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Abstract

Rationale—B-1 cell-derived natural IgM antibodies against oxidation-specific epitopes (OSE) on
low-density lipoprotein are anti-inflammatory and atheroprotective. Bone marrow (BM) B-1a cells
contribute abundantly to IgM production, yet the unique repertoire of IgM antibodies generated by
BM B-14a, and the factors maintaining the BM B-1a population remain unexplored. The
chemokine receptor CXCR4 has been implicated in human CVD and B cell homeostasis, yet the
role of B-1 cell CXCR4 in regulating atheroprotective IgM levels and human CVD is unknown.

Objective—To characterize the BM B-1a IgM repertoire and to determine whether CXCR4
regulates B-1 production of atheroprotective IgM in mice and humans.

Methods and Results—Single-cell sequencing demonstrated that BM B-1a cells from aged
ApoE~~ mice with established atherosclerosis express a unique repertoire of IgM antibodies
containing increased N-additions and a greater frequency of unique CDR-H3 sequences compared
to peritoneal (PerC) B-1a cells. Some CDR-H3 sequences were common to both compartments
suggesting B-1a migration between compartments. Indeed, mature PerC B-1a cells migrated to
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BM in a CXCR4-dependent manner. Furthermore, BM production of anti-OSE IgM and plasma
IgM levels were reduced in ApoE~'~ mice with B cell-specific knockout of CXCR4, and
overexpression of CXCR4 on B-1a cells increased bone marrow localization and plasma anti-OSE
IgM, including IgM against malondialdehyde(MDA)-modified LDL. Finally, in a 50-subject
human cohort, we find that CXCR4 expression on circulating human B-1 cells positively
associates with plasma levels of anti-MDA-LDL IgM antibodies and inversely associates with
human coronary artery plaque burden and necrosis.

Conclusions—These data provide the first report of a unique BM B-1a cell IgM repertoire and
identifies CXCR4 expression as a critical factor selectively governing BM B-1a localization and
anti-OSE IgM production. That CXCR4 expression on human B-1 cells was greater in humans
with low coronary artery plaque burden suggests a potential targeted approach for immune
modulation to limit atherosclerosis.
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INTRODUCTION

A wealth of evidence in murine models demonstrates an atheroprotective role for B-1 cells,
primarily through their ability to produce anti-inflammatory IgM antibodies against
oxidation-specific epitopes (OSE), such as malondialdehyde (MDA)1-6. Studies in human
cardiovascular disease (CVD) patients have demonstrated that increased amounts of
circulating IgM antibodies specific for MDA-modified-LDL are associated with less
coronary artery disease and fewer cardiovascular events’- 8, yet the factors regulating
production of IgM to MDA-LDL in humans are unknown. A putative human equivalent of
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the murine B-1 cell was identified by Rothstein and colleagues as a CD20+CD27+CD43+
subset present in peripheral blood that demonstrated key functional hallmarks of murine B-1
cells, including spontaneous T cell-independent IgM production®. However, functional and
phenotypic heterogeneity in the CD20+CD27+CD43+ B-1 subset suggests additional
markers may further refine the phenotype of anti-OSE IgM producing human B-1 cells10-12,

In mice, B-1 cells can be further divided into phenotypically distinct B-1a and B-1b subsets
based on expression of the surface marker CD5, and both subsets secrete anti-OSE IgM and
protect against atherosclerosis 3 °. While peritoneal cavity (PerC) B-1 cells constitutively
secrete a small amount of IgM, B-1 cells in the bone marrow (BM) and spleen secrete larger
amounts of antibody per cell and significantly contribute to plasma IgM titers3-15,
However, the factors that regulate B-1 cell number at sites of high antibody production like
the BM, both at steady-state and in the context of chronic inflammation, remain largely
unexplored.

Further heterogeneity in the B-1 population occurs at the level of the B cell receptor, which
consists of heavy and light chains containing variable regions that determine the specificity
of IgM antibodies. The variable region of the immunoglobulin heavy chain (IgH V) is
formed by combinatorial joining of germline Vi, D, and Jy family gene segments through a
process called VDJ recombination, and additional heterogeneity is introduced through non-
template-encoded N nucleotides (N-region additions) at the junctions between V-D and D-J
gene segments. Antigen binding occurs at and is determined by hypervariable regions of IgH
V called the complementarity determining regions (CDRs), the most variable of which is
CDR-H3, which extends across both V-D and D-J junctions. Analyses of IgH V sequences
to date demonstrate that PerC B-1a cells express a restricted VDJ repertoire containing a
paucity of N-additions, consistent with their origins from primarily fetal liver precursors that
lack expression of Tdt, the enzyme mediating N-additions'6-18. However, the prevalence of
N-additions increases in PerC and splenic B-1a cells with age, which may arise from the
contribution of postnatally developed B-1a cells, from the contribution of B-1 cells from
other compartments such as the BM, or from selective antigen-induced pressures that are
specific to a particular microenvironmental niche®-21, While BM B-1a cells significantly
contribute to IgM production, IgH V analysis of the mature BM B-1a cell population
remains undefined. Moreover, given the potential for postnatal diversification and selection,
defining the BM B-1a IgM repertoire in the context of atherosclerosis risk factors such as
age and hyperlipidemia is of key importance.

Abundant IgM and specifically IgM to OSE are present in human and mouse atherosclerotic
lesions 1 22, and administration or overexpression of anti-OSE IgM antibodies /7 vivo can
inhibit oxidized LDL-induced activation of inflammatory pathways and reduce lesion area
23,24 However, targeted B-1 cell-specific strategies to increase IgM antibody production 77
vivo have been limited, likely due to an incomplete understanding of factors that regulate
B-1 production of atheroprotective IgM in the setting of hyperlipidemia.

The chemokine receptor CXCR4 regulates cell trafficking and localization25-27, Genome-
wide association studies have implicated CXCR4 and its ligand CXCL12 in human CVD
28-31 although results demonstrate conflicting effects, likely due to the broad expression of
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CXCR4 on a myriad of cell types with both pro- and anti-inflammatory functions. Prior
studies have demonstrated that CXCR4 mediates IgM responses to acute immunization with
the T-independent antigen NP-Ficoll32, suggesting a role for CXCR4 on B-1 cells. Whether
CXCR4 regulates B-1 cell production of anti-OSE IgM in the setting of hyperlipidemia, and
the mechanisms underlying this regulation are unknown. Moreover, whether B-1 cell
CXCR4 expression is linked to circulating anti-OSE IgM levels or CVD in humans has not
been explored.

The present study provides novel characterization of the the BM B-1a IgH V repertoire in
aged mice with hyperlipidemia and examines the factors maintaining B-1a number and IgM
production within the BM. We demonstrate that the BM B-1a IgH V repertoire in aged
ApoE~"~ mice is distinct from the PerC B-1a repertoire, containing increased N-additions
and greater frequency of unique CDR-H3 sequences. Using adoptive transfer studies, we
find that the BM B-1a population is replenished by trafficking of mature B-1a cells from the
periphery to the BM in a CXCR4-dependent manner. Furthermore, B cell-specific loss of
CXCR4 decreases B-1a number and IgM production specifically within the BM, resulting in
decreased plasma IgM. Conversely, B-1a cell-specific overexpression of CXCR4 /n vivo
associates with increased B-1a localization to the bone marrow and increased plasma anti-
OSE IgM. Finally, in a 50-subject human cohort, CXCR4 expression on the circulating
human CD20+CD27+CD43+ B-1 subset significantly positively associates with the amount
of plasma anti-MDA-LDL IgM, and inversely associates with plaque burden and necrotic
area in human coronary arteries. Overall these data indicate that BM B-1a cells uniquely
contribute to the IgM antibody repertoire, and that their maintenance is governed by
CXCR4, a novel marker associating with protection in human CVD.

METHODS

The authors declare that all study materials and analytic methods are available within the
article and its online supplementary files. The raw data that support the findings of this study
are available from the corresponding author upon reasonable request.

Human subjects

50 human subjects were recruited for study through the Cardiac Catheterization laboratory at
the University of Virginia as previously described33. All participants provided written
informed consent prior to enroliment, and the study was approved by the Human IRB
Committee at UVA.

Intravascular ultrasound (IVUS)

One-vessel IVUS was performed on coronary arteries of 50 participants in accordance with
the American College of Cardiology standards for image acquisition on a non-infarct related
artery, and atheroma burden, maximum stenosis, and plaque composition indices (fibrous,
necrotic, or calcified areas) were quantified as previously described33,

Circ Res. Author manuscript; available in PMC 2020 October 25.
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All animal protocols were approved by the Animal Care and Use Committee at the

University of Virginia. Mice were purchased from Jackson Laboratory or provided by Drs.
Timothy Bender or Gary Owens (University of Virginia) as described in detailed methods.
Mice were fed a standard chow diet (Tekland 7012) or a Western diet (TD.88137, 42% kcal
from fat).

Cell preparations for murine and human flow cytometry

Bone marrow, spleen, peritoneal cavity, and peripheral blood cells were processed for flow
cytometry as previously described > 34, Isolation of human peripheral blood mononuclear
cells was performed as previously described®. Clone and fluorophore information for flow
cytometry antibodies used to FAC-sort or immunophenotype murine B cell subsets are given
in Online Table VI, and those used to immunophenotype human B cell subsets are given in
Online Table VII.

Single-cell sorting and sequencing of the immunoglobulin heavy chain

ELISPOT

B-1a cells were single-cell sorted from bone marrow and peritoneal cavity of five 100-week-
old chow-fed ApoE ™~ mice. cDNA was generated using RT-PCR, then the variable region
of the immunoglobulin heavy chain was amplified using the MsVH{E, MsCUE, and MsCuN
primers using previously described methods (Online Table VI11;3%). PCR products were
sequenced (Genewiz) using the MsV{E primer. Sequences were analyzed using an online
sequence analysis tool, IMGT/HighV-Quest38.

MDA-LDL was either provided by Dr. Sotirios Tsimikas (UCSD), or freshly generated by
modifying human LDL (Kalen Biomedical, LLC). MDA-LDL was used to coat ELISPOT
plates for quantification of anti-MDA-LDL IgM antibody-secreting cells (ASC). ELISPOT
to measure total IgM or MDA-LDL-specific IgM ASC among spleen and bone marrow
single-cell suspensions was performed as described previously®.

ELISA for quantification of total and anti-OSE IgM or IgG isotypes in mice and humans

Total IgM or IgG subtypes in mouse serum or plasma were measured using colorimetric
ELISA as described previously®. Levels of IlgM antibodies specific for MDA-LDL, AB1-2
(anti-idiotypic antibody recognizing E06/T15 specificity), and a-1,3-dextran in mouse
serum or plasma were determined as previously described® 37 38, Levels of IgM or 1gG
against MDA-LDL in human plasma were measured by chemiluminescent ELISA as
previously described 3.

Real-time polymerase chain reaction

Semi-quantitative real-time PCR was performed on a CFX96 Real-Time System (BioRad).
Data were calculated by the AACt method and normalized to 18s ribosomal RNA levels.
Primer sequences are listed in Online Table VIII.

Circ Res. Author manuscript; available in PMC 2020 October 25.
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Retrovirus production

CXCR4-GFP retrovirus was generated using the pMigR1 retroviral vector (provided by Dr.
Timothy Bender, UVA), into which mouse CXCR4 was subcloned. The MigR1 (Ctl-GFP) or
CXCRA4-GFP retroviruses were generated using calcium phosphate transfection in 293T
cells. Viral titer was determined by quantifying the frequency of GFP+ cells 24 hours after
transduction of 3T3 cells.

Retroviral overexpression of CXCR4 on mouse B cells

Mouse peritoneal B cells were enriched using depletion with Miltenyi MACS columns
(details in Online Table IX), and stimulated with TLR9 agonist CpG ODN 1668 (Invivogen)
to induce cell proliferation required for retroviral transduction. Cells were transduced at a
20:1 multiplicity of infection with Ctl-GFP or CXCRA4-GFP retroviral particles. Cells were
FACS-sorted for GFP+ B-1a cells to be used for adoptive transfer. Approximately 30-40%
of B-1a cells were successfully transduced by this method.

Adoptive transfer

Statistics

RESULTS

Non-transduced B-1 cells, or Ctl-GFP transduced B-1a cells, or CXCR4-GFP transduced
B-1a cells were FAC-sorted to better than 99% purity from their parent gate then adoptively
transferred into Ragl™~ ApoE ™~ or CD45.1 ApoE ™~ host mice either intraperitoneally, or
intravenously via retro-orbital injection.

Statistics were performed using GraphPad Prism Version 7.0a (GraphPad Software, Inc) or
SAS 9.4. Results from all replicated experiments are displayed and bar graphs display mean
+ standard error of the mean.

IgM of mature bone marrow B-1a cells is distinct from IgM of peritoneal B-1a cells in
atherosclerotic mice

To characterize the immunoglobulin repertoire of the mature bone marrow B-1a cell
population in the context of atherosclerosis, we utilized 100-week-old chow-fed ApoE™~
mice. B-1a cells from BM and PerC were single-cell sorted and the variable region of the
immunoglobulin heavy chain was sequenced. BM B-1a cells displayed increased diversity at
the V-D and D-J junctions, as evidenced by an increase in N-additions, with 32% of
sequences containing =1 N-additions at both junctions, compared to 2% of PerC B-1a
sequences (P<0.0001 by 2X4 XZ analysis, df=3; Figure 1a). Moreover, the average number
of N-additions at the V-D and D-J junctions, as well as the average sum of N-additions at
both junctions was significantly greater in BM B-1a cells (Figure 1b). Together, these data
indicate increased diversity and a shift away from germline in the BM B-1a immunoglobulin
heavy chain repertoire of aged ApoE~/~ mice as compared to PerC B-1a cells.

Comparison of Vy, D, and Jy gene segment usage revealed marked differences between the
BM and PerC B-1a repertoire, with increased V1, VH2, V{3, VK5, VH6, V{10, VH11,
V{14, Dyl-1, J42, Ju3, and Jy4 gene family usage in BM B-1a cells compared to PerC

Circ Res. Author manuscript; available in PMC 2020 October 25.
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B-1a (Figure 1c). In contrast, PerC B-1a cells showed increased usage of V12, D2, and
Jnul family genes.

Importantly, sequence comparison between PerC and BM B-1a cells revealed that a high
frequency of PerC B-1a cells (92%) and to a lesser extent BM B-1a cells (65%) were
replicate sequences present in more than one B-1a cell in these compartments. Notably, the
sequence of the most common CDR-H3 in the BM, AGDYDGYWYFDV, was also the most
common CDR-H3 sequence in the PerC (Fig. 1d) and other sequences were also common to
both BM and PerC (Online Table I), suggesting that B-1a migration between compartments
could be occuring.

Intriguingly, AGDYDGYWYFDV accounted for 70% of total PerC B-1a sequences, while it
only accounted for 11.6% of total BM B-1a sequences (Fig. 1d), suggesting that selection
pressure driving the presence or survival of B-1a cells expressing AGDYDGYWYFDV is
stronger in the PerC than the BM in aged ApoE ™'~ mice. Additionally, the presence of more
unique CDR-H3 sequences in the BM also suggests that the BM B-1a microenvironment is
more permissive for IgH V diversification.

Mature PerC-derived B-1a cells migrate to the bone marrow and the bone marrow B-1
population does not rely on the spleen

To examine the factors that maintain BM B-1 cells, we first determined whether the BM B-1
population can be replenished by B-1 cells from the circulation. Short-term intravenous
transfer of CD45.2 ApoE ™~ PerC B-1 cells into CD45.1 ApoE~'~ hosts revealed that a small
fraction of the total B-1 population in PerC and spleen were emigrated CD45.2* donor cells,
as expected in immunocompetent hosts with an endogenous B cell compartment (Online
Fig. I). Importantly, CD45.2+ B-1 cells were also present in the bone marrow, indicating that
mature PerC B-1 cells can migrate from the periphery to the BM (Online Fig. I).

The adult PerC B-1 cell population has previously been shown to depend upon the

spleen3: 40, To determine whether the adult BM B-1 cell population relies upon splenic
migrants, we performed sham or splenectomy surgery on ApoE~~ mice and quantified BM
B-1 cell populations after 4 weeks of Western diet feeding (Online Fig. 11a). Bone marrow
B-1a and B-1b cell numbers were not altered by absence of the spleen, suggesting that B-1a
migrants to the BM may come from locations other than the spleen (Online Fig. 11b).

CXCRA4 facilitates mature B-1a migration to the bone marrow

CXCR4 has a well-established role in mediating progenitor cell retention in the BM27, yet
whether CXCR4 is needed for mature B-1a cell homing to BM is unknown. To examine the
role of B cell CXCR4 on B-1a cell BM migration, we developed a B cell-specific CXCR4
knockout mouse model on the atherosclerosis-prone ApoE ™~ background. This is a Cre-Lox
model in which Cre recombinase is under control of the CD19 promoter, thereby deleting
floxed CXCR4 alleles in all B cells (B-1 and B-2). ApoE ™~ mice lacking CXCR4 in B cells
(CXCR4BKOApoE~") display efficient knockdown of CXCR4 mRNA and protein
expression in B cells, and a defect in migratory capacity towards its ligand CXCL12 relative
to littermate control mice that retain expression of CXCR4 (CXCR4WT ApoE~") (Online
Fig. ).

Circ Res. Author manuscript; available in PMC 2020 October 25.
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Adoptive transfer of PerC B-1 cells from CXCR4WT ApoE~"~ or CXCR4BXOApoE ™~ mice
into T- and B cell-deficient Ragl™~ ApoE™'~ hosts (Fig. 2a) revealed that B-1a cells
migrated to both the BM and spleen, however only BM homing was CXCR4-dependent
(Fig. 2b—d). To examine why CXCR4 might preferentially facilitate B-1a migration to the
BM, and how that is altered in an inflammatory state, we compared mMRNA expression of the
CXCR4 ligands, CXCL12 and MIF, as well as another important B cell chemokineg,
CXCL13, in spleen and BM of C57BL/6J and ApoE~/~ mice. Results demonstrate greater
expression of CXCL12 in BM of C57BL/6J and ApoE ™'~ mice compared to spleen, and
increased CXCL12 expression in ApoE~/~ BM compared to C57BL/6J BM (Fig. 2e). MIF
expression was not significantly different between BM and spleen, but was increased in
ApoE~~ mice compared to C57BL/6J (Fig. 2f). CXCL13 expression was significantly
higher in spleen than BM, and was not significantly different between ApoE~~ and
C57BL/6J mice (Fig. 2g). These results provide evidence for differential chemokine
expression in spleen and BM at baseline and in hyperlipidemic states, providing a likely
mechanism for CXCR4-dependent B-1a migration preferentially to the BM over the spleen.

CXCRA4 is critical for maintaining bone marrow B-1a cell number, bone marrow IgM ASC,
and circulating IgM levels

To determine if B cell-specific loss of CXCR4 impacts the endogenous BM B-1a population,
we quantified BM B-1 cells in CXCR4BKOApoE~~ mice by flow cytometry. We identified
B-1 cells as live CD19* IgM* B220Mid-1o CD23~ CD43* cells in the bone marrow and
further classified into B-1a and B-1b subsets based on expression of CD5 (Fig. 3a).
CXCR4BKOApoE~"mice harbor a significant reduction in total B-1 cells in the bone
marrow and blood, but not spleen or peritoneal cavity (Fig. 3b). Importantly, the reduction in
B-1 number in the bone marrow was attributable to a loss specifically in the B-1a subset,
while B-1b numbers were equal between genotypes (Fig. 3c,d). Loss of CXCR4 additionally
reduced the number of CD19*B220MCD23*CD43" B-2 cells in the bone marrow, but did not
impact B-2 cell numbers in blood, spleen, or perC (Online Fig. I\VVa). There were no
significant differences in other immune cell types, including CD3* T cells, CD115*
monocytes, and Ly6G™ neutrophils in the spleen, bone marrow, and blood between
CXCR4WT ApoE~"~ and CXCR4BKOApoE~~ mice (Online Fig. V).

Consistent with fewer BM B-1a cells, total circulating IgM in CXCR4BKXOApoE~~mice was
significantly reduced compared to CXCR4WT ApoE~/~ littermate controls (Fig. 3e). Sort-
purified B-1a and B-1b cells from CXCR4WT ApoE~~ and CXCR4BXOApoE™~ mice
secreted equivalent amounts of IgM after stimulation with LPS, a TLR4 agonist which
induces B-1 cell IgM production (Fig. 3f), indicating that loss of CXCR4 does not reduce
the ability of B-1 cells to produce and secrete IgM. Instead, B cell-specific loss of CXCR4
resulted in reduced numbers of IgM antibody-secreting cells (ASC) and MDA-LDL-specific
IgM ASC in the bone marrow but not in the spleen (Fig. 3g—K). Titers of 1gG1, 1gG2b,
IgG2c, and 1gG3 were not significantly different between CXCR4WT ApoE~~ and
CXCR4BKOApoE™~ mice (Online Fig. IVb—e). Taken together, these data provide evidence
that CXCR4 regulates plasma IgM titers by maintaining the number of IgM antibody-
secreting B-1a cells specifically within the bone marrow.

Circ Res. Author manuscript; available in PMC 2020 October 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Upadhye et al. Page 9

CXCRA4 overexpression associates with increased B-1a localization to the bone marrow
and increased plasma anti-OSE IgM levels

To determine if increasing CXCR4 expression in wild-type B-1a cells could increase
localization to the bone marrow and boost IgM production, CXCR4 was overexpressed in
B-1a cells using a retroviral approach. The generated CXCR4-GFP retrovirus was able to
effectively increase B-1 cell surface CXCR4 expression and functional migration towards
CXCL12 compared to a control (Ctl-GFP) retrovirus (Online Fig. Vla—c), without affecting
B cell viability (Online Fig. VId-e). Ragl~~ApoE~/~ recipient mice were adoptively
transferred with Ctl-GFP+ B-1a cells, CXCR4-GFP+ B-1a cells, or control PBS and fed
Western diet for 16 weeks (Fig. 4a). Donor B-1a cells recovered in the bone marrow and
spleen of recipients given CXCR4-GFP+ B-1a cells maintained increased CXCR4
expression after 16 weeks (Fig. 4b,c). However, the degree of CXCR4 overexpression varied
between mice. Therefore, correlative analysis of the full experimental cohort was performed
to determine the effect of CXCR4 overexpression on donor B-1a cell localization. A positive
association was identified with the MFI of CXCR4 on donor B-1a cells and the number of
donor B-1a cells in the bone marrow but not spleen (Fig. 4d). These data provide further
evidence that CXCR4 expression preferentially mediates B-1a migration to the bone
marrow. Furthermore, the number of donor B-1a cells in the bone marrow positively
associated with circulating levels of IgM against MDA-LDL and a trend towards increased
IgM against phosphocholine (plasma E06/T15 IgM), but not with IgM against a-1,3-
Dextran, a classic T-independent bacterial surface antigen used as a non-OSE type antigen
control (Fig. 4e).

Loss of secreted IgM enhances atherosclerosis in aged ApoE ™~ mice with modest
cholesterol levels

To determine if secreted IgM impacts atherogenesis in a setting relevant to human disease,
we examined atherosclerosis by en face analysis in 80-week-old chow-fed ApoE ™~ mice
lacking secreted IgM (slgM ™). As age has been shown to accelerate atherogenesis*!, one
might consider this model more comparable to a 70-year-old human with
hypercholesterolemia. Aged chow-fed ApoE ™~ sigM~'~ mice had significantly increased
atherosclerosis compared to chow-fed ApoE~'~ controls (Figure 5a,b) and had cholesterol
levels of 421-468 mg/dL (Figure 5e). In contrast, in a typical model of murine
atherosclerosis (young mice fed Western diet for 8 weeks), atherosclerosis did not differ
between genotypes (Fig. 5¢,d). Notably, this model is comparable to a much younger human
and has total cholesterol levels approaching 2000 mg/dL (Fig. 5e), representing an extreme
atherogenic pressure not encountered in human CVD. These findings suggest that typical
murine models of atherosclerosis may not be appropriate for determining if CXCR4
mediates B-1 cell production of anti-OSE IgM and atheroprotection.

CXCR4 expression on human peripheral B-1 cells associates with increased amount of
plasma anti-MDA-LDL IgM antibodies

Accordingly, we turned to a human atherosclerosis cohort to test for association between
B-1 cell CXCR4 expression and anti-OSE IgM and coronary artery disease. We analyzed a
cohort of 50 human subjects presenting to the cardiac catheterization laboratory at the

Circ Res. Author manuscript; available in PMC 2020 October 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Upadhye et al.

Page 10

University of Virginia. We quantified circulating levels of IgM and IgG antibodies specific
for MDA-LDL and CXCR4 expression on circulating B-1 cells (Fig. 6a,b). We used the flow
cytometry strategy originally defined by Rothstein and colleagues  when quantifying the
B-1 population. In this strategy, and for all findings in this report, human B-1 cells are
defined as live, singlet, CD20+CD3-CD27+CD43+ cells. Representative flow cytometry
plots of circulating immune cells from one subject (Fig. 6b,c) reveal a diffuse population of
human B-1 cells, when gated based on an FMO-CD43 control (Fig. 6d). Cell surface
expression of CXCR4 was measured as mean fluorescence intensity (MFI) of CXCR4 on
B-1 cells (Fig. 6e). As the MFI of CXCR4 on B-1 cells was a skewed variable, we
performed log transformation to approximate normality for use in correlative analysis. The
frequency of CD20+CD3-CD27+CD43+ B-1 cells within the total CD20+ B cell population
displayed no significant association with plasma levels of anti-MDA-LDL IgM (Fig. 6f).
Notably, the addition of cell surface expression of CXCRA4 to the analysis of B-1 cells
significantly improved the positive association with amount of plasma anti-MDA-LDL IgM
(Fig. 6f). No associations were identified between anti-MDA-LDL 1gG levels and CXCR4
expression on B-1 cells (Fig. 6f) or anti-MDA-LDL IgG or IgM levels and CXCR4
expression on other peripheral B cell subsets including naive CD20+CD3-CD27-CD43- B
cells and memory CD20+CD3-CD27+CD43- B cells (Online Table II).

CXCRA4 expression on human peripheral B-1 cells inversely associates with plaque volume
and stenosis and indices of plaque instability

Next, we analyzed the relationship between human B-1 CXCR4 expression and plaque
burden and composition in human coronary arteries, as quantified by intravascular
ultrasound and virtual histology (IVUS-VH) (Fig. 7a). Clinical and laboratory characteristics
of this patient cohort are provided in Online Table Ill. Consistent with the positive
association of CXCR4 expression on human B-1 cells with circulating levels of IgM to
MDA-LDL, human B-1 CXCR4 expression showed an inverse association with plaque
burden and stenosis (Fig. 7b,c). Furthermore, while the frequency of circulating B-1 cells
was not significantly associated with plaque burden, stenosis, or plaque characteristics
(Online Table 1V), CXCR4 expression on these B-1 cells demonstrated a trending positive
association with the percentage of fibrous area in plaque and a trending inverse association
with the percentage of necrotic area in plaque (Fig. 7d), indicative of a more stable plaque
phenotype. Additionally, there were no significant associations of B-1 CXCR4 expression
and circulating levels of HDL, LDL, or triglycerides (Fig. 7d). Consistent with these
findings, CXCR4 expression was not different on B cell subsets between age-matched
C57BL/6 mice and hypercholesterolemic ApoE ™~ mice fed chow or Western diet (Online
Fig. VII). Multivariate analysis indicated that CXCR4 expression on human B-1 cells
predicted plaque burden independently of LDL cholesterol, age, or gender in this 50-subject
cohort (B coefficient= —11.33; standard error 3.04; P-value=0.0005). Finally, no significant
associations were seen between human B-1 CXCR4 expression and other CAD risk factors
such as hsCRP, BMI, HbA1c%, or creatinine (Online Table V).
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DISCUSSION

As B-1 cell-derived anti-OSE IgM antibodies have been demonstrated to be
atheroprotective, identifying the factors that regulate their production has potential
therapeutic implications. BM B-1a cells are known to be major contributors to circulating
IgM levels!3. While comparisons in immunoglobulin repertoire and circulatory patterns
between splenic and peritoneal B-1a populations in non-atherosclerotic mice have been
explored16-20. 42-45 |jttle is known about what maintains the BM B-1a population or their
IgM repertoire, particularly in the setting of atherosclerosis. Here we characterize, for the
first time, the immunoglobulin heavy chain repertoire of BM B-1a cells in the context of
atherosclerosis, and find that it is distinct from that of PerC B-1a cells. Moreover, we
identify CXCR4 as a critical factor regulating BM B-1a number, BM IgM ASC number, and
plasma levels of anti-OSE IgM in mice, and further as a novel marker associating with
atheroprotection in humans (Fig. 8).

Previous studies comparing the IgH V region of single cell-sorted or bulk-sorted PerC B cell
subsets from non-immune C57BL/6 or BALB/c-ByJ mice have demonstrated that PerC B-1a
cells have a restricted heavy chain VVDJ repertoire, and lose diversity in VVDJ rearrangements
and gain N-additions with age6: 18. 19 In line with these studies, we found that the PerC
B-1a repertoire from 100-week aged ApoE ™'~ mice was very limited. Some CDR-H3
sequences in our dataset were previously observed on deep sequencing of bulk peritoneal
B-1a cells from young C57BL/6 mice®, supporting the conservation of B-1a sequences.
Notably in aged ApoE~"~ mice, we found that 70% of PerC B-1a sequences utilized one
identical VH12-DH2-JH1 nucleotide sequence that encoded one identical CDR-H3 amino
acid sequence, a significantly higher frequency than previously reported in C57BL/6 mice,
in which two CDR-H3 sequences comprised 43% of total PerC B-1a sequences8.
Strikingly, we also found that N-additions in aged ApoE~'~ PerC B-1a cells were very
limited, with 92% of sequences containing 0 N-additions at both V-D and D-J junctions.
These data contrast with previous studies, which showed that PerC B-1a from 7-24 month
old BALB/c-ByJ mice contained 28% of sequences with 0 N-additions!%, and from 12-
week-old C57BL/6 mice that contained ~60% of sequences with no N-additions!®. These
differences may be due to differences in mouse background, vivarium conditions, or perhaps
the heightened inflammatory microenvironment of the 100-weeks-aged ApoE ™~ mouse,
which may drive preferential selection for germline sequences in the PerC.

In contrast, our novel BM B-1a repertoire data in aged ApoE ™'~ mice reveals significantly
more N-additions and fewer replicate sequences, indicating a shift away from germline and
increased antibody diversity compared to PerC B-1a. Despite this diversity, some CDR-H3
sequences were common to both BM and PerC B-1a cells. It remains undetermined whether
the adult BM B-1a population is maintained by circulating B-1a cells from PerC or
elsewhere, or from resident adult BM B-1 cell progenitors, or both. On one hand, the
commonalities seen between PerC and BM B-1a sequences raise the intriguing hypothesis
that certain B-1 cell clones preferentially migrate to the BM for antibody production.
Consistent with this hypothesis, our data utilizing adoptive transfer of B-1a cells either
overexpressing or deficient in CXCR4 demonstrate that PerC-derived mature B-1a cells
traffic to the BM in a CXCR4-dependent manner. Alternatively, the differences observed
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between PerC and BM B-1a IgH V sequences suggest that niche-specific signals within the
BM may also permit antibody repertoire diversification.

The most frequently utilized CDR-H3 in both BM and Perc B-1a was AGDYDGYWYFDV,
a sequence previously observed to be associated with binding to phosphatidylcholine(PtC)18,
Prior studies by Witztum and colleages have demonstrated that another PtC-binding
antibody binds oxidized LDL and specifically, the phosphocholine (PC) head group present
on PtC and oxidized phospholipids'8. Our finding of high prevalence of
AGDYDGYWYFDV in PerC and BM B-1a cells of aged ApoE ™/~ mice, coupled with the
known abundance of PC-containing oxidized phospholipids in atherosclerosis23 leads us to
speculate that the hyperlipidemic conditions in ApoE~/~ mice may drive preferential
selection and expansion of IgM antibodies against PC and perhaps other OSE.

We additionally provide evidence that B-1a cell trafficking to the BM likely does not depend
on B-1a cell migration from the spleen, as splenectomy does not alter B-1 cell numbers
within the BM. Instead, the preferential expression of CXCL12 in the BM and CXCL13
expression in the spleen may guide B-1 cells with varying expression of CXCR4 or CXCR5
(receptor for CXCL13), to the BM or spleen, respectively. We found that CXCR4 expression
on B cell subsets remains constant between C57BL/6, ApoE ™'~ chow-fed and ApoE -
Western diet-fed mice. Future analysis of CXCRS5 expression, or the ratio of
CXCR4:CXCR5 on B-1 cells, may further help delineate additional trafficking patterns of
B-1 cells.

To examine the relationship between B-1 CXCR4 expression and atherosclerosis, we
utilized a human CVD cohort. We chose this approach due to significant caveats of available
murine models, including the lack of B-1a-specificity in the CXCR4BXOApoE~~ model, and
the marked hyperlipidemia and immunodeficient setting of the Western diet-fed Rag1~/~
ApoE~'~ model. While a protective role for B-1 cells in murine atherosclerosis is well
established, translating these findings to humans has been challenging. The human
equivalent of the murine B-1 cell has remained elusive due to its distinct cell surface
phenotype and low frequency in peripheral blood 46. Since its initial discovery, controversy
has existed on the difference between human B-1 cells and plasmablasts (PB) or pre-
plasmablasts (pre-PB) 47, though Rothstein and colleagues have since demonstrated that the
CD20+CD27+CD43+ B-1 subset differs from pre-PB and PB based on CD38 expression,
transcriptional profiling, antibody repertoire, and other characteristics 12. Additionally,
differential expression of CD11b on the CD27+CD43+ B-1 population has been shown to
associate either with increased IgM production (CD11b- human B-1) or increased I1L-10
production and capacity to modulate T cells (CD11b+ human B-1)11. This suggests that a
deeper heterogeneity within the CD27+CD43+ B-1 subset exists, and additional surface
markers may correlate with functional differences. We found in a 50-subject human cohort
that B-1 CXCR4 expression significantly positively associated with plasma levels of IgM to
MDA-LDL, echoing our murine findings that CXCRA4 is critical for maintaining circulating
anti-OSE IgM levels.

Advances in coronary artery imaging, such as the use of IVUS-VH, have also improved our
abilities to translate murine discoveries to humans. By utilizing IVUS-VH to quantify
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coronary artery plaque volume and characteristics, we provide the first evidence that B-1
CXCR4 expression inversely associates with plaque burden and stenosis, and positively
associates with a more stable plaque phenotype. These correlations support a hypothesis in
which CXCR4 directs B-1 migration to sites of IgM antibody production like the bone
marrow, thereby increasing circulating anti-OSE IgM levels that can modify plaque
phenotype and reduce plaque burden.

In sum, this report provides novel findings demonstrating a distinct IgM repertoire between
PerC and BM B-1a cells in the setting of atherosclerosis, and niche-specific differences in
CXCR4-dependent B-1a cell maintenance and IgM production. Furthermore, our initial
proof-of-concept study overexpressing CXCR4 on B-1a cells in vivo provides a rationale for
future studies investigating whether modulating chemokine receptor expression in a targeted
manner can have therapeutic potential. Our initial findings in a 50-subject cohort, coupled
with our novel murine findings that production of circulating IgM to OSE and B-1a
homeostasis depends on CXCR4, underscore the need for larger studies examining the
association between human B-1 CXCR4 expression and plaque characteristics.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Nonstandard abbreviations and Acronyms

ASC Antibody-secreting cell

BM Bone marrow

CDR-H3 Complementarity determining region 3 of the heavy chain

CXCR4BKOApoE~- ApoE knockout mice with B cell-specific knockout of
CXCR4

CXCR4WT ApoE~/~ Wild-type littermates to CXCR4BKOApoE~~ mice

CvD Cardiovascular disease

FACS/MACS Fluorescence or Magnetic Activated Cell Sorting

FMO Fluorescence minus one control
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IgHV Variable region of the immunoglobulin heavy chain
IVUS-VH Intravascular ultrasound and virtual histology
LPS Lipopolysaccharide
MDA-LDL Malondialdehyde-modified low density lipoprotein
N-additions Non-template-encoded nucleotide additions
OSE Oxidation-specific epitope
PC Phosphocholine
PerC Peritoneal cavity
PtC Phosphatidylcholine
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NOVELTY AND SIGNIFICANCE
What Is Known?

. IgM antibodies against oxidation-specific epitopes (OSE), like
malondialdehyde(MDA)-modified LDL are associated with atheroprotection
in mouse models and in human patients with cardiovascular disease (CVD).

. Bone marrow (BM) B-1a cells contribute significantly to amount of plasma
IgM.
. The putative human B-1 cell subset was previously identified as a

CD20+CD3-CD27+CD43+ population in the circulation.
What New Information Does This Article Contribute?

. The repertoire of IgM expressed by BM B-1a cells is unique and displays
greater heterogeneity compared to B-1a cells in the peritoneal cavity, where
B-1 cells are found in abundance but where IgM secretion is low.

. The chemokine receptor CXCR4 regulates BM B-1a cell number in mice
through mediating B-1a trafficking to the BM, and consequently sustains IgM
production in the bone marrow.

. CXCR4 expression on human B-1 cells associates with increased amount of
plasma anti-MDA-LDL IgM antibodies and decreased atherosclerosis in
human coronary arteries.

B-1 cells in mice and humans produce atheroprotective anti-OSE IgM antibodies. While
BM B-1a cells contribute significantly to overall plasma IgM titers, little is known about
what mechanisms maintain the BM B-1a population. Here we show that CXCR4 is
necessary for maintaining B-1a and IgM secreting-cell number in the BM, and
consequently plasma IgM levels. Moreover, we find that the repertoire of IgM expressed
by BM B-1a cells during atherosclerosis is unique and displays greater heterogeneity than
that of peritoneal cavity B-1a cells. Certain IgM sequences were commonly expressed by
both peritoneal cavity and BM B-1a cells, suggesting that B-1a migration between
compartments may be occurring. We show that, indeed, CXCR4 mediates the migration
of peritoneal B-1a cells to the BM. Finally, in 50 human CVD subjects, CXCR4
expression on the putative human B-1 subset associated with increased levels of plasma
anti-MDA-LDL IgM antibodies and less coronary artery plaque burden. These findings
highlight a previously underappreciated diversity in human and murine B-1 cell
populations and identify CXCR4 as a novel biomarker associating with protection in
human CVD. Moreover, these results suggest that a targeted approach for limiting
atherosclerosis via increasing B-1 CXCR4 expression may be relevant to humans.
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Figure 1. The bone marrow B-1a cell IgH V repertoire is distinct from the peritoneal B-1a cell

IgH V repertoire.

(a) Percentage of total sequences with 0 N-additions at both V-D and D-J junctions (lower
left), 1 or more N-additions at both junctions (upper right), or one or more N-addition at
either the V-D or D-J junction (upper left or lower right) in the variable region of the
immunoglobulin heavy chain of sorted bone marrow or perC B-1a cells. (b) Average number
of N-additions at either the V-D junction, the D-J junction, or the average sum of N-
additions at both junctions in sorted bone marrow and peritoneal cavity B-1a cells. P<0.0001
by Mann-Whitney test. (c) Frequency of total sequences utilizing the given Vy, D, and Jy
gene segments in the variable region of the immunoglobulin heavy chain from single cell-
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sorted B-1a cells from peritoneal cavity (black bars) or bone marrow (checkered bars) of
100-week-old chow-fed ApoE ™~ mice. ****P<0.0001, **P<0.01, or *P<0.05 by 2x2 Xz
analysis, df=1. (d) VDJ usage, CDR-H3 amino acid sequence, and number and frequency of
replicates for the top three most frequent replicate sequences found in sorted PerC or BM
B-1a cells.
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Figure 2. B-1a cells traffic to the bone marrow in a CXCR4-dependent manner.
(a) Experimental schematic for short-term adoptive transfer. (b) Representative gating

strategy from one bone marrow sample per transfer condition for quantification of
adoptively transferred B-1 cells in Ragl~~ApoE~~ mice receiving control PBS (n=1) or
7.5x10° CD19* B220'° IgM* CD23~ peritoneal cavity B-1 cells from CXCR4WT ApoE~/~
(n=3) or CXCR4BKO ApoE~/~ (n=3) donor mice. Quantification of the number of donor
B-1a cells (CD19IgM*CD23~CD5*) recovered in bone marrow (c) and spleen (d) of
Rag1~~ ApoE~" recipient mice 3 hours post-intravenous transfer. *P<0.05 or n.s. indicates
non-significant p-value by Kruskal-Wallis test. Quantification of CXCL12 (e), MIF (f), and
CXCL13 (g) mRNA expression normalized to 18s ribosomal RNA expression in total bone
marrow and spleen single cell suspensions isolated from C57BL/6 mice (n=5) or ApoE~/~
mice (n=5) ***P<0.001, **P<0.01, *P<0.05 or n.s. indicates non-significant p-value by one-
way ANOVA with Tukey’s multiple comparisons test. Error bars represent mean + s.e.m.
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Figure 3. CXCR4 is critical for maintaining bone marrow B-1a cell number, bone marrow IgM
ASC, and circulating IgM levels in ApoE™ ™ mice.

(a) Representative gating strategy for quantification of bone marrow B-1 cells by flow
cytometry. (b) Quantification of B-1 cells from the bone marrow, blood, spleen, and
peritoneal cavity of 8-week-old CXCR4WT ApoE~~ (n=6) or CXCR4BKO ApoE~/~ (n=8)
mice using flow cytometry. (c) Quantification of B-1a and B-1b cell number in bone marrow
of CXCR4WT ApoE~~ (n=6) and CXCR4BKO ApoE~~ (n=8) mice. (d) Representative flow
plots of B-1a and B-1b gating from bone marrow of CXCR4WT ApoE~'~ or CXCR4BKO
ApoE~~ mice. (e) Calculated concentration of total IgM in sera of 8-week-old CXCR4WT
ApoE~~ (n=10) or CXCR4BKO ApoE~/~ (n=10) mice. (f) Fold change in concentration of
IgM in supernatants of cultured peritoneal B-1a or B-1b cells from CXCR4WT ApoE~~
(n=5) or CXCR4BKO ApoE~'~ (n=6) mice in response to 50 pug/mL LPS over the amount
secreted in response to control PBS. (g) Representative ELISPOT wells depicting IgM
antibody-secreting cells (ASC) from bone marrow and spleen of 8-week-old CXCR4WT
ApoE~~ or CXCR4BKO ApoE~'~ mice. Calculated numbers of IgM ASC in bone marrow
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(h) and spleen (i) of 8-week-old CXCR4WT ApoE~/~ (n=6) or CXCR4BKO ApoE~/~ (n=6)
mice. Calculated numbers of anti-MDA-LDL IgM ASC in bone marrow (j) and spleen (k) of
8-week-old CXCR4WT ApoE~"~ (n=6) or CXCR4BKO ApoE~~ (n=6) mice. Error bars
represent mean * s.e.m. *P<0.05, **P<0.01, ***P<0.001, or n.s. indicating non-significant
p-value by Mann-Whitney test.
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Figure 4. Overexpression of CXCR4 in murine B-1a cells associates with increased B-1a cell
localization to the bone marrow and increased plasma anti-OSE IgM levels.

(a) Experimental setup: Peritoneal B cells from CXCR4 wild-type CD45.1 allotype ApoE ™/~
mice were transduced with CXCR4-GFP or Ctl-GFP retrovirus and 1x10° successfully
transduced B-1a cells were intravenously transferred into Rag1~/~ApoE~~ hosts, which
were fed 16 weeks of Western diet. Quantification of the mean fluorescence intensity (MFI)
of CXCR4 on recovered CD45.1*GFP* donor B-1a cells in bone marrow (b) or spleen (c) of
Ragl~/~ApoE~'~ mice receiving CXCR4-GFP+ B-1a cells (n=5) or Ctl-GFP+ B-1a cells
(n=6) after 16 weeks Western diet feeding. *P<0.05 or **P<0.01 by Mann-Whitney test. (d)
The MFI of CXCR4 on donor B-1a cells correlated with the number of donor B-1a cells in
bone marrow or spleen of Ragl~/~ApoE ~recipient mice after 16 weeks Western diet
feeding. N=11 mice. (e) The number of donor B-1a cells in bone marrow correlated with
circulating levels of anti-MDA-LDL IgM, E06/T15 IgM specific for phosphocholine, or
anti-1,3-Dextran IgM after 16 weeks Western diet feeding. Data presented as correlation
coefficient (r) and statistical significance (p).
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Figure 5. Loss of secreted IgM enhances atherosclerosis in aged ApoE‘/' mice with modest
cholesterol levels.

Representative images (a) and quantification (b) of Sudan-1V+ lesion area in aortas from 80-
week-old ApoE~'~ (n=4) and sigM~~ApoE~~ (n=6) mice fed normal chow diet.
Representative images (c) and quantification (d) of Sudan-1V+ lesion area in aortas from 16-
week-old ApoE~"~ (n=9) and sigM~/~ApoE~"~ (n=9) mice fed 8 weeks of Western diet.
*P<0.05 or non-significant (n.s.) by Mann-Whitney test. (e) Total cholesterol levels in ApoE
=/~ and sigM~"~ApoE~/~ mice fed 8 weeks of Western diet or 80 weeks normal chow diet.

Circ Res. Author manuscript; available in PMC 2020 October 25.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Upadhye et al.

Page 26

Flow cytometry on peripheral blood mononuclear cells
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Figure 6. CXCR4 expression on peripheral human B-1 cells associates with increased circulating
amounts of anti-MDA-LDL IgM antibodies.

(a), A 50-subject human cohort was analyzed for circulating anti-MDA-LDL IgM or IgG
antibody levels and CXCR4 expression on peripheral blood B cell subsets. (b)
Representative flow cytometry of peripheral blood mononuclear cells subset into CD20+ B
cells and CD3+ T cells. (c) CD20+ B cells further subset into CD27+CD43+ B-1 cells. (d)
FMO minus CD43 control used to set CD43 positivity. (e) Representative histograms
depicting CXCR4 expression on the CD27+CD43+ B-1 subset from an FMO minus CXCR4
control (blue histogram) or a representative patient sample (red histogram). Dashed lines
indicate mean fluorescence intensity (MFI) of CXCRA4. (f) The percentage of
CD20+CD3-CD27+CD43+ B-1 cells of total CD20+ B cells, or CXCR4 expression on B-1
cells (log(MFI CXCR4)) correlated with circulating amounts of anti-MDA-LDL IgM or IgG
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antibodies in 50 subjects. Correlation data presented as correlation coefficient (r) and
statistical significance (p).
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Figure 7. CXCR4 expression on peripheral human B-1 cells associates with decreased plaque
volume and protected plaque phenotype.

(a) Plaque burden, stenosis, and composition were measured in human coronary arteries by
intravascular ultrasound (IVVUS) and virtual histology (VH). (b) Correlation plot of plaque
burden with CXCR4 expression on B-1 cells (log(MFI CXCR4)) in 50 subjects. (c)
Correlation plot of maximum stenosis with CXCR4 expression on B-1 cells (log(MFI
CXCR4)) in 50 subjects. (d) Associations between CXCR4 expression on peripheral human
B-1 cells and plaque burden, stenosis, plaque characteristics, or plasma cholesterol levels in
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50 subjects. Data presented as correlation coefficient (r) and False Discovery Rate (FDR)-
corrected statistical significance (p). *P<0.05 for FDR-corrected p-values.
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Figure 8. CXCR4 mediates atheroprotective IgM production in the bone marrow, a niche
permissive for a unique repertoire of IgM antibodies.

In mice (left), the BM IgH V repertoire is distinct and diversified compared to B-1a cells in
the peritoneal cavity. The IgH V repertoire displayed by BM B-1a cells contains increased
VH1 gene segment usage, more N-additions, and a greater frequency of unique CDR-H3
sequences, resulting in greater IgH V repertoire diversity. The BM B-1a compartment is
maintained by CXCR4, as loss of CXCR4 results in reduced B-1a migration to the BM and
decreased anti-OSE IgM production in the BM. Conversely, overexpression of CXCR4
results in increased B-1a migration to the BM and increased anti-OSE IgM levels. In
humans (right) CXCR4 expression on the human B-1 cell subset associates with increased
circulating IgM, decreased atherosclerotic plaque burden, and a protected plaque phenotype
in coronary arteries.
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