progenitors in the thymus. Loss of TET2 function in early T cell progenitors can affect
lineage commitment and skew T cell differentiation towards specific subsets. TET2-
deficient T cells may exhibit altered cytokine production, proliferation, and effector
functions, affecting their ability to mount effective immune responses. TET2-deficient B
cells may exhibit dysregulated gene expression profiles and altered antibody responses,
affecting their ability to mount effective immune responses against pathogens. Loss of
TET2 function in myeloid cells such as macrophages may exacerbate inflammatory
responses and contribute to the pathogenesis of inflammatory diseases and myeloid-
related disorders. It is unknown if a phenotype change manifests in B-1 cells with TET2

deficiency. Figure schematic made with BioRender.
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Project Rationale

Specific Aims

Cardiovascular disease (CVD) is the leading cause of death in individuals over 60
years old and affects more than 100 million Americans. Recent research has shown that
somatic mutations in candidate driver genes for hematopoietic malignancies, or Clonal
Hematopoiesis of Indeterminate Potential (CHIP), are associated with a two- to four-fold
increased risk of CVD. Ten-Eleven Translocation 2 (TET2) is a candidate driver gene
associated with CHIP and increased risk of CVD. Mechanisms mediating TET2 effects
on atherosclerosis have largely focused on myeloid cells. TET2 can also play a regulatory
role for B cells. B cells clearly regulate the formation of atherosclerosis and do so in a
subset-dependent manner. B-2 cells aggravate atherosclerosis, while B-1 cells are
atheroprotective through a mechanism mediated at least in part by the production of IgM
to oxidation-specific epitopes (OSEs). While the role of TET2 in B-2 cells has been
somewhat explored, little is known about TET2 regulation of B-1 cells. Further
investigations to elucidate the mechanisms mediating the changes in B-1 cell number and
to determine the impact on atherosclerosis are important, as they may provide evidence
that TET2 function in B-1 cells could be targeted in the development of new anti-
inflammatory therapies to reduce the risk of CVD.

I hypothesized that loss of TET2 in B-1 cells will differentially induce
frequency, epigenetic, transcriptional, and functional changes in B-1 cell subtypes

(Figure 2). I tested this hypothesis and gained insights with the following aims:
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Aim 1: To investigate biological processes and Ig clonality affected by changes in gene

expression and methylation in peritoneal B-1 cells from TET2-KO mice compared to WT

controls using RNA sequencing and DNA methylation assays.

I collaborated with bioinformatics experts to leverage computational tools to test the
hypothesis that genes differentially expressed and/or methylated in B-1 cell subtypes
from TET2-KO mice will be associated with immune molecular and functional pathways

implicated in atherosclerosis and will have a different repertoire of Igs.

Aim 2. To characterize immune cell type frequency in the peritoneal cavity, spleen, and

bone marrow using flow cytometry and to measure lg profiles using ELISA in mice with

global TET2-KO compared to WT controls.

I hypothesized that TET2-KO mice would have increased frequencies in the known B-1

cell niches compared to WT, which would result in elevated IgM production.
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Figure 2. Loss of TET2 in B-1 cells project rationale. Since the loss of TET2 in
hematopoietic stem cells results in augmented proliferation, and loss of TET2 in B-2 cells
restricts IgG production, I hypothesized that loss of TET2 will result in elevated B-1 cells
and increased IgM production. I planned to test this hypothesis by analyzing gene
expression and interrogating the BCR repertoire, characterizing the B-1 cell niches for
immune cell composition, and measuring circulating Ig levels. Figure schematic made

with BioRender.
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Reagents

Prepared Buffers and Media

Peritoneal lavage media:

5% HI-FBS
1x Pen/strep
in DMEM

AKC lysis buffer:

0.15 M NH4CI
0.01 M KHCO:3
0.1 mM EDTA
in ddH>0

Flow buffer:

0.05% NaNj3
1% BSA
in PBS

FACS buffer:

1% BSA
in PBS

Sort collection buffer:

20% HI-FBS
1 mM HEPES
Ix NEAA

21
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100 uM NA-pyruvate

40 pg/ml Gentamycin
55uM B-mercaptoethanol
in RPMI

Fixation buffer:

2% PFA
in PBS

Mice

All animal protocols were approved by the Animal Care and Use Committee at the
University of Virginia. TET2-KO mice [112] were provided by Dr. Kenneth Walsh
(University of Virginia). The model was generated by Ko et al. and targeted the
endogenous TET?2 locus to create a conditional allele that enabled the deletion of exons 8,
9, and 10, the catalytic region of TET2 [112]. Mice were maintained on a 12-h light/dark
schedule in a specific pathogen-free animal facility and given food (standard chow diet,
Tekland 7012) and water ad libitum. The number of mice included in each study is

indicated in the figures or the associated legends.

Sample Preparations for Flow Cytometry and Live Cell Sorting

Bone marrow, spleen, and peritoneal cavity cells were processed for flow
cytometry as previously described [61]. Briefly, following sacrifice by CO2 overdose,
peritoneal cells were harvested by flushing the peritoneal cavity with 10 mL FACS buffer

(PBS containing 1% BSA, 0.05% NaNj3). The spleen and one femur and tibia were



23
removed. Spleens and flushed bone marrow were filtered through a 70 pm cell strainer.
Red blood cells were lysed from single-cell suspensions of bone marrow and spleen using
a lysis buffer containing 155 mM NH4Cl, 10 mM KHCO3, and 0.1 mM EDTA. Cell
surface Fc receptors were blocked using anti-CD16/32 (clone:93, 4 eBioscience), then
cells were stained with fluorescently conjugated antibodies against cell surface markers.
Cells were stained with fixable Live/Dead Zombie NIR (Life Technologies) for dead cell
discrimination, then fixed in 2% PFA in PBS. For FAC sorting, cells were resuspended in
modified FACS buffer (PBS with 1% BSA) and 4°,6-Diamidino-2-Phenylindole (DAPI)
live/dead stain then immediately taken to the University of Virginia Flow Cytometry
Core for sorting. B-1a and B-1b cells were sorted to better than 99% purity from their
parent gate. Clone and fluorophore information for the flow cytometry antibodies used in
murine experiments to immunophenotype or FAC-sort B cell subsets are given in Table 1
and Table 2 respectively.

All flow cytometry was conducted at the University of Virginia Flow Cytometry
Core Facility. Immunophenotyping was performed on an Aurora Borealis 5-laser (Cytek)
cytometer. FAC-sorting was performed on an Influx Cell Sorter (Becton Dickinson).
Data analysis and flow plots were generated using OMIQ software (Dotmatics).
Representative flow plots were chosen based on the samples whose population
frequencies were closest to the mean for that group. Gates on flow plots were set using

fluorescence minus one (FMO) controls.



Table 1. Murine immunophenotyping panel used for flow cytometry of the peritoneal

cavity, bone marrow, and spleen.

Marker Fluorophore | Clone Vendor
CD45 PerCP 30-F11 BD

B220 APC RA3-6B2 | eBioscience
CDI19 APCef1780 1D3 eBioscience
IgM PECF594 R6-60.2 BD

IgD efl450 11-26 eBioscience
CDS8 BV510 53-6.7 BioLegend
CDh4 PECy5.5 GK1.5 SouthernBiotech
CDh44 BV785 M7 BioLegend
CD62L BV570 MEL-14 BioLegend
CD25 BB515 PCo61 BD

F4/80 PECy7 BMS eBioscience
CDl11b PerCPCy5.5 | M1/70 BD

CDll1c AF647 N418 BioLegend
CD138 PE 281-2 BD

Ly6c BV711 HK1.4 BioLegend
NKI1.1 BV480 PK136 BD

CD5 BV605 53-7.3 BD

CD21 FITC 4E3 eBioscience
CD23 BUV737 B3B4 BD

Zombie NIR Fixable Viability Dye BioLegend
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Table 2. Murine FACS panel used for sorting B cell subsets from the peritoneal cavity.

Marker | Fluorophore | Clone Vendor

IgD FITC 11-26 eBioscience
CD5 PE 53-7.3 eBioscience
CD23 PE-CY7 B3B4 eBioscience
B220 APC RA3-6B2 | eBioscience
CD19 APC-EF780 | 1D3 eBioscience

DAPI Staining Solution

Miltenyi Biotec
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ELISA for quantification of total IgM in mice

Total IgM in mouse plasma was measured using colorimetric ELISA as described
previously [61]. Briefly, EIA/RIA high-binding microplates were coated with goat anti-
mouse IgM, capture antibody (Southern Biotech, 1020-01). Mouse IgM standards
(Southern Biotech, 0101-01), or plasma samples were detected with alkaline
phosphatase-conjugated goat anti-mouse IgM secondary antibody (Southern Biotech,
1020-04;) and pNPP substrate (Southern Biotech 0201-01). Absorbance measurements
were analyzed with a SpectraMAX 190 microplate reader (Molecular Devices) at 405
nm. The standard curve was determined using a 4-parameter function and concentration
measurements were extrapolated using Softmax Pro 3.1.2 software. Only samples with

CV<15% and within the standard curve were included in the analysis.

Sample Preparation for Bulk RNA Sequencing

Peritoneal B-1a, B-1b, and B-2 cells obtained from TET2-KO and TET2-WT
C57BL/6 mice were sort-purified directly into RLT Plus Buffer (Qiagen). RNA and DNA
were extracted using the Qiagen AllPrep kit. The purified RNAs were stored at —80 °C
before being sent to Novogene for sequencing. Total RNA was stored in RNase-free
water to directly synthesize first strand, followed by the whole-length LD-PCR
amplification. The amplified ds-cDNA(double-stranded DNA) is purified with AMPure
XP beads and quantified with Qubit. The cDNA samples were sheared by the Covaris

system, and then the sheared fragments were end-repaired, A-tailed, and ligated to
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sequencing adaptors. A size selection of about 200 bp was performed before the PCR
enrichment. Library concentration was first quantified using a Qubit 2.0 fluorometer
(Life Technologies), and then diluted to 2 ng/ul before checking insert size on an Agilent
2100 and quantifying to greater accuracy by qPCR. Ultra-low input bulk RNA

sequencing was performed on the NovaSeq 6000 PE150 (Illumina).

DEG and Pathway Analysis

The quality trimming was performed using fastp [145] with default settings.
Mapping to the GRCm39 genome was performed with STAR [146], followed by
featureCounts [147] to count reads mapped to genes. DESeq2 [148] was used for
differential analysis, followed by pathway analysis using clusterProfiler [149] with the

Gene Ontology (GO) [150] database.

BCR Analysis

For BCR analysis, quality trimming was performed using fastp [145] and TRUST4
[151] was subsequently used to identify BCR repertoire in paired sequencing reads using
the international ImMunoGeneTics (IMGT) information system database as a reference.
Results were analyzed using R and circus plots were made using circos Bioconductor
package [152]. The code developed for these analyses will be available on the following
Github page: https://github.com/mariamurach/TET2 and

https://github.com/mariamurach/bcr R.
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Statistics

In Figure 4, Figure 8D, and Figure 11C, comparisons were conducted between the
TET2-KO and WT strains using Prism 10.0 with unpaired, two-tailed Mann-Whitney U-
tests. Values shown are mean+SD. In Figures 3B and 4A Wilcoxon Rank Sum and
Signed Rank Tests were used to determine the significance of differences in proportions
of unique CDR3 sequences, isotypes, and usages of specific V, D, and J chains between
TET2-KO and WT groups. In Figure 13B, chi-squared test was performed to assess the
significance of the association between the number of unique CDR3 amino acid

sequences in B-1a and B-1b cells from TET2-KO and WT mice.

Data availability

The datasets generated and analyzed in this study are available from the

corresponding author upon reasonable request (C.A.M).
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Chapter 3: Loss of TET?2 increases B-1 cell number

and IgM production while limiting CDR3 diversity

Modified from Dennis E and Murach M et al. (2024) Loss of TET2 increases B-1 cell
number and IgM production while limiting CDR3 diversity. Front. Immunol.

15:1380641. doi: 10.3389/fimmu.2024.1380641
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Abstract

Recent studies have demonstrated a role for Ten-Eleven Translocation-2 (TET2),
an epigenetic modulator, in regulating germinal center formation and plasma cell
differentiation in B-2 cells, yet the role of TET2 in regulating B-1 cells is largely
unknown. Here, B-1 cell subset numbers, I[gM production, and gene expression were
analyzed in mice with global knockout of TET2 compared to wildtype (WT) controls.
Results revealed that TET2-KO mice had elevated numbers of B-1a and B-1b cells in
their primary niche, the peritoneal cavity, as well as in the bone marrow (B-1a) and
spleen (B-1b). Consistent with this finding, circulating IgM, but not IgG, was elevated in
TET2-KO mice compared to WT. Analysis of bulk RNASeq of sort purified peritoneal
B-1a and B-1b cells revealed reduced expression of heavy and light chain
immunoglobulin genes, predominantly in B-1a cells from TET2-KO mice compared to
WT controls. As expected, the expression of IgM transcripts was the most abundant
isotype in B-1 cells. Yet, only in B-1a cells there was a significant increase in the
proportion of IgM transcripts in TET2-KO mice compared to WT. Analysis of the CDR3
of the BCR revealed an increased abundance of replicated CDR3 sequences in B-1 cells
from TET2-KO mice, which was more clearly pronounced in B-1a compared to B-1b
cells. V-D-J usage and circos plot analysis of V-J combinations showed enhanced usage
of Vull and Vul2 pairings. Taken together, our study is the first to demonstrate that
global loss of TET?2 increases B-1 cell number and IgM production and reduces CDR3
diversity, which could impact many biological processes and disease states that are

regulated by IgM.
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Introduction

B cells participate in both innate and adaptive immunity through the secretion of
antibodies. B cells are broadly divided into B-1 and B-2 subtypes. B-2 cells are derived
from hematopoietic progenitor cells in the bone marrow (BM) and function
predominantly in T cell-dependent responses for antibody production [1, 7]. B-1 cells
originate during early fetal life, are long-lived, and self-renew [8-11]. B-1 cells can be
found predominantly in serosal spaces such as the peritoneal cavity (PerC) or the pleural
cavity but can also be found in secondary lymphoid organs such as the spleen, lymph
nodes, and the BM [13]. B-1 cells are further subtyped into B-1a or B-1b cells depending
on the expression of CD5 (B-1a are CD5+). B-1 cells produce about 80% of circulating
serum IgM (immunoglobulin M). A low level of IgM is produced by B-1 cells in serosal
cavities, and the majority of circulating serum IgM is produced by B-1 cells in the spleen
and BM [24-26]. IgM antibodies produced by B-1a cells are thought to be naturally
occurring (i.e., present at birth, in gnotobiotic mice and without antigen exposure) [19-
21]. These natural antibodies provide rapid protection from infections and maintain tissue
homeostasis through apoptotic cell clearance [26, 77]. However, recent evidence
identified the VDJ region in B-1a cells as having N additions [8, 153-156], an event due
to the action of the DNA polymerase TdT which is only expressed after birth. This
suggests more complexity to the regulation of the CDR3 in B-1a cells than previously

thought.
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The TET family of proteins act enzymatically as a-ketoglutarate-dependent

cytosine dioxygenases that promote DNA demethylation by oxidizing the methyl group
of 5-methylcytosine (5SmC) to 5-hydroxymethylcytosine (ShmC) [105-107]. The
methylation status of DNA is important in recruiting proteins for gene repression or
inhibition of transcription factor binding. Additionally, TET proteins enlist chromatin-
modifying proteins to histones, which can affect gene expression via physical
accessibility for transcription [108, 109]. Thus, TET proteins are potent epigenetic
modulators. TET2 is involved in hematopoietic cell development and differentiation
[112-114]. Dysfunction in TET2 is well characterized in hematological malignancies
including acute myeloid leukemia (AML) [119, 121, 122, 157] and myelodysplastic
syndrome (MDS) [117-119, 158, 159]. TET2 loss can affect inflammatory responses via
altered cytokine secretion [110, 111] and other biological processes in myeloid cells
[114, 116, 119, 126, 130, 131]. TET2 has also been implicated in B cell lymphomas [108,
139-141, 143, 160-162]. Most studies of TET2 in B cells primarily focused on B-2 cells
and suggested reduced production of high-affinity IgG [139-141]. Only one study to date
has briefly investigated TET2 loss in B-1 cells, and that was with a focus on diffuse large
B cell lymphoma and chronic lymphocytic leukemia development [162]. In contrast, our
study focuses on B-1 cells in young mice without evidence of tumor, allowing for the
identification of key homeostatic processes that may be altered by loss of TET2. Our
novel findings characterize the impact of global loss of TET2 on B-1 cell biology at
homeostasis, revealing that global TET2 loss leads to increased B-1 cell number, IgM

production, and the number of replicated complementarity-determining region 3 (CDR3)
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sequences, which could impact diseases that are modulated by IgM antibodies to specific

antigens.



34

Materials and Methods

Mice

All animal protocols were approved by the Animal Care and Use Committee at the
University of Virginia. TET2-KO mice [112] were provided by Dr. Kenneth Walsh
(University of Virginia). The model was generated by Ko et al. and targeted the
endogenous TET?2 locus to create a conditional allele that enabled the deletion of exons 8,
9, and 10, the catalytic region of TET2 [112]. Mice were maintained on a 12-h light/dark
schedule in a specific pathogen-free animal facility and given food (standard chow diet,
Tekland 7012) and water ad libitum. The number of mice included in each study is

indicated in the figures or the associated legends.

Sample Preparations for Flow Cytometry and Live Cell Sorting

Bone marrow, spleen, and peritoneal cavity cells were processed for flow
cytometry as previously described [61]. Briefly, following sacrifice by CO2 overdose,
peritoneal cells were harvested by flushing the peritoneal cavity with 10 mL FACS buffer
(PBS containing 1% BSA, 0.05% NaN3). The spleen and one femur and tibia were
removed. Spleens and flushed bone marrow were filtered through a 70 pm cell strainer.
Red blood cells were lysed from single-cell suspensions of bone marrow and spleen using
a lysis buffer containing 155 mM NH4Cl, 10 mM KHCOj3, and 0.1 mM EDTA. Cell
surface Fc receptors were blocked using anti-CD16/32 (clone:93, 4 eBioscience), then

cells were stained with fluorescently conjugated antibodies against cell surface markers.
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Cells were stained with fixable Live/Dead Zombie NIR (Life Technologies) for dead cell
discrimination, then fixed in 2% PFA in PBS.

For FAC sorting, cells were resuspended in modified FACS buffer (PBS with 1%
BSA) and 4°,6-Diamidino-2-Phenylindole (DAPI) live/dead stain then immediately taken
to the University of Virginia Flow Cytometry Core for sorting. B-1a and B-1b cells were
sorted to better than 99% purity from their parent gate. Clone and fluorophore
information for the flow cytometry antibodies used in murine experiments to
immunophenotype or FAC-sort B cell subsets are given in Table 1 and Table 2
respectively. All flow cytometry was conducted at the University of Virginia Flow
Cytometry Core Facility. Immunophenotyping was performed on an Aurora Borealis 5-
laser (Cytek) cytometer. FAC-sorting was performed on an Influx Cell Sorter (Becton
Dickinson). Data analysis and flow plots were generated using OMIQ software
(Dotmatics). Representative flow plots were chosen based on the samples whose
population frequencies were closest to the mean for that group. Gates on flow plots were

set using fluorescence minus one (FMO) controls.

ELISA for quantification of total IgM in mice

Total IgM in mouse plasma was measured using colorimetric ELISA as described
previously [61]. Briefly, EIA/RIA high-binding microplates were coated with goat anti-
mouse IgM, capture antibody (Southern Biotech, 1020-01). Mouse IgM standards
(Southern Biotech, 0101-01), or plasma samples were detected with alkaline

phosphatase-conjugated goat anti-mouse IgM secondary antibody (Southern Biotech,
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1020-04;) and pNPP substrate (Southern Biotech 0201-01). Absorbance measurements
were analyzed with a SpectraMAX 190 microplate reader (Molecular Devices) at 405
nm. The standard curve was determined using a 4-parameter function and concentration
measurements were extrapolated using Softmax Pro 3.1.2 software. Only samples with

CV<15% and within the standard curve were included in the analysis.

Sample Preparation for Bulk RNA Sequencing

Peritoneal B-1a, B-1b, and B-2 cells obtained from TET2-KO and TET2-WT
C57BL/6 mice were sort-purified directly into RLT Plus Buffer (Qiagen). RNA and DNA
were extracted using the Qiagen AllPrep kit. The purified RNAs were stored at —80 °C
before being sent to Novogene for sequencing. Total RNA was stored in RNase-free
water to directly synthesize first strand, followed by the whole-length LD-PCR
amplification. The amplified ds-cDNA(double-stranded DNA) is purified with AMPure
XP beads and quantified with Qubit. The cDNA samples were sheared by the Covaris
system, and then the sheared fragments were end-repaired, A-tailed, and ligated to
sequencing adaptors. A size selection of about 200 bp was performed before the PCR
enrichment. Library concentration was first quantified using a Qubit 2.0 fluorometer
(Life Technologies), and then diluted to 2 ng/ul before checking insert size on an Agilent
2100 and quantifying to greater accuracy by qPCR. Ultra-low input bulk RNA

sequencing was performed on the NovaSeq 6000 PE150 (Illumina).
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DEG and Pathway Analysis

The quality trimming was performed using fastp [145] with default settings.
Mapping to the GRCm39 genome was performed with STAR [146], followed by
featureCounts [147] to count reads mapped to genes. DESeq2 [148] was used for
differential analysis, followed by pathway analysis using clusterProfiler [149] with the

Gene Ontology (GO) [150] database.

BCR Analysis

For BCR analysis, quality trimming was performed using fastp [145] and TRUST4
[151] was subsequently used to identify BCR repertoire in paired sequencing reads using
the international ImMunoGeneTics (IMGT) information system database as a reference.
Results were analyzed using R and circus plots were made using circos Bioconductor
package [152]. The code developed for these analyses will be available on the following

Github page: https://github.com/mariamurach/TET2 and

https://github.com/mariamurach/ber_R.

Statistics

In Figure 4, Figure 8D, and Figure 11C, comparisons were conducted between the
TET2-KO and WT strains using Prism 10.0 with unpaired, two-tailed Mann-Whitney U-
tests. Values shown are mean+SD. In Figures 3B and 4A Wilcoxon Rank Sum and
Signed Rank Tests were used to determine the significance of differences in proportions

of unique CDR3 sequences, isotypes, and usages of specific V, D, and J chains between


https://github.com/mariamurach/TET2
https://github.com/mariamurach/bcr_R
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TET2-KO and WT groups. In Figure 13B, chi-squared test was performed to assess the
significance of the association between the number of unique CDR3 amino acid

sequences in B-1a and B-1b cells from TET2-KO and WT mice.
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Results

Global loss of TET?2 results in increased numbers of all B cell subtypes in the

peritoneal cavity compared to WT

To determine the impact of the loss of TET2 on major immune cell subtypes in the
peritoneal cavity, BM, and spleen of TET2-KO and littermate control mice, spectral flow
cytometry was performed. B cells were defined as CD45+ CD19+; T cells were defined
as CD45+ CD5+ CD19-; Macrophages (Macs) were defined as CD45+ CD5- CD19- F4-
80+ CD11b+; and NK cells were defined as CD45+ CD5- CD19- NK 1.1+ (Figure 3). We
found that there was a higher B cell frequency and number in the peritoneal cavity
(Figure 4A&D), but not in the BM (Figure 4B&E) or spleen (Figure 4C&F) of TET2-KO
mice compared to controls. Numbers of T cells (p-value = 0.0043), and NK cells (p-value
=0.0152) from TET2-KO mice in the peritoneal cavity (Figure 4D) were also greater
than controls. There were no significant differences in immune cell numbers from TET2-
KO mice in the bone marrow (Figure 4E), while in the spleen there was a trending
increase in B cells (p-value = 0.0649) with a significant increase in T cells (p-value =
0.0260) and a trending increase in NK cells (p-value = 0.0649) compared to WT (Figure
4F). Upon examination of B cell subsets specifically, we found that in the peritoneal
cavity, all B cell subsets were significantly increased in frequency (B-1a p-value =
0.0152, B-1b p-value = 0.0411, B-2 p-value = 0.0260) and in number (B-1a p-value =
0.0022, B-1b p-value = 0.0043, B-2 p-value = 0.0022) in TET2-KO mice compared to
WT (Figure 4G&J). However, in the BM (Figure 4H&K) only the B-1a cell subset

frequency was significantly increased in TET2-KO compared to WT mice (p-value =
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0.0260). In the spleen (Figure 41&L) B-1b cells but not B-1a cells were elevated in both
frequency and number (p-value = 0.0173, 0.0043, respectively). There was no difference
in TET2-KO B-2 cell frequency in the spleen, although the total number of B-2 cells was

significantly increased (p-value = 0.0260).
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Figure 3. Gating strategy for immunophenotyping the Figure 4. RNASeq analysis of
differentially expressed genes in peritoneal B-1a and B-1b cells from TET2-KO and WT
mice. peritoneal cavity, bone marrow, and spleen of TET2-KO and WT mice.
Representative plots are displayed from a peritoneal sample. B cells were defined as
CD45+ CD19+; T cells were defined as CD45+ CD5+ CD19-; Macrophages (Macs) were
defined as CD45+ CD5- CD19- F4-80+ CD11b+; and NK cells were defined as CD45+

CD5- CDI19- NKI1.1+.
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Figure 4. Immune subtypes in TET2-KO compared to WT mice. (A - L) Flow cytometry
characterization of the number and frequency of immune cell types in the (A, D)
peritoneal cavity; (B, E) bone marrow; (C, F) spleen. Deeper gating into B cell subset
frequency and number in the (G, J) peritoneal cavity; (H, K) bone marrow; (I, L) spleen,
respectively, from TET2-KO (n = 6) and WT (n = 6) mice. Blue and orange represent
WT and TET2-KO mice, respectively. Data are representative of four independent
experiments. Significance was determined with two-tailed Mann-Whitney U-tests (* p <

0.05, ** p < 0.01).
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Peritoneal B-1a cells from TET2-KO mice have lower expression of immunoglobulin

genes compared to WT

To identify genes differentially expressed in B cell subtypes in mice with TET2-
KO compared to WT control, we performed RNA-sequencing (RNASeq) on sort-purified
peritoneal B-1a and B-1b cells from TET2-KO and WT mice (Figure SA-B, Figure 6).
We utilized peritoneal B-1 cells due to their abundance in this specific niche, as well as
due to the phenotypic changes we observed in Figure 4. We found that the global
knockout of TET2 had a more significant impact on gene expression within B-1a cells
compared to B-1b cells. Specifically, we observed a downregulation in the expression of
several immunoglobulin genes in B-1a cells (and to a lesser extent in B-1b cells) from
TET2-KO mice compared to their WT counterparts (Figure 5C-D, Figure 7). Consistent
with this finding, Gene Set Enrichment Analysis (GSEA) revealed that TET2 loss
markedly affects pathways linked to immunoglobulin production and immune response
activation, primarily within B-1a cells. Indeed, the expression of numerous V genes
(from both heavy and light chains) was decreased in B-1a cells from TET2-KO mice
(Figure 8B-C). Similarly, the expression of genes involved in the activation of molecular
mediators of the immune response was also decreased in these cells (Figure 7, Figure 9).
Interestingly, significant enrichment in neurotransmitter and synapse-related pathways
was seen in both B-1a and B-1b cells from the TET2-KO animals compared to the
control animals (Figure 7B, Figure 10) These GSEA results provide potential avenues
for further hypothesis-driven studies of the role of TET2 in sensory-neural control of B

cells, an emerging area of potential significance, recently also connected to



46
cardiovascular disease development via other immune cells (57-59). Notably, while there
are too many differentially expressed genes (DEGs) to test all at the protein level, one of
the proteins encoded by our DEG, Sell, also known as CD62L, was also in our flow
panel, allowing us to determine if the change in gene expression was also accompanied
by changes in the protein level. Indeed, consistent with the decrease in CD62L RNA, we
also saw a decrease in CD62L on the surface B-1a and B-1b cells in TET2-KO mice

(Figure 8C-D).
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Figure 5. RNASeq analysis of differentially expressed genes in peritoneal B-1a and B-1b
cells from TET2-KO and WT mice. (A) Schematic of experimental design. B-1a and B-
1b cells from the peritoneal cavity of TET2-KO and WT mice were sort-purified and
RNA-extracted for RNASeq. (B) Gating strategy for sort. B-1a cells are CD19+, IgD-lo,
CD23-lo, B220-lo, CD5+ while B-1b cells are CD19+, IgD-lo, CD23-lo, B220-lo, CD5-.
(C, D) Differentially expressed genes are visualized with volcano plots of the B-1a (C)
and B-1b (D) cells from TET2-KO mice compared to WT. Color legend for volcano
plots: Grey: NS, Green: log2FC > 1, Blue: p-value < 0.05 and log2FC < 1, Red: p-value
<0.05 and log2FC > 1. n: B-1a: WT =4, KO =4, B-1b: WT =4, KO = 3. All p-values

are False Discovery Rate (FDR)-adjusted. Figure schematic made with BioRender.
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Figure 6. Purity checks for the peritoneal FAC-sort. B-1a cells (top) and B-1b cells
(bottom). We used the following gating strategy: live = scatter = singlets = total B
cells 2 CD23lo IgDlo B-1 cells = B220lo B-1 cells 2 CD5+ B-1a cells or CD5- B-1b

cells.
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Figure 7. Differentially expressed genes in B-1a cells from TET2-KO and WT mice. (A)
Scaled expression of all differentially expressed in B-1a cells from TET2-KO and WT
mice. Each column corresponds to a gene, and each row represents a sample from WT or
TET2-KO. The expression was scaled for each gene (from -2 to 2) and is represented by
red for high and blue for low expression values. (B) Scaled expression of differentially
expressed genes related to sensory perception of smell/sensory perception of chemical

stimulus/olfactory receptor activity pathways.
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Figure 8. Pathway and Gene Set Enrichment Analysis (GSEA) of peritoneal B-1a cells
from TET2-KO mice. (A) Plot of enrichment scores from GSEA on differentially
expressed genes in B-1a cells from TET2-KO and WT mice. The axis represents the
enrichment score (ES). Higher scores indicate greater enrichment of the gene set at one
end of the ranked list of genes. ES measure the degree to which a gene set is
overrepresented at the extremes of the entire ranked list. ES are colored based on FDR-
adjusted p-values. (B) Scaled expression of genes involved in the production of
molecular mediators of immune response and immunoglobulin production pathways.
Each row corresponds to a gene, and each column represents a WT or TET2-KO sample.
The expression was scaled for each gene (from -2 to 2) and is represented by red for high
and blue for low expression values. (C) Scaled expression of genes differentially
expressed and found on the cell surface. Each row corresponds to a gene, and each
column represents a WT or TET2-KO sample. The expression was scaled for each gene
(from -2 to 2) and is represented by red for high and blue for low expression values. (D)
Bar chart displaying Median Fluorescence Intensity (MFI) of CD62L (Sell) in peritoneal
B-1a cells and B-1b cells from TET2-KO and WT mice. Blue and orange represent WT
(n=6) and TET2-KO mice (n = 6), respectively. Significance was determined with two-

tailed Mann-Whitney U-tests (* p < 0.05). n: B-la: WT =4, KO = 4 for panels A-C.
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Figure 9. Differentially expressed genes in B-1b cells from TET2-KO and WT mice.
Scaled expression of differentially expressed in B-1b cells from TET2-KO and WT mice.
Each column corresponds to a gene, and each row represents a sample from WT or
TET2-KO. The expression was scaled for each gene (from -2 to 2) and is represented by

red for high and blue for low expression values.
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Figure 10. Pathway analysis on differentially expressed genes in B-1b cells from TET2-
KO and WT mice. Plot of enrichment scores from Gene Set Enrichment Analysis on
differentially expressed genes in B-1b cells from TET2-KO and WT mice. The axis
represents the enrichment score (ES). Higher scores indicate greater enrichment of the
gene set at one end of the ranked list of genes. ES measures the degree to which a gene
set is overrepresented at the extremes of the entire ranked list. Enrichment scores are

colored based on FDR-adjusted p-values.
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Global loss of TET?2 results in higher expression of IgM antibody isotype in

peritoneal B-1a cells compared to WT

Using TRUST4, a tool for analyzing the B cell receptor (BCR) using bulk RNASeq
[163] and the IMGT [164] database, we were able to identify Ig isotype transcripts
present in sequencing data and their distribution across B-1a and B-1b cells from TET2-
KO and WT mice (Figure 11A). We found that there was a statistically significant
increase in the expression of IgM in the B-1a cells from TET2-KO mice, but we do not
see that effect in B1-b cells which is in accordance with the increase expression of
AIDCA, a gene involved in class-switch recombination (Figure 9, Figure 11B). In
contrast, there was no significant change in the distribution of IgD, IgG, or IgA isotypes
expressed by the different B-1 cells in TET2-KO and WT mice (Figure 11A). Consistent
with the increase in B-1 cells that we observed in niches that support antibody
production, such as the spleen and BM (Figure 4E&F), and the increase in the IgM
transcript in B-1a cells, the circulating plasma IgM levels were higher in the TET2-KO
compared to WT mice (p-value = 0.0075) (Figure 11C). Marginal zone B-2 cells (MZB)
are another source of I[gM and we did observe an increase in MZB cell number in TET2-
KO mice compared to controls, which could contribute to the overall increase in

circulating IgM (Figure 12). We observed no change in circulating IgG levels.
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Figure 11. Immunoglobulin isotype analysis in peritoneal B-1a and B-1b cells from
TET2-KO and WT mice. (A) Bar chart showing the distribution of Ig isotypes identified
by TRUST4 in B-1a and B-1b cells from TET2-KO and WT mice. (B) Proportion of IgM
expression in B-1a and B-1b cells from TET2-KO and WT mice. (C) Enzyme-linked
immunosorbent assay (ELISA) of total IgM (left) and IgG (right) from plasma of TET2-
KO (n=26) and WT (n = 26) mice. Blue and orange represent WT and TET2-KO mice,
respectively. Significance was calculated using Wilcoxon Rank Sum (* p <0.05, ** p <
0.01) for panel B. Significance was determined with two-tailed Mann-Whitney U-tests (*
p <0.05, p<0.01) for panel C. n: B-la: WT =4, KO =4, B-1b: WT =4, KO =3 in

panels A and B.
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Figure 12. Flow cytometry analysis of splenic Marginal Zone B-2 (MZB) cell population
from TET2-KO and WT mice. (A, B) Density scatterplots display MZB cells from the
spleens of TET2-KO (B) and WT mice (A). The gate percentage displayed on the plot is
from the total B-2 cell population. (C) Bar chart displaying the total number of MZB
cells from the spleens of TET2-KO and WT mice. Blue and orange represent WT (n = 6)
and TET2-KO mice (n = 6), respectively. Statistical significance was assessed using the

Mann Whitney Signed Rank Test between WT and KO conditions (* p < 0.05).
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Global loss of TET?2 results in a reduced number of unique heavy chain CDR3
sequences and an increased number of replicated heavy chain CDR3

sequences in peritoneal cavity B-1a cells compared to WT

To assess differences in the heavy chain BCR repertoire in B-1 cells from TET2-
KO and WT mice, we performed an analysis of the CDR3 sequences using our bulk
RNASeq data and TRUST4 [163]. Results demonstrated that in both B-1a and B-1b cells
from TET2-KO mice, CDR3 diversity was reduced compared to WT mice (Figure 13A).
The reduction in CDR3 sequence diversity in the B-1a cells from TET2-KO mice
compared to WT was statistically significant (p-value = 0.02857) (Figure 13A), while the
reduction in unique CDR3 sequences in TET2-KO B-1b cells compared to WT was
trending (p-value = 0.05714) (Figure 13A).

It is not feasible to establish the presence of clonal expansion based on bulk
RNASeq data, due to the inability to determine the absolute number of cells and their
level of expression of each Ig transcript at a single-cell resolution in a given B cell
population. However, a high proportion of replicated sequences suggests the presence of
clonally dividing, or self-renewing B-1a cells, as they are known to do. Here we define
replicated sequences as those whose frequency is greater than 1% of all sequences. In B-
la cells from TET2-KO mice, we observed that 72% of the CDR3 sequences were
replicated, compared to B-1a cells from WT mice which only had 15% of the total CDR3
sequences replicated (Figure 13B, Figure 14A). Thirteen unique CDR3 sequences
covered 72% of all CDR3s in B-1a cells from TET2-KO mice, while 4972 CDR3

sequences made up the other 28% of the total number of identified CDR3s (Figure 13B,
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Figure 14A). In B-1b cells from TET2-KO mice, 25% of all CDR3 sequences are made
up of 12 unique CDR3 sequences, while 11107 CDR3 sequences made up the rest of the
75% (Figure 13B, Figure 14B). Differences in the number of replicated unique CDR3
sequences were significant based on Chi-squared tests for B-1a (p-value = 3.2x107!3) and
B-1b cells (p-value = 3.1x10°) from TET2-KO mice compared to WT (Figure 13B). An
analysis of the commonality of replicated CDR3 sequences revealed that there was
minimal overlap in the CDR3 sequence between B-1a cells from TET2-KO and WT mice
or in B-1b cells from TET2-KO and WT mice, respectively (Figure 13C). Interestingly,
there was a greater degree of commonality in the CDR3 sequence comparing B-1a and B-
1b cells from TET2-KO mice. We visualized the proportion of replicated CDR3
sequences across B-1 cell subsets in TET2-KO and WT mice using pie charts (Figure
14A-B). Consistent with our findings in Figure 13C, the CDR3 sequences that were most
abundantly represented in B-1a cells from WT mice were represented in B-1a cells from
TET2-KO mice at different proportions, and there were more similarities in replicated
CDR3 sequences between B-1a and B-1b cells from TET2-KO mice.

Since antigen binding specificity is not just determined by the heavy chain CDR3,
we performed an analysis of the light chain BCR repertoire from our bulk RNASeq data
with TRUST4. Results demonstrated that in both B-1a and B-1b cells from TET2-KO
mice, CDR3 diversity was reduced compared to WT mice (Figure 15). The reduction in
CDR3 sequence diversity in the B-1a cells from TET2-KO mice compared to WT was
statistically significant (p-value = 0.029) (Figure 15A). The reduction in CDR3 sequences

in B-1b cells from TET2-KO mice compared to WT was trending (p-value = 0.133)
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(Figure 15A). Similar to what we observed in the heavy chain CDR3 sequences, the
number of replicated light chain CDR3 sequences was over 2-fold greater in B-1a cells
from TET2-KO compared to WT mice (Figure 15B-D). The number of unique CDR3
sequences from the light chain accounted for a similar percentage of total CDR3
sequences as seen in the heavy chain results in B-1a cells from TET2-KO mice (Figure
15B-D). Differences in the number of replicated unique CDR3 sequences were
significant based on Chi-squared tests for B-1a (p-value = 0.01) and B-1b cells (p-value =
0.02) from TET2-KO mice compared to WT. While the role of the light chain in antigen
binding and specificity remains less well-known compared to the heavy chain, it still
contributes to those functions [165]. These results in the light chain CDR3 provide
additional support that B-1a cells are more profoundly impacted by loss of TET2 than B-

1b cells, and the diversity of antigen-specific IgMs may be affected as a result.
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Figure 13. Heavy chain CDR3 sequence analysis reveals restricted BCR repertoire in
peritoneal B-1a and B-1b cells from TET2-KO and WT mice. (A) The number of unique
CDR3 sequences identified by TRUST4 in B-1a and B-1b cells from TET2-KO and WT
mice. (B) Contingency tables derived to assess the association between the number of
unique CDR3 amino acid sequences (left) and total number of CDR3 amino acid
sequences (right) with the mutant status of the mice (i.e., WT or TET2-KO) in B-1a
(top) and B-1b cells (bottom). Chi-squared test was used to assess the significance of
these associations. Significance in panel A was calculated using Wilcoxon Rank Sum (*
p <0.05). (C) Venn diagrams that examine the shared repertoire of unique CDR3
sequences in the different B cell subsets. Blue represents CDR3 AA sequences from B-1a
cells from WT mice, orange from B-1a cells from TET2-KO mice, red B-1b cells from
WT mice, and green B-1b cells from TET2-KO mice, respectively. A shared sequence
was defined as one expressed at least once in each of the subsets being compared. The
number of shared sequences is represented by the overlapping region in each Venn
diagram. Numbers and percentages of nonshared sequences of each cell subset in every
comparison are indicated. For panels B-C, sequences were pooled from mice from the

same cell type and condition (n: B-1a: WT =4, KO =4, B-1b: WT =4, KO =3).
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Figure 14. Heavy chain CDR3 sequence analysis reveals differences in most abundant
CDR3 sequences in peritoneal B-1a and B-1b cells from TET2-KO and WT mice. (A, B)
Annotated pie charts depicting the proportion of CDR3 sequences that are unique and the
sequence and proportion of the replicated sequences in B-1a (A) and B-1b (B) cells from
WT (top) and TET2-KO mice (bottom). (C) Bar chart comparing the proportion of the
top-most abundant CDR3 sequence in B-1a cells from WT mice from of all CDR3
sequences in B-1a and B-1b cells from TET2-KO and WT mice. (D Bar chart comparing
the proportion of the second-most abundant CDR3 sequence in B-1a cells from WT mice
from of all CDR3 sequences in B-1a and B-1b cells from TET2-KO and WT mice. Blue
and orange represent WT and TET2-KO mice, respectively. Sequences were pooled from
mice from the same cell type and condition (n: B-1a: WT =4, KO =4, B-1b: WT =4,

KO = 3).
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Figure 15. Light chain CDR3 sequence analysis in B-1a and B-1b cells from TET2-KO
and WT mice. (A) The number of unique CDR3 sequences identified by TRUST4 in B-
la and B-1b cells from TET2-KO and WT mice. (B) Contingency tables derived to assess
the association between the number of unique CDR3 amino acid sequences (left) and
total number of unique CDR3 amino acid sequences (right) with the mutant status of the
mice (i.e., WT or TET2-KO) in B-1a (top) and B-1b cells (bottom). Chi-squared test was
used to assess the significance of these associations. (C, D) Annotated pie charts
depicting the proportion of CDR3 sequences that are unique and the sequence and
proportion of the replicated sequences in B-1a (C) and B-1b (D) cells from WT (top) and
TET2-KO mice (bottom). Statistical significance was assessed using the Mann Whitney

Signed Rank Test between WT and KO conditions (* p < 0.05).
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VH-DH-JH usage shows differences between TET2-KO and WT BCR repertoires

Analysis of specific Vu—Du—Ju gene region usage in B-1a and B-1b cells from
TET2-KO and WT mice revealed high usage of Vul, Vull, and Vul2 in B-1 cells
consistent with prior findings (Figure 16) [4, 156, 166]. The B-1a cells from the TET2-
KO mouse appeared to have greater usage of these regions. There were also several
reductions in Vyregion usage in the B-1a cells from the TET2-KO mice, but these were
regions of minimal usage and of unclear significance. We also analyzed differences in the
specific Vii—Jki gene regions of the light chain CDR3 sequence in B-1a and B-1b cells
from TET2-KO or WT mice (Figure 17) and similarly found differences in Vk and Jx
usage predominantly in B-1a compared to B-1b cells. An analysis of kappa and lambda
ratio revealed that there is more lambda light chain utilization in B-1b cells from TET2-
KO mice compared to WT despite not reaching significance, while showing no difference
in kappa/lambda ratio in B-1a cells (Figure 17E).

Circos plots (Figure 18), measuring the relative frequency of each V-J pairing
revealed a greater abundance of Vul-Jul, Vul1-Jul, and Vu12-J 44 in B-1a cells from
TET2-KO mice compared to control, suggesting that TET2 has an important role in
specific V-J recombination of B-1a cells. These specific recombination events could be
important for creating the over-representation of the specific CDR3s in B-1a cells from
TET2-KO mice. The increase in Vu12-J u4 pairing in TET2-KO mice was also seen in
the B-1b cells but only constituted 5% of all pairings compared to over 20% in the B-1a
cells. These data are consistent with the loss of TET2 generating a more pronounced

effect on the BCR in B-1a cells compared to B-1b cells.
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Figure 16. Vi - Du - Ju analysis of B-1a and B-1b cells from TET2-KO and WT mice.
(A-F) The percentage of CDR3 sequences identified by TRUST4 utilizing V segments is
displayed for B-1a (A) and B-1b cells (B), D segments for B-1a (C) and B-1b cells (D),
and J segments for B-1a (E) and B-1b cells (F) from TET2-KO and WT mice. Each pair
of bars represents the distribution of frequency values for a specific V, D, or J gene based
on pooled gene frequencies from mice from the same cell type and condition. Blue and

orange represent WT and TET2-KO mice, respectively.
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Figure 17. Vx1 — Jxi and kappa/lambda analysis of B-1a and B-1b cells from TET2-KO
and WT mice. (A-D) The percentage of CDR3 sequences identified by TRUST4 utilizing
V segments is displayed for B-1a (A) and B-1b cells (B) and J segments for B-1a (C) and
B-1b cells (D) from TET2-KO and WT mice. (E) Bar chart showing the distribution of
kappa and lambda usage identified by TRUST4 in B-1a and B-1b cells from TET2-KO
and WT mice. Each pair of bars represents the distribution of frequency values for a
specific V or J gene based on pooled gene frequencies from mice from the same cell type

and condition. Blue and orange represent WT and TET2-KO mice, respectively.
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Figure 18. V-J Gene Association analysis of B-1a and B-1b cells from TET2-KO and
WT mice. (A-H) Circos plot of V-J gene associations of CDR3 sequences identified by
TRUST4 utilizing specific V-J gene segment pairs is displayed for B-1a cells from
TET2-KO (B, D) and WT mice (A, C) from all CDR3 sequences (A, B) and replicated
CDR3 sequences (C, D). Circos plot of V-J gene associations of CDR3 sequences
identified by TRUST4 utilizing specific V-J gene segment pairs is displayed for B-1b
cells from TET2-KO (F, H) and WT mice (E, G) from all CDR3 sequences (E, F) and
replicated CDR3 sequences (G, H). Cables connect V and J gene segments that are
observed together within the same CDR3 region, with the thickness of each cable
indicating the relative frequency of each V-J pairing. (I, J) The abundance of V-J gene
connections identified in replicated CDR3s presented as percent abundance of all CDR3
sequences in B-1a (I) and B-1b cells (J) from TET2-KO and WT mice. Each pair of bars
represents the count of V-J associations combined from all samples. Blue and orange
represent WT and TET2-KO mice, respectively. Sequences were pooled from mice from

the same cell type and condition (n: B-1a: WT =4, KO =4, B-1b: WT =4, KO = 3).
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Discussion

Murine B cells can broadly be divided into B-2 cells, which are derived from BM
precursors and include conventional follicular and marginal zone B cells, and B-1 cells,
which are largely fetal liver-derived and persist in adults through self-renewal [2-6].
These B cell subtypes are developmentally, functionally, and phenotypically distinct [13,
156, 167-171]. Given their self-renewal capacity, we hypothesized that B-1 cells may be
regulated by TET2, an epigenetic modulator that has been implicated in the clonal
expansion of hematopoietic cells leading to disorders such as myelodysplastic syndromes
(MDS) [117-119, 158, 159] and acute myeloid leukemia (AML) [119, 121, 122, 157].
Indeed, the results of the present study identified an important role for TET2 in regulating
B cell numbers in specific niches. However, further studies are needed to determine if
this is an effect intrinsic to the loss of TET2 specifically in B cells. Even if these findings
are secondary to TET2 loss in another cell type, they still have potential relevance to
diseases regulated by IgMs produced by B-1 cells such as infection [16, 17, 172-176],
atherosclerosis [85, 177-182], and obesity-related metabolic dysfunction [81, 183].
Several human genetic variants of TET2 with loss of function have been identified [184-
186] and these could have a broad impact similar to global TET2 deletion in mice,
resulting directly or indirectly in modulating the anti-inflammatory effects of IgM-
producing B cells.

B-1 cells have been shown to have important roles in the first line of defense
against pathogens [16, 17, 172-176] and in mediating a reduction of inflammation [4, 24,

71,154, 177, 183]. One of the major mechanisms mediating this effect is their production
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of IgM that can recognize pattern-associated molecular pattern (PAMPs) and danger-
associated molecular patterns (DAMPs) such as phosphorylcholine on the cell wall of
Streptococcus pneumoniae [16, 174, 187] and oxidation-specific epitopes (OSEs) on
lipoproteins [188, 189]. OSEs on lipoproteins and apoptotic cells can fuel disease-
associated inflammation [189, 190] and IgM to these neoepitopes can inhibit their
induction of inflammatory responses [191, 192]. Our study presents novel findings that
the global loss of TET2 increased B-1 cell number, circulating IgM level, and BCR
specificity, all factors that could affect the immune response against PAMPs and
DAMPs.

The first major phenotype we observed due to the global loss of TET2 was an
elevation in the frequency and number of all B cell subtypes in the peritoneal cavity
(Figure 4G&J). Yet, in the specialized niches that promote B cell effector function, such
as antibody production, only the frequency of B-1a cells in the BM (Figure 4H), and B-
1b frequency and number in the spleen (Figure 41&L), were higher in the TET2-KO
compared to WT mice. The mechanism responsible for these subset and niche-specific
increases in cell number remains unclear and requires further study to determine if
proliferation, increased cell survival, or migration are responsible. As B-1a cells self-
renew like hematopoietic stem cells (HSCs) [3, 153, 193-196], and this self-renewal
property is enhanced in HSCs with TET2-KO [112, 113, 118, 119, 197, 198], enhanced
self-renewal of B-1a cells from TET2-KO animals may explain the increase in B-1a cells

in the peritoneal cavity.



82

The genes and pathways that were different in B-1 cells from TET2-KO mice
compared to control, particularly in the B-1a cells, were immunoglobulin-related and
they were expressed at a lower level (Figure 5C, Figure 8). There was a predominance of
kappa light chain genes that were less expressed, in addition to several Vu genes, leading
us to hypothesize that loss of TET2 may be limiting the expression of certain variable
region genes, which allows for specific antigen recognition of foreign or neo-antigens
[153, 199-202]. To further investigate those differences, we performed BCR analysis
using our RNASeq data.

Historically, BCR identification from sequencing was facilitated by well-
established algorithms like MiXCR [203] or BALDR [204] using V-D-J enriched or
single-cell RNASeq data. However, the associated costs and impracticality of research
studies focusing on low-frequency cell populations were limiting factors for broader
application. The introduction of the TRUST4 algorithm by Song et al. [163] enabled the
accurate detection of BCR and TCR repertoire from bulk RNASeq data. This innovation
diminished the financial burden of data generation and allowed for the re-utilization of
previously generated data, limiting redundancy and resources required for BCR/TCR
analysis and providing opportunities for potential clinical applications. While the results
are not at single-cell resolution, they offer valuable insight into the diversity of immune
cell receptor repertoire and specificity. To date, a limited number of studies have
performed an analogous analysis in bulk RNASeq data [205-207].

The constant region of the BCR determines the effector function of the antibody.

There were no differences in the transcript expression levels of antibody isotypes IgG,
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IgD, and IgA (Figure 11A). However, there was a statistically significant increase in
transcript expression of IgM, the main isotype produced by B-1 cells [26, 63, 71, 154], in
the B-1a cells from TET2-KO compared to WT mice suggesting that TET2 may inhibit
factors responsible for encoding the constant region downstream of the V region on
chromosome 14 that determines antibody isotype or TET2 may limit isotype switching in
B-1a cells (Figure 11B). These data are consistent with no changes observed in the
circulating IgG level while there was an increase in circulating IgM in the TET2-KO
mice compared to the control. We could not conclude if the increase in total [gM was due
to increased IgM secretion on a per-cell basis or due to the increase in overall cell number
(Figure 11C). However, increased IgM levels could also be due to the increase in B-1
numbers in the spleen and bone marrow. Additionally, there was an increase in MZB cell
number in the spleens from TET2-KO mice compared to WT, another potential source of
IgM from TET2-KO and WT mice (Figure 12).

While much more has been documented about the role of the heavy chain variable
region, specifically the CDR3 of the BCR, less is known about the purpose of the light
chain regarding its role in binding antigens [165, 202, 208-213]. A study by Lio et al.
revealed that double knockout of TET2 and TET3 in the early B cell stage impaired
rearrangement at the Igk locus [109]. Our findings support previous research by detecting
the lower expression of many Igk genes, and indeed, while not reaching significance,
overall kappa immunoglobulin usage is reduced in B-1b cells, but surprisingly not B-1a
cells from TET2-KO mice compared to WT (Figure 17E). There was also a significant

reduction in the number of unique CDR3 sequences in B-1a cells and a trending
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reduction in B-1b cells from TET2-KO mice compared to WT (Figure 5, Figure 16).
Consistent with the reduced variety of CDR3 sequences, there is a higher number of
replicated sequences in the light chain observed in the B-1a cells from the TET2-KO
mice compared to WT, and the effect was also observed in B-1b cells to a lesser extent
(Figure 16). These data suggest that the BCR repertoire in the light chains of B-1a cells is
more sensitive to loss of TET2 than in B-1b cells.

B-1a cells from TET2-KO mice had significantly fewer unique CDR3 sequences
with 72% of the total CDR3 sequences representing replicates, suggesting that loss of
TET2 impacts the diversity of antigen specificity in B-1 cells, particularly B-1a cells
(Figure 5B). The more marked lack of antigen diversity in the B-1a cells from TET2-KO
mice is consistent with B-1a cells predominantly originating from the fetal liver and
persisting through self-renewal, and a role for TET2 in promoting expansion of rapidly
self-renewing cells. While our study isolated B cells from the global TET2-KO and WT
mice, it must be considered that the effects of loss of TET2 in other cells, such as
cytokine-secreting macrophages, could be playing a role in influencing the selection of
the B cell repertoire. Additionally, the presence of IgM itself can influence the selection
of the B cell repertoire [214]. In an analysis of Vu—Du—Ju gene regions of the heavy
chain, our data suggest that the restricted associations of Vu—Du—Ju gene regions in the
B-1a cells from TET2-KO mice could be responsible for the reduction in the number of
unique CDR3 sequences. A study by Wong et al. identified a pathway whereby B-1a
cells can bypass the need for a pre-BCR and generate a mature, albeit somewhat self-

reactive, BCR directly [215]. The Vu12/Vk4 pairing is typical for binding
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phosphatidylcholine, a lipid present in many bacteria membranes, and while Vu12
frequency of use is increased in B-1a cells from TET2-KO mice, Vk4 frequency of use is
lower in B-1a cells from TET2-KO mice compared to WT (Figure 16-9) [215]. It should
be noted that both Vu11 and Jul are associated with early fetal characteristics, which
supports the potential enhancement of self-renewal that loss of TET2 regulation may
foster [6, 156, 170, 210]. Our CDR3 and VDI association data from the heavy chain
provide further evidence in addition to the light chain data that B-1a cells are more
profoundly impacted by global loss of TET2 compared to B-1b cells. The reason for this
remains to be determined but may be due to the expression of CD5 by B-1a cells, given
that studies have shown many of the malignant B cell samples with loss of TET2 express
CDS5 [197, 216, 217], but this connection requires further study.

Taken together, our data reveals that loss of TET2 influences IgM level and BCR
repertoire, particularly in B-1a cells, which are key producers of natural IgM. Alteration
to the antigen-specificity or abundance of B-1a-produced IgM may have consequences in
the response to PAMPs and DAMPs and in regulating antigen-driven inflammation. Our
data demonstrating that loss of TET2 increased B-1 cell subset numbers in antibody-
producing niches and reduced CDR3 diversity suggests that TET2 may regulate the pool
of antigen-specific IgM produced by B-1 cells (Figure 19) and underscores the need for
further study of the impact and mechanisms whereby TET2 regulates B-1 cells,

especially in the context of infection and diseases involving chronic inflammation.
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Figure 19. Graphical abstract of key findings. Peritoneal B cell number is increased,
circulating IgM levels are elevated, and CDR3 sequence diversity is reduced in mice null

for TET2 compared to WT mice. Figure made with BioRender.
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B cell-produced IgM against OSEs is protective in atherosclerosis

B cell subtypes are developmentally, functionally, and phenotypically distinct [13,
156, 167-171]. Given their self-renewal capacity, we hypothesized that B-1 cells may be
regulated by TET2, an epigenetic modulator that has been implicated in the clonal
expansion of hematopoietic cells leading to disorders such as myelodysplastic
syndromes (MDS) [117-119, 158, 159] and acute myeloid leukemia (AML) [119, 121,
122, 157]. Indeed, the results of the present study identified an important role for TET2 in
regulating B cell number in specific niches. As prior studies have mostly reported on the
effects of TET2 on B-2 cells [108, 109, 124, 132, 139-141, 162] and on hematological
malignancy [108, 112, 140, 141, 162, 218], we focused our study on the B-1 B cell
subtype at homeostasis. B-1 cells have been shown to have important roles in mediating
the reduction of inflammation [4, 13, 24, 71, 154, 168, 219-221]. One of the major
mechanisms mediating this effect is the production of IgM that can recognize danger-
associated molecular patterns (DAMPs) such as oxidation-specific epitopes (OSEs) [188]
and inhibit their induction of inflammatory responses [191, 192].

In atherosclerosis, a cardiovascular disease of chronic inflammation, OSEs on
low-density lipoprotein and apoptotic cells can fuel disease-associated inflammation
[190]. B-1 cell-derived IgMs that recognize these epitopes constitute an abundant portion
of the IgM pool and can blunt the pro-inflammatory effect of these OSEs [21, 182, 222]
and limit atherosclerosis [61, 63, 71, 77, 154, 223-227]. This study presented novel
findings about the role of TET2 in modulating B-1 cell number, immunoglobulin

production, and BCR specificity, all factors that could affect the immune response against
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OSE. In humans, plasma levels of IgM to OSE are inversely associated with
atherosclerotic cardiovascular disease (ASCVD) [73, 78, 182, 228] and TET2 mutations
are linked to ASCVD [87, 110, 229, 230]. While the findings of this study are novel and
contribute to our broader understanding of cell type-specific roles of TET2, we have not
yet reported a causal link to ASCVD. Additional experiments utilizing induced
hyperlipidemia and Western Diet could assess if the elevated IgM observed in TET2-KO
mice exhibit attenuated atherosclerotic plaque burden, and those future experiments could
then potentially advance our understanding of the complex role of TET2 in ASCVD

(Figure 20).
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Figure 20. Loss of TET2 in B-1 cells may attenuate atherosclerosis. Wildtype IgM-
secreting B-1 cells are considered atheroprotective and the binding of IgM to oxLDL
helps reduce atherosclerosis plaque progression. Loss of TET2 in B-1 cells may result in
increased cell numbers and enhanced function as described in macrophages from murine
models with TET2 deficiency. This growth in the B-1 cell population combined with
elevated IgM secretion might further reduce atherosclerosis burden by reducing the
accumulation of foam cells and overall plaque size. Further investigation of if the [gM
levels observed in TET2-KO mice are sufficient to attenuate atherosclerosis is needed to

confirm any causal link. Figure schematic made with BioRender.
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Atheroprotective B-1 cells from the bone marrow, spleen, and peritoneal cavity secrete IgM, which binds to oxidized LDL (oxLDL) and
prevents macrophage uptake, subsequent foam cell formation, and lesion growth. Changes in B-1 cells due to loss of TET2 may
result in attenuation of atherosclerosis progression.
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The mechanism behind the B-1 cell number augmentation in mice with loss of TET2

remains to be determined

The first major phenotype we observed due to the global loss of TET2 was an
elevation in the frequency and number of all B cell subtypes in the peritoneal cavity
(Figure 4A, 4D, 4G). Yet, in the specialized niches that promote B cell effector function,
such as antibody production, only the frequency of B-1a cells in the BM (Figure 4B, 4E,
4H), and B-1b number in the spleen (Figure 4C, 4F, 41), were higher in the TET2-KO
compared to WT mice. The mechanism responsible for these subset and niche-specific
increases remains unclear and requires further study to determine if proliferation,
increased cell survival, or migration are responsible. As B-1a cells self-renew like
hematopoietic stem cells (HSCs) [3, 153, 193-196], and this self-renewal property is
enhanced in HSCs with TET2-KO [112, 113, 118, 119, 197, 198], enhanced self-renewal
of B-1a cells from TET2-KO animals may explain the increase in B-1a cells in the
peritoneal cavity. To address the questions raised by the elevated numbers of B-1 cells
from TET2-KO mice, experiments assessing augmented proliferative capacity or
enhanced cell survival would be informative. Intercalating DNA dyes such as CellTrace
or CFSE can measure differences in the number of replication cycles each B-1 cell subset
underwent; alternatively, Ki-67 could be measured via flow cytometry or
immunohistochemistry for a snapshot profile of actively proliferating cells. Additionally,
cell survival assays using Annexin V and a viability dye can be used to identify apoptotic
and/or necrotic cell populations and assess overall cell health in B-1 cell subsets from

mice with TET2-KO compared to WT controls.
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Immunoglobulin-related genes were downregulated in B-1 cells null for TET2
compared to WT controls, particularly in the B-1a cells (Figure 5A). A majority of kappa
light chain genes were downregulated, in addition to several Vi genes, leading us to
hypothesize that TET2 may be restraining the expression of certain variable region genes,
which allows for specific antigen recognition of foreign or neo-antigens [153, 199-202].
To further investigate those differences, we performed B-cell Receptor (BCR) analysis

using our RNASeq data.

BCR analysis can be performed with bulk RNAseq data

Traditionally, BCR identification from sequencing is executed by well-established
algorithms like MiXCR [203] or BALDR [204] using V-D-J enriched or single-cell
RNASeq data. However, the associated costs and impracticality for research studies
focusing on low-frequency cell populations were limiting factors for its broader
application. Song and colleagues introduced the TRUST4 algorithm and enabled the
accurate detection of the BCR and TCR repertoire from bulk RNASeq data [163]. This
innovation reduces the financial burden of data generation and allows for re-utilization of
previously generated data, limiting redundancy and resources required for BCR/TCR
analysis and providing opportunities for potential clinical applications. While the results
are not on a single-cell resolution, they offer valuable insight into the diversity of
immune cell receptor repertoire and specificity. The number of studies that have

performed an analogous analysis in bulk RNASeq data is growing [205-207].
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Loss of TET2 impacts antigen diversity in B-1 cells

In an analysis of the immunoglobulin heavy chain, B-1a cells from TET2-KO
mice had significantly fewer unique CDR3 sequences with 72% of the total CDR3
sequences representing replicates, suggesting that loss of TET2 impacts the diversity of
antigen specificity in B-1 cells, particularly B-1a cells. The restricted associations of Vu—
Du—Ju gene regions in the B-1a cells from TET2-KO mice could be responsible for the
reduction in the number of unique CDR3 sequences. It should be noted that both Vul1
and Jul are associated with early fetal characteristics, which supports the potential
enhancement of self-renewal that loss of TET2 regulation may allow. The more marked
lack of antigen diversity in the B-1a cells from TET2-KO mice is consistent with B-1a
cells emerging from the fetal liver and maintaining their population through self-renewal

and presents a role for TET2 in promoting expansion of rapidly self-renewing B-1 cells. .

Other cell types could contribute to our observed phenotype

Since our study isolated B cells from the global TET2-KO and WT mice, we
cannot conclude that the effects of loss of TET2 in other cells, such as cytokine-secreting
macrophages, do not take part in shaping the selection of the BCR repertoire.
Additionally, Holodick and colleagues reported that the presence of IgM itself can
influence the selection of the B cell repertoire [214]. Future studies utilizing B cell-
specific knockouts to control for non-cell autonomous effects, for example with a CD19-
cre strain crossed with TET2 f1/fl mice, or tamoxifen-inducible B cell-specific knockouts

to control for B cell development, would be ideal to determine the mechanism of TET2's
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influence over IgM production and the BCR repertoire. Should investigators fail to
achieve a knockout restricted to the B cell population, B-1 cells sort-purified from TET2-
KO and WT mice could be adoptively transferred into Ragl-/- mice, which lack B and T
cells and thus would provide a clear background for measuring effects due to loss of

TET2 in B cells, as the recipient mice would be TET2-WT.

Loss of TET?2 increases the transcriptional output of IgM in B-1 cells

There were no differences in the transcript expression of antibody isotypes
including IgG, IgD, and IgA (data not shown). However, there was a statistically
significant increase in transcript expression of IgM, the main isotype produced by B-1
cells [26, 63, 71, 154, 231], in the B-1a cells from TET2-KO compared to WT mice. This
increase in the IgM RNA expression could indicate that TET2 may inhibit factors
responsible for encoding the constant region downstream of the V region on chromosome
14 which determines antibody isotype, or that TET2 may limit isotype switching in B-1a
cells as it does in GC B cells.

This finding is consistent with most of the pool of B-1a cells having originated
from the fetal liver and undergone self-renewal to maintain numbers, usually with little
introduced variation in the BCR. B-1b cells can be repopulated more easily than B-1a
cells from the bone marrow, and with the activity of the enzyme TdT, which is only
active after birth, can introduce variety in the BCR and thus reduce the proportion of

replicate CDR3 sequences [1, 6, 9, 10, 156, 169-171, 194, 210, 211, 232].
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These data are strengthened by the observed increase in circulating IgM in the
TET2-KO mice compared to the controls. While increased circulating IgM levels could
also be due to the increase in B-1 numbers in the spleen and bone marrow, there was no
difference in the frequency of the other potential source of IgM frequency, MZBs, from
TET2-KO and WT mice (Figure 12). Changes in the proportion of specific antibody
isotypes encoded by the constant region could result in physiological changes due to the
effector functions associated with each isotope. To assess if there are changes directly to
antigen-binding capacity or specificity of the antibodies produced by B-1 cells with TET2
deficiency, agents that induce inflammation or are commonly characterized as infectious
agents could be used to challenge the cells in vitro or mice in vivo. Antibodies binding to
antigens such as PC are well-documented, and protein precipitation assays can be used to
assess the fraction of free-antigen versus bound antigens. Alternatively, downstream
processes following antibody-antigen binding, such as neutralization, opsonization, and
complement activation, could also be utilized in determining if the quality of antibody

response exhibits differences due to loss of TET2 in B-1 cells.

Loss of TET2 also reduces BCR diversity via the immunoglobulin light chain

While much more has been documented about the role of the heavy chain variable
region, specifically the CDR3 of the BCR, less is known about the purpose of the light
chain regarding its role in binding antigens [165, 202, 208-213]. The light chain
repertoire is more limited due to the absence of the Diversity segments and N-additions

[202]. Kappa (Igk) and lambda (Igr) gene rearrangements are also required to minimize
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BCR self-reactivity. A study by Lio et al. revealed that double knockout of TET2 and
TET3 in the early B cell stage impaired rearrangement at the Igk locus [109].

Our findings support previous research by detecting the downregulation of many
Igk genes, as well as a significant reduction in the number of unique CDR3 sequences in
B-1a cells and a trending reduction in B-1b cells from TET2-KO mice compared to WT
(Figure 5, Figure 15). Our data suggest that the BCR repertoire in both the heavy and
light chains in B-1a cells was more sensitive to loss of TET2 than in B-1b cells.

In an analysis of Vi and Jk segment use, we found that many Vi genes are
significantly different between B-1a cells from TET2-KO and WT mice, although only
three of the Vi1 gene segments make up the majority proportion of the expressed genes.
V9 is considered the “prototypic” light chain for B cells, but in the peritoneal B-1a cells
from our data there was minimal expression of this gene, although there was a slightly
higher expression in B-1b cells (~5%) in both TET2-KO and WT mice (Figure 17) [168].
Two BCR combinations are associated with the production of a natural autoantibody
associated with autoimmunity: the first and most abundant is Vu11-Vk9; this BCR
specificity plays a role in additional B-1a generation [168]. The second combination is
Vu12-Vk4, and in our samples, Vk4 was represented as the top third most frequently
expressed in B-1a cells while it was the topmost expressed in B-1b cells (Figure 17). In
the B-1a cells from TET2-KO mice, there was a significant reduction in the expression
frequency of V4 compared to WT, while there was no difference in expression

frequency in B-1b cells from TET2-KO mice compared to WT (Figure 17).
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Many potential experiments could address the potential consequences of

increased autoimmunity due to TET2 deficiency in B-1 cells. Kidney dysfunction is a
symptom shared by many autoimmune diseases, such as systemic lupus erythematosus
(SLE), which affects about 73 cases per 100,000 people in the United States. Including
the kidneys at terminal tissue collection would provide a wealth of information about
potential autoimmunity effects in the TET2-KO model. Gross measurements of the organ
would allow for reporting overt kidney disease, which is characterized by reduced organ
size. Digestion and preparation of kidney cells for flow cytometry would allow
measurement of activation or expansion of leukocytes in that tissue. Similarly,
immunohistochemistry of kidney sections could provide spatial resolution and
organization of immune cell infiltration, as well as identify autoantibodies against
dsDNA, which are commonly elevated in autoimmune disorders. The collection of urine
is possible at time points throughout the animals’ lifespans and at terminal tissue harvest.
Utilizing reported urine biomarkers for nephritis, such as proteins ALCAM, CD163,
CCL2, SELL, ICAM1, and VCAMI, as well as measuring levels of IgA, which
accumulates in the kidney and causes inflammation and nephropathy, are additional
methods to assess autoimmunity severity. The contribution of TET2 regulation of B-1
cell-mediated autoimmunity remains to be revealed, and additional study would further
illuminate mechanisms of TET2 and B-1 cell influence in the pathology of autoimmune

diseases.
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TET2 moderation of IgM to OSEs may have profound effects on disease states

Taken together, our data reveals that loss of TET2 influences Ig production and
BCR repertoire, particularly in B-1a cells, which are key producers of natural IgM and
help attenuate atherosclerotic plaque development. Alteration to the antigen-specificity or
abundance of B-1a-produced IgM due to TET2’s regulation of the BCR may have
consequences in the development or severity of atherosclerosis, however we cannot yet
make a claim that loss of TET2 in B-1 cells is atheroprotective. The recent evidence
implicating TET2 in the pathogenesis of CVD [86, 87, 110, 111], and our data
demonstrating that loss of TET2 increases B-1 cell subset numbers in antibody-producing
niches which suggest that TET2 could regulate the pool of antigen-specific IgM produced
by B-1 cells (Figure 19) underscores the need for further study of the impact and
mechanisms whereby TET2 regulates B-1 cells, especially in the context of diseases
involving chronic inflammation, like atherosclerosis. Experiments inducing
hyperlipidemia, for instance with the viral delivery of AAV-PCSK9 which effectively
knocks out the LDL receptor, paired with Western diet (WD) could assess if
atherosclerotic plaque burden is altered due to increased levels of IgM circulating in
TET2-KO mice compared to WT mice. In addition, chimeric adoptive transfers modeling
CHIP could be useful, using transfer ratios of 10-20% cells from TET2-KO mice and 80-
90% cells from WT mice compared to 100% WT mice which more closely resemble
population distributions of TET2 mutant clones in humans. However, an ideal experiment
would be to use CRISPR/Cas9 to replicate a specific SNP mutation in TET2 in the mice

which has been reported in humans with TET2 CHIP, and then to induce hyperlipidemia
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and use WD to assess atherogenesis. Much remains to be discovered about the
contribution of TET2-regulated, B-1 cell-produced IgM to the severity of atherosclerosis.

Interestingly, when we measured IgM specific to certain antigens including
MDA-LDL, Cu-oxLDL, PC-BSA, and T15-E06 idiotype, the level of plasma IgM was
affected in an antigen-specific-IgM manner (Figure 24). Malondialdehyde-modified low-
density lipoprotein (MDA-LDL) and Copper-oxidized LDL (Cu-oxLDL) are oxidation-
specific epitopes (OSEs) that [gM binds, preventing uptake by macrophages and plaque
generation in atherosclerosis. E06 is a T15 idiotype IgM natural antibody (Nab)
exclusively produced by B-1 cells, which recognizes the phosphocholine (PC) head group
in oxidized phospholipids on the surface of apoptotic cells, and the PC present on the cell
wall of Streptococcus pneumoniae thus facilitating apoptotic cell clearance and protection
from infectious pathogens [77].

Recently it has been shown that patients with an autoimmune disorder SLE are
more likely to have low levels of anti-PC IgM, which also increases the risk of plaque
accumulation in atherosclerosis [233]. While there were no differences in secreted I[gM
against the T15-E06 idiotype, significance was trending with Cu-oxLDL and was
trending even closer to significance with PC-BSA. IgM against MDA-LDL was the only
IgM that was significantly elevated in the TET2-KO mice compared to WT (Figure 24).
This could indicate that TET2 may play a role in augmenting the production of IgM
specifically against MDA-LDL, which protects from atherogenesis. In our study we
utilized young adult mice to avoid the potential for malignant hematological effects due

to loss of TET2. The mice were fed a normal chow diet, without stimulation or antigen
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challenge to measure the role loss of TET2 plays in B-1 cell homeostasis. Future studies
with stimulation using LPS or inducing hyperlipidemia with a high-fat diet would be
useful to assess how TET2 loss in B-1 cells modulates cell number and function in an

infectious or inflammatory state (Figure 21).

Loss of TET2 and altered BCR repertoire may also result in changes to systemic

lupus erythematosus severity

Comparison of the most highly represented sequences in our B-1a cells from
TET2-KO and WT mice with the literature revealed interesting findings (Figure 13) [4,
156, 210]. Yang et al. investigated the B-1a IgH repertoire as it progressed from neonate
to adult and found that the CDR3 sequence ARFYYYGSSYAMDY was one of the most
abundant sequences in B-1a cells from healthy 2-month-old B6 mice [210]. Consistent
with their findings, RHYYGSSYYAMDY, a sequence with only minor variation, was the
third-most replicated in B-1a cells from our similarly aged WT mice. Holodick ef al.
found that the CDR3 sequence MRYGNYWYFDYV makes up almost 40% of peritoneal
B-1a sequences in SLE mice [4]. This identical sequence was the top replicated sequence
in our B-1a cells from WT mice at ~8% of all sequences, and MRYSNYWYFDYV, a
sequence with only minor variation, was the second-most replicated sequence in our B-1a
cells from WT mice at 2% of all sequences. Intriguingly, this sequence
MRYGNYWYFDYV accounted for ~6%, MRYSNYWYFDYV accounted for ~6%, and
MRYGDYWYFDYV accounted for ~4% of all CDR3s in the B-1a cells from TET2-KO

mice, suggesting that TET2 may have minor influence on the pool of IgMs in SLE based
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on heavy chain CDR3 sequence [108, 120, 129, 143]. Consistent with this finding, the
CDR3 sequence MRYGSSYWYFDV, in the top twelve of CDR3s for SLE mice was
highly similar to sequence MRYSSYWYFDYV which was also the seventh-most abundant
sequence in the B-1a cells from TET2-KO mice (Figure 4C) [4]. Due to this commonality
in CDR3 sequences from B-1a cells from TET2-KO mice with B-1a cells from SLE
models, it could be fruitful to investigate targeted therapy against B-1a cells with TET2-
KO to see if used in an SLE model, then SLE severity is attenuated. While several of the
sequences we found common to the literature had minor variations, it should be noted
that even a minor variation in the CDR3 sequence can have a large impact on binding
specificity due to polarity, charge, and other R-group properties. Despite this, the finding
of different specificities replicated in the B-1a cells from TET2-KO mice is novel and
bears further investigation for more mechanistic insights. Additional research into CDR3
sequences associated with other disease models as they become available will continue to
reveal potential connections that loss of TET2 plays in CDR3 specificity and Ig

production.

TET?2 influence of Ig production and BCR heterogeneity may provide targets for

autoimmune therapeutics

Taken together, our data reveals that loss of TET2 influences Ig production and
BCR repertoire, particularly in B-1a cells. The recent evidence implicating TET2 in the
pathogenesis of CVD [86, 87, 110, 111] and SLE [125, 127, 234-236], and our data

suggesting that TET2 may regulate the pool of antigen-specific [gM produced by B-1
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cells, underscores the need for further study of the impact and mechanisms whereby
TET2 regulates B-1 cells, especially in the context of diseases involving chronic and
systemic inflammation. In addition, these findings raise the possibility that function-
attenuating somatic mutations in TET2 observed in clonal hematopoiesis of indeterminate
potential (CHIP) and hematological malignancies [86, 96, 237-239] may serve as genetic
biomarkers of chronic inflammatory diseases like atherosclerosis and SLE and provide

new insights into disease pathogenesis and potential targeted therapeutics.
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Figure 21. Future directions to advance knowledge of the role of TET2 in B-1 cell
function and disease. Experiments continuing use of the global knockout of TET2 should
focus on assessing antibody and proliferative response to challenge with LPS or an
MDA-LDL mimotope. Additionally, while a recent presentation by Yoshimoto and
colleagues at 2024 AAI Meeting revealed that transfer of fetal-derived B-1 cells from
TET2-KO mice into a clonal hematopoiesis model of TET2 deficiency fed a WD resulted
in reduced atherosclerosis progression, but the mechanism remains to be determined.

Figure made with BioRender
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Appendix 1: Loss of TET2 reduces CCR6 RNA

expression
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Rationale

One of the differentially expressed genes (Figure 8C) , Sell, also known as CD62L,
is known for its role in cell adhesion and mediating migration of leukocytes to secondary
lymphoid organs and sites of infection, and its expression can also influence B cell fate
[240-242]. Loss of CD62L in B cells allows for antibody-secreting cells to remain in
circulation until they rehome in the bone marrow [240]. From our RNASeq data set,
CD62L was downregulated in B-1a cells from TET2-KO mice compared to WT (Figure
8C). This was confirmed with flow cytometry on B-1 cells from the peritoneal cavity
(Figure 8D). During Salmonella infection, loss of CD62L prioritizes B cell trafficking to
the spleen [242]. Perhaps a similar mechanism is in play with loss of TET2, as there is
elevated B-1b cell number and frequency in the spleen of TET2-KO mice compared to
WT. Another differentially expressed gene, Ccr6, was downregulated in B-1a cells from
TET2-KO mice compared to WT. CCR6 expression enables B cells to migrate to
specific sites where its ligand CCL20 is expressed, such as inflamed tissues or sites of
infection. If there is decreased cell-surface expression of CCR6, B cell trafficking could
be impaired. To determine if the mechanism of elevated cell number in the peritoneal
cavity could be due to inhibited cell migration, we assessed additional surface expression
of chemokines involved in leukocyte migration, including CCR6 which had reduced
RNA expression. We also analyzed Ccr6 DNA methylation to see if hypermethylation

could contribute to the observed reduction in RNA expression.
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Methods
Mice

All animal protocols were approved by the Animal Care and Use Committee at the
University of Virginia. TET2-KO mice [112] were provided by Dr. Kenneth Walsh
(University of Virginia). The model was generated by Ko et al. and targeted the
endogenous TET?2 locus to create a conditional allele that enabled the deletion of exons 8,
9, and 10, the catalytic region of TET2 [112]. Mice were maintained on a 12-h light/dark
schedule in a specific pathogen-free animal facility and given food (standard chow diet,
Tekland 7012) and water ad libitum. The number of mice included in each study is

indicated in the figures or the associated legends.

Sample Preparations for Flow Cytometry

Bone marrow, spleen, and peritoneal cavity cells were processed for flow
cytometry as previously described [61]. Briefly, following sacrifice by CO2 overdose,
peritoneal cells were harvested by flushing the peritoneal cavity with 10 mL FACS buffer
(PBS containing 1% BSA, 0.05% NaN3). The spleen and one femur and tibia were
removed. Spleens and flushed bone marrow were filtered through a 70 pm cell strainer.
Red blood cells were lysed from single-cell suspensions of bone marrow and spleen using
a lysis buffer containing 155 mM NH4Cl, 10 mM KHCOj3, and 0.1 mM EDTA. Cell
surface Fc receptors were blocked using anti-CD16/32 (clone:93, 4 eBioscience), then
cells were stained with fluorescently conjugated antibodies against cell surface markers.

Cells were stained with fixable Live/Dead Fixable Blue (Fisher) for dead cell
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discrimination, then fixed in 2% PFA in PBS. Clone and fluorophore information for the
flow cytometry antibodies used in murine experiments to immunophenotype B cell
subsets and chemokine expression can be found in Table 3.

All flow cytometry was conducted at the University of Virginia Flow Cytometry
Core Facility. Immunophenotyping was performed on an Aurora Borealis 5-laser (Cytek)
cytometer. Data analysis and flow plots were generated using OMIQ software
(Dotmatics). Representative flow plots were chosen based on the samples whose
population frequencies were closest to the mean for that group. Gates on flow plots were

set using fluorescence minus one (FMO) controls.
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Table 3. Murine chemokine immunophenotyping panel used for flow cytometry of the

peritoneal cavity, bone marrow, and spleen.

Marker |Fluorophore Clone Vendor
CXCR3 |BUV395 CXCR3-173 BD

CD45 |BUV496 13/2.3 BD
CXCRS5 |BUV615 2G8 BD

CD23 |BUV737 B3B4 BD

CD44 BUVS805 M7 BD

CCR6 (BV421 29-21.17 BioLegend
IgD efluor450 11-26¢ eBioscience
Ly6C  |BV480 RB6-8C5 BD

CDS8 BV510 53-6.7 BioLegend
CD62L |BV570 MEL-14 BioLegend
CD5 BV605 53-7.3 BD

CD127 |BV650 ATR34 BioLegend
CXCR4 |BV711 2B11/CXCR4 |BD

CD138 |BV750 281-2 BD

CCR7 |BV785 4B12 BD

CD25 BB515 PCo61 BD

B220 Spark Blue 550 |RA3-6B2 BioLegend
CD4 PerCP RM4-5 BD

CD11b |PerCP-Cy5.5 M1/70 BD

CD37 |PE Duno85 BioLegend
IgM PE-CF5%4 R6-60.2 BD

F4-80 |PE-Cy7 BMS eBioscience
CD21 |APC 7G6 BD

CDllc |AF647 N418 BioLegend
CD24 |R718 30-F1 BD

CD19 |APC-efl780 1D3 eBioscience
NKI1.1 |APC-F810 S17016D BioLegend
Live/Dead Fixable Blue Fisher




140

DNA Methylation Assay

Peritoneal B-1a, B-1b, and B-2 cells obtained from TET2-KO and TET2-WT
C57BL/6 mice were sort-purified directly into RLT Plus Buffer (Qiagen). RNA and DNA
were extracted using the Qiagen AllPrep kit. The purified DNA was subjected to bisulfite

conversion and the samples were run on [llumina mouse methylation bead chip arrays.

Results

CCR6 RNA expression is reduced in peritoneal B-1 cells from TET2-KO but not

WT mice

RNAseq analysis of peritoneal B-1a, B-1b, and B-2 cells from TET2-KO and
WT mice revealed reduced chemokine receptor CCR6 expression in B-1a (-4.879-fold
change, 1.803E-08 padj.) and B-1b cells (-2.170-fold change, 0.3477 padj.) from the
TET2-KO mice compared to WT (data not shown). Further, methylation analysis showed
significant hypermethylation of CCR6 in B-1a and B-1b cells from TET2-KO mice

compared to WT (Figure 22).

TET2 deficiency in B-1 cells results in subset- and niche-specific changes to

chemokine receptor expression compared to WT controls

In a pilot experiment with a limited sample size, we observed reduced surface

expression of CCR7 (CC motif chemokine receptor 7) in peritoneal B-1b cells from
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TET2-KO mice (p-value = 0.0286), and reduced surface expression of CXCR5 (CXC
motif chemokine receptor 5 in B-1a (p-value = 0.0286) and B-1b cells (p-value = 0.0286)
from the peritoneal cavity of TET2-KO mice compared to WT (Figure 23). Interestingly,
in both the splenic and BM B-1b cells from TET2-KO mice, there was a trending
decrease in CXCRS5 expression (p-value = 0.0571). CCR7 and CXCRS5 are chemokines
involved in directing B cells to the spleen and other secondary lymphoid organs, and to
the BM [243]. Reduced CCR7 and CXCRS5 expression should result in impaired
trafficking to the spleen [244, 245]. Yet, we saw elevated B-1b cell number and
frequency from TET2-KO mice compared to WT in the spleen (Figure 4). Additional
studies looking into proliferation and cell survival are needed to clarify the mechanism

responsible for the elevated cell numbers in these specific B-1 niches.

Conclusions

We determined that loss of TET2 increases hypermethylation of CCR6 and
suppresses CCR6 RNA expression in B-1 cells. Changes in chemokine expression may
result in impaired or altered lymphocyte trafficking across the three niches where B-1
cells are primarily located. Aberrant B-1 cell trafficking could lead to the accumulation of
peritoneal B-1 cell subtypes. It must be noted that this study only had an n of 4 mice, and
bears repeating with a larger study size which can be determined with power analysis
using the data generated from this experiment. Further investigation using in vitro

migration assays and adoptive transfer to measure migration of peritoneal B-1 cells from
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TET2 mice is needed before causal connections can be reported to explain the increased

peritoneal B-1 cell number in TET2-KO mice.
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Figure 22. Differential methylation in B-1a, B-1b, and B-2 cells from TET-KO mice
compared to WT controls. (A) Gene annotated CpGs displayed methylation differences in
the B-1 cell subsets from TET2-KO and WT mice. (B) B-1a cells from the peritoneal
cavity of TET2-KO mice exhibited increased DNA methylation at the CCR6 gene. (C)
Integrative analysis identified CCR6 as a gene that contributes to chemotaxis inhibition
due to DNA methylation. Significance was determined using two-tailed Mann-Whitney

U-tests.
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Figure 23. Chemokine receptor expression in B-1 cells from TET2-KO and WT mice. (A
- D), Bar chart displaying Median Fluorescence Intensity (MFI) of CCR6 (A), CCR7 (B),
CXCR4 (C), and CXCRS5 (D) in B-1a cells and B-1b cells from the peritoneal cavity
(left), the BM (middle), or the spleen (right) of TET2-KO (n =4) and WT (n = 4) mice.
Blue and orange represent WT and TET2-KO mice, respectively. Significance was

determined with two-tailed Mann-Whitney U-tests (* p < 0.05).
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Appendix 2: IgM to OSEs levels in mice with TET2-
KO and humans with TET2 mutations compared to

WT
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Rationale

Malondialdehyde-modified low-density lipoprotein (MDA-LDL) and Copper-
oxidized LDL (Cu-oxLLDL) are oxidation-specific epitopes (OSEs) that [gM binds to,
preventing uptake by macrophages and plaque generation in atherosclerosis. E06 is a T15
idiotype IgM natural antibody (Nab) exclusively produced by B-1 cells, which recognizes
the phosphocholine (PC) head group in oxidized phospholipids on the surface of
apoptotic cells, and the PC present on the cell wall of Streptococcus pneumoniae thus
facilitating apoptotic cell clearance and protection from infectious pathogens [77]. The
increase in Vul1 and Vu12 pairing that are typical for B-1a cells producing natural
antibodies is consistent with the increase in I[gM to OSEs in the plasma (Figure 16).
Elevated levels of IgM to OSEs have been previously correlated with a reduced risk of
acute myocardial infarction [227, 232], ASCVD [85, 177-182], and a diminished risk of
fatty liver disease [177, 233, 234]. Additionally, consequences of metabolic dysregulation
such as obesity-associated inflammation, glucose intolerance, and insulin resistance are
less severe with elevated IgM to OSE [81, 183]. This association implies a protective
function of those IgMs in the context of inflammatory diseases, such as atherosclerosis.
We used ELISA to evaluate several I[gM to OSEs in both mice and humans with TET2

deficiency.
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Methods

Human Subjects

Fifty-eight human subjects were recruited for study through the Cardiac
Catheterization laboratory at the University of Virginia as previously described [246]. All
participants provided written informed consent prior to enrollment, and the study was

approved by the Human IRB Committee at UVA.

Sample Preparation and Archer VariantPlex Myeloid Panel Sequencing

Peripheral blood mononuclear cells and B cell subsets were sort-purified from
whole blood. DNA was extracted using Zymopure Plasmid Mini Prep kit and stored in
EDTA-free UltraPure water. Briefly, DNA was fragmented before undergoing end repair,
ligation, PCR, and barcoding. Library concentration was quantified using the KAPA
Universal Library Quantification Kit, diluted to an appropriate concentration, and then
libraries were pooled at equimolar concentrations. Sequencing was performed on the
[llumina MiSeq. Libraries were de-multiplexed, and data was analyzed with Archer

Analysis.

Mice

All animal protocols were approved by the Animal Care and Use Committee at the
University of Virginia. TET2-KO mice [112] were provided by Dr. Kenneth Walsh

(University of Virginia). The model was generated by Ko et al. and targeted the
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endogenous TET? locus to create a conditional allele that enabled the deletion of exons 8,
9, and 10, the catalytic region of TET2 [112]. Mice were maintained on a 12-h light/dark
schedule in a specific pathogen-free animal facility and given food (standard chow diet,
Tekland 7012) and water ad libitum. The number of mice included in each study is

indicated in the figures or the associated legends.

ELISA for quantification of IgM to OSEs in mice and humans

Levels of IgM antibodies specific for MDA-LDL, Cu-oxLDL, PC-BSA, and T15-
EO06 idiotype in mouse plasma were determined as previously described [61, 247]. Levels
of IgM or IgG against MDA-LDL in human plasma were measured by chemiluminescent

ELISA as previously described [81].

Results

MDA-LDL IgM is elevated in both mice and humans with TET2 deficiency

Interestingly, plasma levels of IgM specific to OSE to malondialdehyde-modified
low-density lipoprotein (MDA-LDL) showed a statistically significant increase in both
mice and humans with TET2 deficiency (Figure 24). Cu-oxLDL, PC-BSA, and T15-E06
idiotype exhibited no differences in mice. Total IgM and IgG levels were not changed in

humans. Total IgM, but not IgG, was elevated in mice with TET2-KO compared to WT.
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Figure 23. IgM to OSE levels in TET2-KO and WT mice and humans with mutations in
TET2. Enzyme-linked immunosorbent assay (ELISA) of total IgM (A), IgM to MDA-
LDL (B), total IgG (C) from plasma of TET2-KO (n =26) and WT (n = 26) mice. ELISA
of human total IgM (D) and IgM to MDA-LDL (E) from the plasma of humans with
TET2 mutations (n = 13) or with functional TET2 (n=45). ELISA of IgM to Cu-oxLDL
(F), IgM to T15-E06 (G), and IgM PC-BSA (H) from plasma of TET2-KO (n = 26) and
WT (n = 26) mice. Blue and orange represent WT and TET2-KO mice, respectively. The
data is not normalized to total IgM. Significance was determined with two-tailed Mann-

Whitney U-tests (* p < 0.05).
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Conclusions

The observed rise in protective IgM to OSEs following the global loss of TET2 is
at odds with previously shown deleterious effects of loss-of-function TET2 mutation in
cardiovascular disease [86, 110, 111, 128, 235]. The investigation into whether this
phenomenon is B cell-specific needs further study. It is also important to note that the
mouse model is a total knockout of the TET2 gene while the data generated from human
PBMC:s covers an array of TET2 mutations. Importantly, the level of MDA-LDL-IgM in
humans with TET2 mutations is elevated despite no difference in total IgM, suggesting
that the increase in IgM-OSE is due to antibody repertoire and not due to an overall
increase in total IgM production. Nevertheless, understanding the mechanisms underlying
the production of these protective IgM in the context of TET2 mutations holds the
potential for identifying cell-targeted therapies in the treatment of inflammatory diseases,

such as atherosclerosis.



