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Immunoglobulin M (IgM) to oxidation specific epitopes (OSE) are inversely associated with
atherosclerosis in mice and humans. The B-1b subtype of B-1 cells secrete IgM to OSE,
and unlike B-1a cells, are capable of long-lasting IgM memory. What attributes make B-1b
cells different than B-1a cells is unknown. Our objectives were to determine how B-1b
cells produce more IgM compared to B-1a cells at homeostatic condition and to see the
differences in the B-1a and B-1b cell distribution and IgM CDR-H3 sequences in mice with
advanced atherosclerosis. Here, in-vivo studies demonstrated greater migration to
spleen, splenic production of IgM and plasma IgM levels in ApoE”"Rag1”™ mice
intraperitoneally injected with equal numbers of B-1b compared to B-1a cells. Bulk
RNA seq analysis and flow cytometry of B-1a and B-1b cells identified CCR6 as a
chemokine receptor more highly expressed on B-1b cells compared to B-1a. Knockout of
CCRG6 resulted in reduced B-1b cell migration to the spleen. Moreover, B-1b cell numbers
were significantly higher in spleen of aged atherosclerotic ApoE”" mice compared to
young ApoE”~ mice. Single cell sequencing results of IgHM in B-1a and B-1b cells from
peritoneal cavity and spleen of atherosclerotic aged ApoE”~ mice revealed significantly
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more N additions at the V-D and D-J junctions, greater diversity in V region usage and
CDR-H3 sequences in B-1b compared to B-1a cells. In summary, B-1b cells
demonstrated enhanced CCR6-mediated splenic migration, IgM production, and IgM
repertoire diversification compared to B-1a cells. These findings suggest that potential
strategies to selectively augment B-1b cell numbers and splenic trafficking could lead to
increased and more diverse IgM targeting OSE to limit atherosclerosis.
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B-1b Functionally Distinct Than B-1a

INTRODUCTION

IgM antibodies that bind to oxidation-specific epitopes (OSE),
such as oxidized phospholipids (OxPL) and malondialdehyde
(MDA), were discovered over two decades ago. They bind to and
block the uptake of oxidized low-density lipoproteins (OxLDL)
by macrophages, recognize similar epitopes on apoptotic cells
and their levels are increased in hyperlipidemic mice (1-3). Yet
translating these findings into effective approaches for
inflammatory diseases fueled by OSE, such as nonalcoholic
steatohepatitis (4) and atherosclerosis (5), remains to be
established. In that regard, a better understanding of the
cellular and molecular mechanisms regulating the production
of IgM to OSE is needed.

In mice, 80% of the IgM produced comes from B-1 cells (6).
In contrast to conventional B-2 cells, B-1 cells are mainly derived
from fetal liver. However, Montecino-Rodriguez et al. identified
B-1 cell precursors in the bone marrow of adult mice as another
source for B-1 cells (7). B-1 cells predominantly reside in serosal
cavities, persist throughout life by self-renewal and produce
natural IgM with fewer non-template encoded nucleotides in
an antigen and T cell-independent manner (8-10). B-1 cells are
characterized as CD19"B220'°CD23~CD43* IgM"™IgD'"®, B-1 cells
are further divided into two subtypes based on cell surface
expression of CD5 (CD5" B-1a and CD5™ B-1b cells) (11). The
prototypical natural antibody, T15, described more than 40 years
ago recognizes phosphocholine (PC) antigens on the cell wall of
many bacteria (2, 12, 13). Interestingly IgM antibodies found in
adipose tissue, atherosclerotic lesions, and plasma from
hyperlipidemic mice bear the same classical natural T15
idiotype, anti-PC antibody produced by B-1 cells that provide
optimal protection to mice from pneumococcal infection (2, 14-
18). As discovery of B-1 cells began with the identification of
CD5 (Ly-1) on the surface of cancerous B cells in patients with B
cell chronic lymphocytic leukemia (19, 20), the presence of CD5
on murine B cells that were long-lived, self-renewing, producers
of polyreactive IgM antibodies has been regarded by many as
synonymous with murine B-1 cells. However, it has recently been
shown that CD5- B-1 cells (B-1b) produce atheroprotective IgM
to OSE in a T cell-independent manner and attenuate
diet-induced atherosclerosis in mice (21).

Earlier work on B cell ontology and in infection responses
provided evidence that B-1a and B-1b cells are phenotypically,
developmentally (9, 11, 22) and functionally distinct (23, 24).
Notably, in contrast to B-1a cells, B-1b cells could provide T cell
independent long-lasting IgM memory to specific infectious
pathogens providing protection from subsequent lethal
infection (23-27). Despite these suggestions of a unique and
important role for B-1b cells, their phenotype and functional
roles in the context of age-related inflammatory diseases such as
atherosclerosis are poorly understood.

Here we provide evidence that B-1b cells have greater
trafficking to the spleen and IgM production compared to B-1a
cells. RNAseq and flow cytometry identify the chemokine
receptor CCR6 with significantly higher expression in B-1b
compared to B-la cells and demonstrate distinct Ighv region
usage for IgM between these two subtypes. A deeper analysis of

VD] usage of single B-1a and B-1b cells sorted from advanced
atherosclerotic aged ApoE”" mice revealed significantly more
N-region nucleotides and greater diversification of V region
usage in B-1b compared to B-1a cells in both peritoneal cavity
(PerC) and spleen. Moreover, this diversification/heterogeneity
is higher in splenic B-1b cells compared PerC B-1b cells
suggesting that the splenic environment is important for the
development of antigen specific IgM production from B-1b cells
in advanced atherosclerosis.

RESULTS

B-1b Cells Have Greater Trafficking to
Spleen and IgM Production Compared

to B-1a Cells

Previous data from our lab demonstrated that B-1b cells produce
more IgM than B-1a cells in vivo (21). Whether this might be due
to differences in survival after injection into the PerC or
trafficking to antibody-producing sites is unknown. To address
this question, equal numbers (1x10° cells) of FACS-purified PerC
B-1a or B-1b cells from ApoE”" mice were intraperitoneally (IP)
injected into B and T cell deficient ApoE” Ragl”" mice
(Figure 1A). Flow cytometry analysis of cells in the PerC and
spleen of these mice 5 weeks later revealed that the majority of
the transferred B cells resided in their homeostatic niche in the
PerC. The number of adoptively transferred B cells in the PerC
were not different between B-la or B-1b recipient mice,
suggesting equal survival. However, there was a significantly
greater number of adoptively transferred B cells in the spleen of
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FIGURE 1 | B-1b cells produce more IgM than B-1a cells in vivo, likely due
to greater accumulation in the spleen. (A) Schematic representation of the
experiment. FACS sorted B-1a or B-1b cells from ApoE”" mice were
adoptively transferred (100,000 cells/mouse) into ApoE” ’RagT/ "~ mice via
intraperitoneal injection. (B) Adoptively transferred (AT) cells were quantified in
peritoneal cavity (PerC) and spleen by flow cytometry and (C) IgM secreting
cells were quantified in spleen after five weeks of cell transfer. (D) Secreted
IgM levels in the plasma were measured after five weeks of cell transfer. B-1a
transferred mice (n=3) and B-1b transferred mice (n=5). Data from single
experiment. Results are represented in mean + SEM, unpaired t-test
performed. *p < 0.05, *p < 0.01.
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B-1b cell recipients compared to B-la recipients (Figure 1B).
This data suggests that PerC B-1b cells demonstrate greater
trafficking to the spleen compared to B-la cells. ELISPOT
analysis of splenic cells supports the flow data, as more IgM
secreting cells accumulated in spleens of mice after B-1b
compared to B-la cell transfer (Figure 1C). Moreover,
consistent with our previously published data (21), mice that
received B-1b cell transfer had significantly higher levels of
plasma IgM compared to mice with B-la cell transfer
(Figure 1D). To determine if there were differences in the
amount of IgM produced by B-1a and B-1b cells from PerC
and spleen, equal numbers ofsort-purified B-1a and B-1b cells
from 10 weeks old ApoE”" mice were cultured for 72 hrs without
any exogenous stimulation and total secreted IgM in the culture
media was quantified by ELISA. There was minimal IgM
measured in the culture media from either B-1 subtype from
the PerC. However, B-1b cells spontaneously produced
significantly more IgM than B-1a cells when derived from the
spleen (Supplement Figure 1).

Chemokine Receptor-6 Regulates B-1b
Cell Migration to Spleen

To determine key differences in gene expression of B-la and
B-1b cells, bulk RNAseq of FAC sort purified PerC B-1a and B-
1b cells (PerC gating in Supplement Figure 1A) was performed.
A total of 13,215 genes were expressed with the majority of them
being common to both B-1a and B-1b and 1325 genes (10% of
total genes) being differentially expressed (FDR < 0.05, and log,
(FC) < or > 1) (Supplementary Table 1). The volcano plot
highlights some of the differentially expressed genes with Bla
(blue) and Blb cells (orange) (Figure 2A). B-1b cells express
unique gene expression signatures compared to B-la cells with
increased expression of Sgstml or p62, chemokine receptor-6
(CCR6), CCR7 and immunoglobulin heavy chain (Ighv) genes.
Notably, canonical pathway analysis showed that, B-1b cells
express genes that are involved in CCR6 signaling pathway

13215 (total) 1325 differentially expressed genes
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FIGURE 2 | CCR6 expression as well as CCR6 signaling are likely enriched
in B-1b cells compared to B-1a cells. (A) Volcano plot of differentially
expressed genes (FDR < 0.05 and log,(FoldChange) > or < 1) enriched in
B1a (blue) and B-1b (orange) obtained from bulk RNA sequencing with n = 3
for each group. Arrow indicates CCR6 gene. (B) Canonical pathway analysis
of differentially expressed genes enriched in B-1a (blue, z- activation score < 0)
and B1b (orange, z-activation score > 0) obtained from bulk RNA sequencing.

(Figure 2B). Our recent study demonstrated that CCR6 is
highly expressed on splenic total B-1 cells compared to total
B-1 cells from PerC (28). Since B-1b cells express high levels of
CCR6, this CCR6 may regulate the recruitment of B-1b cells to
the spleen.

To determine if the CCR6 protein has greater expression in
B-1b compared to B-1a cells, we analyzed surface expression of
CCR6. Flow cytometry data demonstrated significantly higher
percentages of B-1b cells were CCR6" compared to B-1a cells in
PerC and spleen (Figure 3A). Moreover, the geometric mean of
CCR6 expression on B-1b cells was significantly higher
compared to B-la cells in the PerC and spleen (Figure 3B).
Next, to understand whether CCR6 regulates B-1b cell migration
to spleen, we performed adoptive transfer experiments. Two
hundred fifty thousand B-la or B-1b cells were FACS sorted
from CCR6"* and CCR6” mice and adoptively transferred
into B and T cell deficient Ragl”™ mice via tail vein injection.
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FIGURE 3 | B-1b cells express high amounts of surface expression of CCR6
and this CCR6 is important for B-1b cell migration to spleen. (A) Frequency of
CCR6" B-1a and B-1b cells in PerC and spleen (n=4 mice). (B) quantification of
geometric mean (GM) of CCR6 expression on B-1a and B-1b cells in PerC and
spleen (n=4 mice). Data is from single experiment. (C) Schematic representation
of the experiment. FACS sorted B-1a or B-1b cells from CCR6"™* and CCR6”
mice were adoptively transferred (250,000 cells/mouse) into Rag1”” mice via tail
vain injection. (D) Adoptively transferred (AT) B cells from live single cells were
quantified in peritoneal cavity (PerC), blood and spleen by flow cytometry. Data
is from two independent experiments (n=7 mice/group). Results are represented
in mean + SEM, unpaired Mann-Whitney test was performed. *p < 0.05,

*p < 0.01, *™p < 0.001.
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After 48 hrs, CD19"IgM " cells from PerC, blood, and spleen were
quantified (Figure 3C). Presence of the adoptively transferred B
cells was observed in the PerC, blood, and spleen of Ragl™” mice
(Supplement Figure 2). There was no difference in CD19" IgM"
cell numbers in the PerC or blood of mice adoptively transferred
with B-la or B-1b cells from CCR6™* and CCR6” mice.
However, CCR6 deficiency significantly reduced B cell
numbers in the spleen compared to mice that received B-1b
cells from CCR6""* mice. This effect of CCR6 deficiency was not
observed in B-la cells (Figure 3D), providing evidence, that
CCRG6 regulates B-1b but not B-1a cell recruitment to the spleen.
Notably, while the numbers B-1b cells in the spleens after
transfer from CCR6”" mice was statistically reduced (p=0.037)
compared to transfer with CCR6"™", there was still evidence for
trafficking to the spleen in the absence of CCR6, suggesting that
other chemokine receptor may also play a role in B-1b cell
splenic trafficking.

The Spleen Harbors Higher Numbers of
B-1b Cells in Aged Mice With Advanced
Atherosclerosis Compared to Young Mice
Next, to understand how age might effect B-1a and B-1b cell
distribution in PerC, and spleen, flow cytometric analysis was
performed in 10- and 100-week-old, chow diet fed ApoE”" mice.
100-week-old, chow diet fed ApoE”" mice develop advanced
atherosclerosis (Supplemental Figure 3A) (29, 30). Flow
cytometric data clearly showed that percentages and numbers
of B-1a cells were increased and percentages and numbers of B-

>
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FIGURE 4 | B-1a and B-1b cell distribution in PerC and spleen tissue
compartments of both 10- and 100-week-old ApoE”" mice. B-1a (CD19",
B220'°%, CD5*, IgM*) and B-1b (CD19", B220"°", CD5", IgM*) cell
frequencies and numbers were quantified by using flowcytometric analysis in
PerC (A, C) and spleen (B, D) tissue compartments of both 10-week (n=6-8
mice) and 100-week-old (n=6 mice) ApoE" ’* mice. Data from two independent
experiments. Results are represented in mean + SEM, unpaired Mann-
Whitney test was performed. **p < 0.01, **p < 0.001.

1b cells were significantly reduced in PerC of 100-week-old mice
compared to 10-week-old mice (Figures 4A, C). In the spleen,
there was significant reduction of B-1a percentages in 100-week-
old mice compared to 10-week-old mice (Figure 4B). However,
there was no difference in B-1a cell numbers between 10- and
100-week-old mice. Intriguingly, B-1b cell percentages and
numbers were significantly increased in the spleen of 100-
week-old mice compared to 10-week-old mice (Figures 4B,
D). This data suggests that B-1b cells may be more likely to
leave the PerC and migrate to the spleen with aging. We cannot
rule out that this age-related change in B-1b cells in the spleen is
due to prolonged hyperlipidemia, however we do not see
differences in B-la and B-1b cells percentages in either the
PerC or the spleen with hyperlipidemia at homeostasis
(Supplemental Figure 4).

B-1b Cells Have Distinct IgHV Repertoires
for IgM in Aged Mice With Advanced
Atherosclerosis in Both the

PerC and Spleen

Compared to B-1a cells, B-1b cells produce more OSE specific
IgM in vivo (21). PerC B-1b cells express distinct IgH
V repertoire compared to B-la cells of young C57BL6 mice
(31). However, how IgH V repertoire diversity changes between
B-1 subsets in PerC and spleen in aged hyperlipemic mice with
advanced atherosclerosis is unknown. To determine whether
B-1Db cells display heterogeneity at the level of the B cell receptor
in aged atherosclerotic mice, we sequenced the IgM heavy chain
variable region (IgMVy) of sorted single B-1a and B-1b cells
from the PerC and spleen of 100-week-old, chow-fed ApoE”
mice (Supplement Figure 3). First, we compared PerC B-1b IgM
repertoire data with our recently published PerC B-1a data (32)
from the same mice. Results provide the first evidence of B-1a
and B-1b heterogeneity in the IgM repertoire in PerC in aged
atherosclerotic mice. PerC B-1b cells displayed significantly more
N-additions, with 27% of sequences containing >1 N-addition at
both junctions and low frequency of sequences (35%) containing
0 N-addition at both junctions compared to 1.5% and 92% of
sequences respectively in PerC B-1a cells (P<0.0001 by 2x4 x*
analysis) (Figure 5A). Intriguingly, splenic B-1b cells contained
even more N-additions than PerC B-1b, with 44% of sequences
containing >1 N-addition at both junctions (P<0.001 by 2x4 *
analysis compared to PerC B-1b (27%); Figure 5A). Splenic B-1a
cells also displayed frequent N-additions, with 44% of sequences
containing >1 N-addition at both junctions, yet a large fraction
(39%) of splenic B-1a sequences also contained 0 N-additions at
both junctions (P<0.0001 by 2x4 x* analysis compared to Spleen
B-1b (12%); Figure 5A). Furthermore, quantifying the number
of N-additions in PerC B-1a sequences indicated an average sum
of 0.26 N-additions at the V-D and D-] junctions in PerC B-1la
cells (32) (Figure 5B), in accordance with the finding that many
PerC B-1a sequences lacked N-additions completely. In contrast,
PerC B-1b, splenic B-1b, and splenic B-1a sequences contained
significantly more N-additions compared to PerC B-1a cells, with
splenic B-1b cells containing the highest number of N-additions
at both the V-D junction, D-] junction, and sum of both
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FIGURE 5 | B-1b cells have distinct IgHV repertoires for IgM in aged atherosclerotic ApoE”” mice. (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 B-1a and B-1b cells from PerC and spleen. (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 PerC and spleen B-1a and B-1b cells. ***P<0.0001 by Mann-Whitney
t-test. (C, D) Frequency of total sequences utilizing the given Vi, D, and Ji; gene segments in the variable region of the immunoglobulin heavy chain from single cell-
sorted B-1a and B-1b cells in (C) PerC and (D) spleen of 100-week-old chow-fed ApoE/' mice. “P < 0.05, “*P < 0.01, **P < 0.001, ***P < 0.0001.

junctions (Figure 5B). These findings indicate a shift away from  sequences used Vgl family genes (40%). In addition, splenic
germline, with junctional heterogeneity increasing from PerC B-  B-1a cells expressed greater usage of other VD] family genes:
la < PerC B-1b < splenic B-1a < splenic B-1b. V2, V5, Vg6, Vil0, Vgll, Vil4, Dyl-1, Dyl-2, D3, Ju2,

Analysis of VDJ gene segment usage also indicated repertoire Ju3 and Jy4 (Figure 6A). A majority of splenic B-1b cells
differences between B-1a and B-1b in both PerC and spleen. In  expressed Vi1 family genes, and also had significantly greater
contrast to PerC B-1a cells, in which >80% of sequences utilized = usage of V4, V55, V11 and V314 genes compared to PerC B-
Vul2, D2, and Jyl family gene segments (32), PerC B-1b 1b sequences. PerC B-1b sequences preferentially utilized D2
sequences utilized Vi1, Vg2, Vi3, Vg6, Vyl4, Dyl-1, Dy3, genes, while splenic B-1b cells had fairly equivalent usage of
Ju2, Ju3 and Jy4. (Figure 5C). Intriguingly, not many differences ~ Dyl-1 and Dy2 genes. Analysis of ] segment usage revealed
were observed between Splenic B-1a and B-1b cells. Comparison  increased expression of Jyl segments by PerC B-1b cells and
of splenic B-1a VD] gene usage to splenic B-1b dataset revealed  increased usage of Jy4 segments by splenic B-1b cells
that splenic B-1a cells also predominantly utilized Vi1 family ~ (Figure 6B). Importantly, analysis of CDR-H3 amino acid
genes, but had increased usage of Vy12, D2, and Jyul family  sequences revealed a high frequency of replicate sequences
genes, while splenic B-1b cells displayed increased usage of V14~ present in more than one B-la or B-1b cell in these
and Dyl-1 family genes (Figure 5D). Representation of these =~ compartments. In contrast to PerC B-1a cells, in which 92% of
data comparing B-1 subtypes in PerC vs spleen (Figures 6A, B)  sequences were replicates (32), 65% of PerC B-1b, 56% of
highlights niche-specific differences. In contrast to PerC B-la  splenic B-1la, and 39% of splenic B-1b cells expressed
VDJ usage (Vyl2, Dy2, and Jyl), most of the splenic B-la  replicate sequences, again demonstrating that heterogeneity
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FIGURE 6 | B-1a and B-1b cell IgM CDR-H3 sequencing in the 100-week-old mice. Frequency of total sequences utilizing the given Vi, D, and Ji gene segments
in the variable region of the immunoglobulin heavy chain from single cell-sorted (A) B-1a cells and (B) B-1b cells in both PerC and spleen of 100-week-old chow-fed
ApoE”" mice. *P < 0.05, **P < 0.01, **P < 0.001, ****P < 0.0001.

increases in the order: PerC B-1a < PerC B-1b < splenic B-1a <
splenic B-1b. All replicate CDR-H3 sequences are given in
Supplementary Table 2.

DISCUSSION

A large body of evidence supports the role of OxLDL as a
mediator of the inflammatory responses that propagate
atherosclerotic lesion formation (33-36). OSEs are dominant
targets of B-1 cell derived innate IgM antibodies in both humans
and mice (16, 37, 38), and recent elegant work using E06-scFv
transgenic mice targeting OxPL clearly demonstrates the potent
anti-inflammatory effect of blocking the actions of OxPL in
limiting atherosclerosis (5). Though B-1a and B-1b subsets are
both atheroprotective through the production of IgM to OSE (21,
39), they are developmentally and functionally distinct (10, 11,
22-24). Our previous studies demonstrated preferential
accumulation of B-1b cells in atherosclerotic aorta during
aging. Aorta tertiary lymphoid organs adjacent to
atherosclerotic plaques in aged ApoE”" mice harbor
significantly higher numbers of B-1b (> 80% of B-1 cells)
compared to B-la cells (30). These B-1b cells produce
atheroprotective IgM and anti-inflammatory cytokines IL-10
and TGF, providing a potential local mechanism of regulating
artery inflammation (30).

B-1a cells produce greater amounts of total IgM and IgM to
OSE compared to B-1b cells when stimulated with LPS in vitro
(21). This may be due to differentiation of B-1a cells into CD138"
plasmablasts or plasma cells after TLR stimulation (40)
(unpublished data) or due to triggering of TLR, resulting in
IgM-BCR reorganization and differentiation into IgM secreting

plasmablasts (41). Yet B-1b cells produce greater amounts of
total IgM and IgM to OSEs than B-1a cells in-vivo (21), providing
evidence that the biology of B-1b cells is different than B-1a cells.
In the present study, we sought to determine if this in
vivo-specific effect may be due to unique properties of B-1b
versus B-1a cells. Indeed, we demonstrated recruitment of higher
numbers of B-1b compared to B-1a cells to the spleen 5 weeks
after adoptive transfer of equal numbers of cells. Moreover, IgM
secreting cell numbers were higher in the spleen. This may be
due to differentiation of adoptively transferred B-1a or B-1b cells
into IgM secreting plasmablasts or plasma cells in the spleen. In
addition, cell culture data showed that spleen-derived B-1b cells
secrete more total IgM compared to B-1a cells ex vivo, providing
evidence that B-1b cells have greater IgM production on a per
cell basis compared to B-1a cells in the splenic niche. As the
spleen is one of the major IgM antibody producing sites, higher
levels of plasma total IgM and IgM to MDA-LDL in ApoE.Ragl™”
mice after 4 weeks of adoptive transfer of B-1b cells compared to
mice that received equal numbers of B-1a cells (21) may reflect a
combination of both increased trafficking and increased
production once in the spleen.

Chemokine/chemokine receptors interactions is a major
mechanism regulating trafficking of immune cells throughout
the body and CCR6 has been shown to regulate B-1 cell mediated
atheroprotection in mice (28). In this present study, we found
that B-1b cells express significantly more CCR6 than B-1a cells
and that CCR6 regulates B-1b cell recruitment to the spleen. In
addition, RNA-seq data shows upregulation of CCR7 in B-1b
cells, suggesting that other chemokine receptor may regulate
B-1b cell migration to the spleen. However, further studies are
needed to carefully identify other needed receptors and confirm
their function in regulating splenic trafficking of B-1b cells.
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Interestingly, we previously, demonstrated that CX-Chemokine
Receptor-4 (CXCR4) expression on B-1a but not B-1b cells was
responsible for migration and IgM secretion to the bone marrow
(32), suggesting that different chemokine receptors may be
involved in regulation of recruitment or migration of specific
B-1 subsets to distinct tissue compartments.

In addition to chemokine receptors, we observed other highly
expressed genes in B-1b cells. Interestingly, Sgstml or p62, a
scaffold and ubiquitin-binding protein, was found to be the most
highly enriched gene. Recently, using loss and gain of function
studies of p62, we have demonstrated that p62 in B-1b cells
positively regulates B-1b cell proliferation, IgM production and
atheroprotection (42). Canonical pathway analysis showed that
in addition to CCR6 signaling pathway, B cell activation factor
(BAFF) signaling, B cell receptor (BCR) mediated signaling and
eukaryotic initiation factor 2 (EIF2) signaling pathways were
upregulated in B-1b cells. Previous studies demonstrated that
BAFF-BAFF receptor signaling is important for B cell
maturation and development in periphery (43). In our recent
study we showed that, B-1b cells express high levels of BAFF
receptor on cell surface compared to B-la cells and also,
stimulation with BAFF increased proliferation in B-1b cells but
not in B-la cells (42), suggesting that B-1b cells are highly
proliferative in response to BAFF.

Mielke N, et al. demonstrated that EIF2 signaling is important
for B cell development, BCR mediated proliferation and Ig
secretion (44). Moreover, it is well described that BCR
signaling is essential for conventional B cell survival and
development, and antibody production in both physiological
and pathological conditions (45). In our canonical pathway
analysis, we observed upregulation of both EIF2 signaling and
BCR signaling pathways in B-1b cells. This data suggests that
upregulation of EIF2 and BCR signaling pathways in B-1b cells
may be important for B-1b cell survival, proliferation, and IgM
secretion. Further studies are needed to understand these
pathways mechanism. Intriguingly, while the above-mentioned
signaling pathways were reported to be important in
conventional B cell development (44, 45), our RNA seq data
showed upregulation of these pathways in B-1b cells, suggesting
that B-1b cells have features of both innate B-1 and adaptive B-
2 cells.

In addition to enhanced trafficking to the spleen and
increased total IgM production, B-1b cells show more diversity
than B-1a cells in the context of the IgM repertoire. The % of 0
N-additions at both V-D and D-] junctions is significantly lower
in B-1b cells compared to B-1a cells in both PerC and spleen.
Differences were also observed in VD] gene usage between B-1a
and B-1b in PerC and spleen. Although, it is interesting to note
that the expected high percentage of 0 N-additions, VH12 usage
and common CDR H3 that characterize natural antibody-
producing B-1la cells is significantly more prominent in B-la
cells in PerC compared to the spleen. Whether this is due to
differential origin or developmental niche of these B-1a cells, or
the effect of niche-specific selection is unknown. That adoptive
transfer into the PerC of PerC-derived B-la cells results in
trafficking of these cells to the spleen at least in part supports

the potential for niche-specific selection or antigen-specific
sculpting of their repertoire in the spleen.

Notably, both B-1a and B-1b cells in the spleen undergo high
intrinsic selection pressures. PerC B-1 cells display high usage of
V11 after LPS stimulation (46) and both VH11 and VH12 have
anti-phosphatidylcholine specificity (31, 47). These anti-
phosphatidylcholine IgM have the capacity to clear microbial
infection in mice (48). Previous data in young female C57BL6
mice have demonstrated that PerC B-1a cells highly use VH11
(60%) and low frequency use of VH12 (10%) (31). However, in
this current study PerC B-la specifically used VH12 (80%).
These data are consistent with previously published data
showing selective increase in VHI12 but not VHI11 usage in
PerC B-1 cells during aging (49). Moreover, consistent with
previous reports in young C57BL/6 mice (31), PerC B-1b and
splenic B-la cells highly use VHI, which is involved in the
development of anti- phosphocholine specific antibodies (50-52)
and is highly used by both PerC and splenic conventional B cells
(47). These data suggest that B-la cells, particularly those
utilizing VH12 and VH1 in PerC and spleen respectively, were
selected by both aging and in response to atherosclerosis
progression in ApoE”" mice. Interestingly, PerC B-1b equally
utilize VH1 (40%) and VHI12 (40%), while splenic B-1b cells
highly utilize VH1 (50%) and VH14 (15%), demonstrating that
unlike B-la cells, B-1b cells in both compartments
predominantly utilize VHI. These data suggest that B-1b cells
either primarily utilize VHI1 or it is a selective phenomenon
occurring during aging and disease progression.

Our recently published data showed that PerC B-1a cells have
92% of 0 N-additions and 70% of CDR-H3 sequences accounted
for by a single amino acid sequence (AGDYDGYWYEFDV) (32),
which is the 2™ most frequent amino acid sequence in splenic B-
1a cells (9.3%). Moreover, that splenic B-1a cells are fairly evenly
split between sequences containing >1 N-addition at both
junctions (44%), and sequences containing 0 N-additions at
both junctions (39%), fits with what has been previously
shown by the Herzenberg group, that the splenic B-la
population consists of both a resident B-1a population, as well
as a population of B-1a cells that have migrated from the PerC
(40). The sequences containing 0 N-additions may be B-1a cells
migrating from the PerC. Another possibility is migration of B-
la cells from bone marrow origin, where B-1a cells display 46%
and 32% of 0 and >1 N-additions respectively at both junctions
(32). Moreover, the top CDR-H3 sequence (AREVITMYYFDY)
in splenic B-1a cells (14%) is the 2™ top sequence in BM B-la
cells. With one amino acid change in the top PerC B-la
sequence, 26.8% of PerC B-1b cells display this sequence
(AGDRDGYWYEDV) as the top sequence. Intriguingly, this
PerC B-1b sequence is not highly (1.3%) accounted for in splenic
B-1b cells. However, the 2™ top (15.3%) amino acid sequence
(AREDYYGSSYYFDY) in PerC B-1b, is expressed as the top
(9.7%) sequence by splenic B-1b cells, which is expressed in very
low frequency (0.9%) in splenic B-1a and not expressed in PerC
B-1a cells. These data suggest that similar to PerC B-1la cells,
PerC B-1Db cells may also migrate to spleen in response to specific
signals in aged ApoE”" mice. Indeed, our adoptive transfer
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studies demonstrate that PerC B-1a and B-1b cells injected into
the PerC of Ragl” mice are found in the spleen strongly supports
this notion.

In summary, similar to conventional B-2 cells, B-1b cells use
more VHI genes, and more N-additions in V-D and D-]
junctions, suggesting that B-1b cells may bridge between innate
B-1a cells and adaptive B-2 cells.

MATERIALS AND METHODS

Animals

All animal protocols were approved by the Animal Care and Use
Committee at the University of Virginia. C57BL/6], CC-
chemokine receptor-6 deficient (CCR6”") and Lymphocyte
deficient (Ragl™"), and Apolipoprotein E deficient mice
(ApoE”") mice were purchased from Jackson Laboratory.
Ragl™" mice were bred with ApoE”" to generate ApoE” Ragl™”
mice. All purchased mice were on a pure C57BL/6] background
and those bred were backcrossed 10 generations to C57BL/6]
mice. All mice were given water ad libitum and either a standard
chow diet (Tekland, 7012) or western diet (WD) (Tekland,
88137). Mice were euthanized in all experiments with CO,
inhalation. Only male mice were used for all experiments.

Preparation of Tissues for Flowcytometry
and Cell Sorting

Peritoneal cells and spleen cells were harvested and brought into
single cell suspension as previously described (21). Cells were
blocked for Fc receptors then stained for cell surface markers
using fluorescently conjugated antibodies for 20 minutes at 4°C.
For flow cytometry, cells were washed in PBS and stained with a
fixable live/dead stain diluted in PBS for 20 minutes at 20°C then
fixed in 2% PFA in PBS for 10 minutes prior to re-suspending in
FACS buffer. For FAC sorting, cells were re-suspended in DAPI
live/dead stain before sorting. Flow cytometry antibodies: CD5
(53-7.3), CD19 (1D3), CD23 (B3B4), CD43 (S7), B220/CD45R
(RA3-6B2), IgD (11-26.2a), IgM (I1/41, R6-60.2), and CCR6 (29-
2L17) were purchased from eBioscience, BD Bioscience, and
Biolegend. Live/Dead discrimination was determined by LIVE/
DEAD fixable yellow or Aqua staining (Invitrogen) or DAPL
Cells were run on a CyAN ADP (Beckman Coulter) or Attune
NXT (Invitrogen) or sorted on an Influx cell sorter (BD
Bioscience) and analyzed with FlowJo software (Tree Star inc).
All gates were determined using fluorescence minus one
(FMO) control.

Bulk RNA Sequence Analysis

FAC sorted peritoneal B-1a and B-1b cells from C57BL/6 mice
were used for RNA extraction by using Qiagen RNeasy Plus kit.
The purified RNAs were stored at -80°C and sent to a Novogene
to perform sequencing. RNA sequences in raw FASTQ data files
were obtained from Novogene. Sequencing reads were aligned to
reference genome (GRCm38/mm10) using HISAT2. The
annotated sequences were then quantified and assembled by
using StringTie, and differentially expressed genes were analyzed

using R Ballgown package. Volcano plots of differentially
expressed genes were visualized by using the python bioinfokit
package. Ingenuity Pathway Analysis was performed on all the
annotated RNA to analyze for differentially regulated
canonical pathways.

Single Cell IGVH Sequencing for IgM

Single cell sorting of PerC and splenic B-1 subsets were
performed and IGVH sequencing for IgM was performed as
we previously described (32).

Adoptive Transfer of B-1a and B-1b Cells
Into Rag1™~ Mice

Following FAC sorting, as described above, 1x10° B-1a or B-1b
cells from young ApoE”’™ mice were transferred intra-peritoneal
into 8-week-old ApoE” Ragl™ hosts. Mice were maintained on
normal chow diet for 5 weeks. Four weeks after the cell transfer,
mice were euthanized, flow cytometry and ELISPOT
experiments were performed in PerC and spleen. Plasma IgM
levels were analyzed by ELISA.

For short-term adoptive transfer experiment, following FAC
sorting, 2.5x10° B-1a or B-1b cells from 8-week-old CCR6"'* and
CCR6”" mice were transferred into 8-week-old Ragl”" hosts via
tail vein injection. After 48 hours, the mice were euthanized, and
flow cytometry was performed to quantify adoptively transferred
B-1a and B-1b cells in PerC, blood, and spleen.

Enzyme-Linked Immuno Spot Assay
Total IgM secreting B cells were determined by ELISPOT
method as we previously described (21, 30).

Enzyme-Linked Immunosorbent Assay
Total IgM antibodies in mouse plasma were determined by
ELISA as we previously described (21).

Statistics

Unpaired t-test was used for analyzing data with normal
distribution and equal variance. For data sets with non-normal
distribution, Mann-Whitney test was used. In RNAseq analysis,
false discovery rate (FDR) method was used to perform p-value
corrections for DEG analysis. Results are displayed containing all
replicated experiments, and values shown are mean + SEM. Data
were analyzed using Prism 8 (GraphPad Software, Inc).

DATA AVAILABILITY STATEMENT

The dataset presented in the study are deposited in the GEO
repository, accession number GSE207011.

ETHICS STATEMENT

The animal study was reviewed and approved by UVa Animal
Care and Use Committee (ACUC) protocol.

Frontiers in Immunology | www.frontiersin.org

July 2022 | Volume 13 | Article 909475


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Srikakulapu et al.

B-1b Functionally Distinct Than B-1a

AUTHOR CONTRIBUTIONS

PS designed and performed murine experiments, analyzed and
interpreted data, and wrote the manuscript. TP performed
RNAseq analysis. AU, VO and MM performed murine
experiments. JG performed RNA isolation for RNAseq
experiments. SB, JD, TAP, JW, CB provided intellectual input.
NH and TR involved in IgH V sequencing, analysis and provided
intellectual input. CM conceived the project, designed
experiments, supervised the study, interpreted the data, and
edited the manuscript.

FUNDING

This work was supported by 1R01 HL107490, 1R01 HL136098,
Project 3 of P01 HL055798 and P01 HL136275-01 (CM). PS was
supported by AHA Career Development Award 18CDA34110392.
Research reported in this publication was supported by the
National Institute of Allergy and Infectious Diseases of the
National Institutes of Health under Award Number
RO1AI154539 (NH). The content is solely the responsibility of
the authors and does not necessarily represent the official views of
the National Institutes of Health.

ACKNOWLEDGMENTS

We thank Mike Solga, and Claude Chew from the UVa flow
cytometry core for their excellent technical assistance. Naomi
Tsuji and Alexander Ludlow from Western Michigan University
Homer Stryker M.D. School of Medicine for their excellent
technical assistance.

REFERENCES

1. Horkké S, Bird DA., Miller E., Itabe H., Leitinger N., Subbanagounder G, et al.
Monoclonal Autoantibodies Specific for Oxidized Phospholipids or Oxidized
Phospholipid-Protein Adducts Inhibit Macrophage Uptake of Oxidized Low-
Density Lipoproteins. J Clin Invest (1999) 103(1):117-28. doi: 10.1172/
JCI4533

2. Shaw PX, H6rkko S., Chang MK.,, Curtiss LK., Palinski W, Silverman GJ, et al.
Natural Antibodies With the T15 Idiotype may Act in Atherosclerosis,
Apoptotic Clearance, and Protective Immunity. J Clin Invest (2000) 105
(12):1731-40. doi: 10.1172/JCI8472

3. Shaw PX, Horkko S., Tsimikas S., Chang MK., Palinski W., Silverman GJ,
et al. Human-Derived Anti-Oxidized LDL Autoantibody Blocks Uptake of
Oxidized LDL by Macrophages and Localizes to Atherosclerotic Lesions In
Vivo. Arterioscler Thromb Vasc Biol (2001) 21(8):1333-9. doi: 10.1161/
hq0801.093587

4. Sun X, Seidman JS., Zhao P., Troutman TD., Spann NJ., Que X, et al
Neutralization of Oxidized Phospholipids Ameliorates Non-Alcoholic
Steatohepatitis. Cell Metab (2020) 31(1):189-206.e8. doi: 10.1016/
j.cmet.2019.10.014

5. Que X, Hung MY., Yeang C., Gonen A., Prohaska TA., Sun X,, et al. Oxidized
Phospholipids are Proinflammatory and Proatherogenic in
Hypercholesterolaemic Mice. Nature (2018) 558(7709):301-6. doi: 10.1038/
541586-018-0198-8

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.
909475/full#supplementary-material

Supplementary Figure 1 | Splenic B-1b cells produce more IgM in ex-vivo. (A)
B-1a and B-1b cells from PerC and spleen were FAC sorted from 10-week-old
ApoE/' mice (n=4 mice), cultured for 72 hrs without any exogenous stimulation. (B)
secreted IgM levels in culture media were quantified by ELISA. Results are
represented in mean + SEM, unpaired student t-test. “p<0.05, ns: not significant.

Supplementary Figure 2 | Flow cytometric gating strategy for adoptively
transferred B cells. After 48 hrs of adoptive transfer of B-1a or B-1b cells, adoptively
transferred B cells (AT B cells: CD19*IgM*) were gated from total live CD45" cells in
PerC, blood and spleen (A-C). PBS injected mice used as control group for AT B
cell gating. B-1a and B-1b cells were gated from CD19*IgM* B cells for the
confirmation.

Supplementary Figure 3 | Schematic of experimental flow for B-1a and B-1b
single cell IgM CDR-H3 sequencing in the 100-week-old mice. (A) B-1a and B-1b
cells from spleen and peritoneal cavity of five 100-week-old chow-fed ApoE™ 7" mice
were single-cell sorted into 96 well plates containing lysis buffer. cDNA was
prepared and then PCR was done for Ig heavy chain variable part of IgM. PCR
products were sequenced (Genewiz) and analyzed using an online sequence
analysis tool, IMGT/HighV-Quest, and only sequences with >90% homology to VDJ
regions were included. (B) Flow cytometric gating strategy for B-1a and B-1b single
cell sorting in PerC and spleen tissue compartments of 100-week-old ApoE”" mice.

Supplementary Figure 4 | Hyperlipidemia did not alter the frequencies of B-1a and
B-1b cells at homeostasis. Flowcytometric analysis was performed in C57BL6 wild type
and ApoE”” mice at age of 10-12-week-old mice (n=5 mice/genotype) to understand
the hyperlipidemic effect on B-1a and B-1b cells numbers in PerC and spleen. Results
are represented in mean + SEM, unpaired Mann-Whitney test was performed.

Supplementary Table 1 | List of differentially expressed genes in B-1b over B-1a
cells from bulk RNAseq analysis.

Supplementary Table 2 | Replicate CDR-H3 amino acid sequences (those
present more than once) and frequency present in sorted PerC B-1a, B-1b, splenic
B-1a and B-1b. Asterisk (*) in PerC B-1a CDR-H3 sequence indicates stop codon.

6. Baumgarth N, Herman OC.,, Jager GC., Brown L., Herzenberg LA. Innate and
Acquired Humoral Immunities to Influenza Virus are Mediated by Distinct
Arms of the Immune System. Proc Natl Acad Sci U.S.A. (1999) 96(5):2250-5.

7. Montecino-Rodriguez E, Leathers H, Dorshkind K. Identification of a B-1 B Cell-
Specified Progenitor. Nat Immunol (2006) 7(3):293-301. doi: 10.1038/ni1301

8. Feeney AJ. Lack of N Regions in Fetal and Neonatal Mouse Immunoglobulin
V-D-J Junctional Sequences. ] Exp Med (1990) 172(5):1377-90. doi: 10.1084/
jem.172.5.1377

9. Kantor AB, Stall AM., Adams S, Herzenberg LA., Herzenberg LA. Differential
Development of Progenitor Activity for Three B-Cell Lineages. Proc Natl
Acad Sci U.S.A. (1992) 89(8):3320-4. doi: 10.1073/pnas.89.8.3320

10. Kantor AB, Stall AM., Adams S, Herzenberg LA., Herzenberg LA. Adoptive
Transfer of Murine B-Cell Lineages. Ann N 'Y Acad Sci (1992) 651:168-9. doi:
10.1111/j.1749-6632.1992.tb24610.x

11. Stall AM, Adams S., Herzenberg LA., Kantor AB. Characteristics and
Development of the Murine B-1b (Ly-1 B Sister) Cell Population. Ann N 'Y
Acad Sci (1992) 651:33-43. doi: 10.1111/j.1749-6632.1992.tb24591.x

12. Claflin JL, Lieberman R, Davie JM. Clonal Nature of the Immune Response to
Phosphorylcholine. I. Specificity, Class, and Idiotype of Phosphorylcholine-
Binding Receptors on Lymphoid Cells. ] Exp Med (1974) 139(1):58-73. doi:
10.1084/jem.139.1.58

13. Gearhart PJ, Sigal NH, Klinman NR. Heterogeneity of the BALB/c
Antiphosphorylcholine Antibody Response at the Precursor Cell Level. J
Exp Med (1975) 141(1):56-71. doi: 10.1084/jem.141.1.56

Frontiers in Immunology | www.frontiersin.org

July 2022 | Volume 13 | Article 909475


https://www.frontiersin.org/articles/10.3389/fimmu.2022.909475/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.909475/full#supplementary-material
https://doi.org/10.1172/JCI4533
https://doi.org/10.1172/JCI4533
https://doi.org/10.1172/JCI8472
https://doi.org/10.1161/hq0801.093587
https://doi.org/10.1161/hq0801.093587
https://doi.org/10.1016/j.cmet.2019.10.014
https://doi.org/10.1016/j.cmet.2019.10.014
https://doi.org/10.1038/s41586-018-0198-8
https://doi.org/10.1038/s41586-018-0198-8
https://doi.org/10.1038/ni1301
https://doi.org/10.1084/jem.172.5.1377
https://doi.org/10.1084/jem.172.5.1377
https://doi.org/10.1073/pnas.89.8.3320
https://doi.org/10.1111/j.1749-6632.1992.tb24610.x
https://doi.org/10.1111/j.1749-6632.1992.tb24591.x
https://doi.org/10.1084/jem.139.1.58
https://doi.org/10.1084/jem.141.1.56
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Srikakulapu et al.

B-1b Functionally Distinct Than B-1a

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Briles DE, Forman C., Hudak S., Claflin JL. Anti-Phosphorylcholine
Antibodies of the T15 Idiotype are Optimally Protective Against
Streptococcus Pneumoniae. J Exp Med (1982) 156(4):1177-85. doi: 10.1084/
jem.156.4.1177

Palinski W, Miller E, Witztum JL. Immunization of Low Density Lipoprotein
(LDL) Receptor-Deficient Rabbits With Homologous Malondialdehyde-
Modified LDL Reduces Atherogenesis. Proc Natl Acad Sci U.S.A. (1995) 92
(3):821-5. doi: 10.1073/pnas.92.3.821

Palinski W, Horokko S., Miller E., Steinbrecher UP., Powell HC,, Curtiss LK.,
et al. Cloning of Monoclonal Autoantibodies to Epitopes of Oxidized
Lipoproteins From Apolipoprotein E-Deficient Mice. Demonstration of
Epitopes of Oxidized Low Density Lipoprotein in Human Plasma. J Clin
Invest (1996) 98(3):800-14. doi: 10.1172/JCI118853

Harmon DB, Srikakulapu P., Kaplan JL., Oldham SN., McSkimming C.,
Garmey JC, et al. Protective Role for B-1b B Cells and IgM in Obesity-
Associated Inflammation, Glucose Intolerance, and Insulin Resistance.
Arterioscler Thromb Vasc Biol (2016) 36(4):682-91. doi: 10.1161/
ATVBAHA.116.307166

Palinski W, Tangirala RK., Miller E., Young SG., Witztum JL. Increased
Autoantibody Titers Against Epitopes of Oxidized LDL in LDL Receptor-
Deficient Mice With Increased Atherosclerosis. Arterioscler Thromb Vasc Biol
(1995) 15(10):1569-76. doi: 10.1161/01.ATV.15.10.1569

Wang CY, Good RA., Ammirati P., Dymbort G., Evans RL. Identification of a
P69,71 Complex Expressed on Human T Cells Sharing Determinants With B-
Type Chronic Lymphatic Leukemic Cells. ] Exp Med (1980) 151(6):1539-44.
doi: 10.1084/jem.151.6.1539

Royston I, Majda JA., Baird SM., Meserve BL, Griffiths JC. Human T Cell
Antigens Defined by Monoclonal Antibodies: The 65,000-Dalton Antigen of T
Cells (T65) is Also Found on Chronic Lymphocytic Leukemia Cells Bearing
Surface Immunoglobulin. J Immunol (1980) 125(2):725-31.

Rosenfeld SM, Perry HM., Gonen A., Prohaska TA., Srikakulapu P., Grewal S.,
et al. B-1b Cells Secrete Atheroprotective IgM and Attenuate Atherosclerosis.
Circ Res (2015) 117(3):e28-39. doi: 10.1161/CIRCRESAHA.117.306044
Tornberg UC, Holmberg D. B-1la, B-1b and B-2 B Cells Display Unique
VHDJH Repertoires Formed at Different Stages of Ontogeny and Under
Different Selection Pressures. EMBO ] (1995) 14(8):1680-9. doi: 10.1002/
j.1460-2075.1995.tb07157.x

Alugupalli KR, Leong JM., Woodland RT., Muramatsu M., Honjo T., Gerstein
RM, et al. Blb Lymphocytes Confer T Cell-Independent Long-Lasting
Immunity. Immunity (2004) 21(3):379-90. doi: 10.1016/
jimmuni.2004.06.019

Haas KM, Poe JC., Steeber DA., Tedder TF. B-1a and B-1b Cells Exhibit
Distinct Developmental Requirements and Have Unique Functional Roles in
Innate and Adaptive Immunity to S. Pneumoniae. Immunity (2005) 23(1):7—
18. doi: 10.1016/j.immuni.2005.04.011

Marshall JL, Flores-Langarica A., Kingsley RA., Hitchcock JR., Ross EA.,
Lopez-Macias C C, et al. The Capsular Polysaccharide Vi From Salmonella
Typhi is a Blb Antigen. J Immunol (2012) 189(12):5527-32. doi: 10.4049/
jimmunol.1103166

Haas KM, Blevins MW, High KP., Pang B., Swords WE., Yammani RD. Aging
Promotes B-1b Cell Responses to Native, But Not Protein-Conjugated,
Pneumococcal Polysaccharides: Implications for Vaccine Protection in
Older Adults. J Infect Dis (2014) 209(1):87-97. doi: 10.1093/infdis/jit442
Cotte C, Szczepanek SM. Peritoneal B-1b and B-2 B-Cells Confer Long-Term
Protection From Pneumococcal Serotype 3 Infection After Vaccination With
Prevnar-13 and are Defective in Sickle Cell Disease Mice. Vaccine (2017) 35
(28):3520-2. doi: 10.1016/j.vaccine.2017.05.039

Srikakulapu P, Upadhye A., Drago F., Perry HM., Bontha SV., McSkimming
C, et al. Chemokine Receptor-6 Promotes B-1 Cell Trafficking to Perivascular
Adipose Tissue, Local IgM Production and Atheroprotection. Front Immunol
(2021) 12:636013. doi: 10.3389/fimmu.2021.636013

Hu D, Mohanta SK., Yin C,, Peng L., Ma Z., Srikakulapu P, et al. Artery
Tertiary Lymphoid Organs Control Aorta Immunity and Protect Against
Atherosclerosis via Vascular Smooth Muscle Cell Lymphotoxin [ Receptors.
Immunity (2015) 42(6):1100-15. doi: 10.1016/j.immuni.2015.05.015
Srikakulapu P, Hu D., Yin C., Mohanta SK., Bontha SV., Peng L, et al. Artery
Tertiary Lymphoid Organs Control Multilayered Territorialized

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Atherosclerosis B-Cell Responses in Aged ApoE-/- Mice. Arterioscler
Thromb Vasc Biol (2016) 36(6):1174-85. doi: 10.1161/ATVBAHA.115.306983
Prohaska TA, Que X., Diehl CJ, Hendrikx S., Chang MW., Jepsen K, et al.
Massively Parallel Sequencing of Peritoneal and Splenic B Cell Repertoires
Highlights Unique Properties of B-1 Cell Antibodies. J Immunol (2018) 200
(5):1702-17. doi: 10.4049/jimmunol.1700568

Upadhye A, Srikakulapu P., Gonen A., Hendrikx S., Perry HM., Nguyen A,
et al. Diversification and CXCR4-Dependent Establishment of the Bone
Marrow B-1a Cell Pool Governs Atheroprotective IgM Production Linked
to Human Coronary Atherosclerosis. Circ Res (2019) 125(10):e55-70. doi:
10.1161/CIRCRESAHA.119.315786

Palinski W, Rosenfeld ME., Yla-Herttuala S., Gurtner GC., Socher SS., Butler
SW, et al. Low Density Lipoprotein Undergoes Oxidative Modification In
Vivo. Proc Natl Acad Sci U.S.A. (1989) 86(4):1372-6. doi: 10.1073/
pnas.86.4.1372

Chen C, Khismatullin DB. Oxidized Low-Density Lipoprotein Contributes to
Atherogenesis via Co-Activation of Macrophages and Mast Cells. PLoS One
(2015) 10(3):e0123088. doi: 10.1371/journal.pone.0123088

Palinski W, Witztum JL. Immune Responses to Oxidative Neoepitopes on
LDL and Phospholipids Modulate the Development of Atherosclerosis.
J Intern Med (2000) 247(3):371-80. doi: 10.1046/j.1365-2796.2000.00656.x
Glass CK, Witztum JL. Atherosclerosis. The Road Ahead. Cell (2001) 104
(4):503-16. doi: 10.1016/50092-8674(01)00238-0

Tuominen A, Miller YI., Hansen LF., Kesaniemi YA., Witztum JL., Horkko S,
et al. A Natural Antibody to Oxidized Cardiolipin Binds to Oxidized Low-
Density Lipoprotein, Apoptotic Cells, and Atherosclerotic Lesions.
Arterioscler Thromb Vasc Biol (2006) 26(9):2096-102. doi: 10.1161/
01.ATV.0000233333.07991.4a

Chou MY, Fogelstrand L., Hartvigsen K., Hansen LF., Woelkers D., Shaw PX.,
et al. Oxidation-Specific Epitopes are Dominant Targets of Innate Natural
Antibodies in Mice and Humans. J Clin Invest (2009) 119(5):1335-49. doi:
10.1172/JCI36800

Kyaw T, Tay C., Krishnamurthi S., Kanellakis P., Agrotis A., Tipping P., et al.
Bla B Lymphocytes are Atheroprotective by Secreting Natural IgM That
Increases IgM Deposits and Reduces Necrotic Cores in Atherosclerotic
Lesions. Circ Res (2011) 109(8):830-40. doi: 10.1161/
CIRCRESAHA.111.248542

Yang Y, Tung JW., Ghosn EEB., Herzenberg LA., Herzenberg LA. Division
and Differentiation of Natural Antibody-Producing Cells in Mouse Spleen.
Proc Natl Acad Sci U.S.A. (2007) 104(11):4542-6. doi: 10.1073/
pnas.0700001104

Savage HP, Klasener K., Smith FL., Luo Z., Reth M., Baumgarth N. TLR
Induces Reorganization of the IgM-BCR Complex Regulating Murine B-1 Cell
Responses to Infections. Elife (2019) 8. doi: 10.7554/eLife.46997
Pattarabanjird T, Marshall M., Upadhye A., Srikakulapu P., Garmey JC.,
Haider A, et al. B-1b Cells Possess Unique bHLH-Driven P62-Dependent Self-
Renewal and Atheroprotection. Circ Res (2022) 130(7):981-93. doi: 10.1161/
CIRCRESAHA.121.320436

Schneider P, Mackay F., Steiner V., Hofmann K., Bodmer JL., Holler N, et al.
BAFF, a Novel Ligand of the Tumor Necrosis Factor Family, Stimulates B Cell
Growth. ] Exp Med (1999) 189(11):1747-56. doi: 10.1084/jem.189.11.1747
Mielke N, Schwarzer R., Calkhoven CF., Kaufman RJ., Dorken B., Leutz A,
et al. Eukaryotic Initiation Factor 2alpha Phosphorylation is Required for B-
Cell Maturation and Function in Mice. Haematologica (2011) 96(9):1261-8.
doi: 10.3324/haematol.2011.042853

Kwak K, Akkaya M, Pierce SK. B Cell Signaling in Context. Nat Immunol
(2019) 20(8):963-9. doi: 10.1038/s41590-019-0427-9

Popi AF, Osugui L., Perez KR., Longo-Maugeri IM., Mariano M. Could a B-1
Cell Derived Phagocyte "be One" of the Peritoneal Macrophages During LPS-
Driven Inflammation? PLoS One (2012) 7(3):e34570. doi: 10.1371/
journal.pone.0034570

Yang Y, Wang C,, Yang Q., Kantor AB., Chu H., Ghosn EE,, et al. Distinct
Mechanisms Define Murine B Cell Lineage Immunoglobulin Heavy Chain
(IgH) Repertoires. Elife (2015) 4:¢09083. doi: 10.7554/eLife.09083.033

Boes M, Prodeus AP., Schmidt T., Carroll MC., Chen J. A Critical Role of
Natural Immunoglobulin M in Immediate Defense Against Systemic Bacterial
Infection. J Exp Med (1998) 188(12):2381-6. doi: 10.1084/jem.188.12.2381

Frontiers in Immunology | www.frontiersin.org

July 2022 | Volume 13 | Article 909475


https://doi.org/10.1084/jem.156.4.1177
https://doi.org/10.1084/jem.156.4.1177
https://doi.org/10.1073/pnas.92.3.821
https://doi.org/10.1172/JCI118853
https://doi.org/10.1161/ATVBAHA.116.307166
https://doi.org/10.1161/ATVBAHA.116.307166
https://doi.org/10.1161/01.ATV.15.10.1569
https://doi.org/10.1084/jem.151.6.1539
https://doi.org/10.1161/CIRCRESAHA.117.306044
https://doi.org/10.1002/j.1460-2075.1995.tb07157.x
https://doi.org/10.1002/j.1460-2075.1995.tb07157.x
https://doi.org/10.1016/j.immuni.2004.06.019
https://doi.org/10.1016/j.immuni.2004.06.019
https://doi.org/10.1016/j.immuni.2005.04.011
https://doi.org/10.4049/jimmunol.1103166
https://doi.org/10.4049/jimmunol.1103166
https://doi.org/10.1093/infdis/jit442
https://doi.org/10.1016/j.vaccine.2017.05.039
https://doi.org/10.3389/fimmu.2021.636013
https://doi.org/10.1016/j.immuni.2015.05.015
https://doi.org/10.1161/ATVBAHA.115.306983
https://doi.org/10.4049/jimmunol.1700568
https://doi.org/10.1161/CIRCRESAHA.119.315786
https://doi.org/10.1073/pnas.86.4.1372
https://doi.org/10.1073/pnas.86.4.1372
https://doi.org/10.1371/journal.pone.0123088
https://doi.org/10.1046/j.1365-2796.2000.00656.x
https://doi.org/10.1016/S0092-8674(01)00238-0
https://doi.org/10.1161/01.ATV.0000233333.07991.4a
https://doi.org/10.1161/01.ATV.0000233333.07991.4a
https://doi.org/10.1172/JCI36800
https://doi.org/10.1161/CIRCRESAHA.111.248542
https://doi.org/10.1161/CIRCRESAHA.111.248542
https://doi.org/10.1073/pnas.0700001104
https://doi.org/10.1073/pnas.0700001104
https://doi.org/10.7554/eLife.46997
https://doi.org/10.1161/CIRCRESAHA.121.320436
https://doi.org/10.1161/CIRCRESAHA.121.320436
https://doi.org/10.1084/jem.189.11.1747
https://doi.org/10.3324/haematol.2011.042853
https://doi.org/10.1038/s41590-019-0427-9
https://doi.org/10.1371/journal.pone.0034570
https://doi.org/10.1371/journal.pone.0034570
https://doi.org/10.7554/eLife.09083.033
https://doi.org/10.1084/jem.188.12.2381
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Srikakulapu et al.

B-1b Functionally Distinct Than B-1a

49. Herzenberg LA, Baumgarth N, Wilshire JA. B-1 Cell Origins and VH
Repertoire Determination. Curr Top Microbiol Immunol (2000) 252:3-13.
doi: 10.1007/978-3-642-57284-5_1

Claflin JL, Berry J., Flaherty D., Dunnick W. Somatic Evolution of Diversity
Among Anti-Phosphocholine Antibodies Induced With Proteus Morganii. J
Immunol (1987) 138(9):3060-8.

Claflin JL, George J., Dell C., Berry J. Patterns of Mutations and Selection in
Antibodies to the Phosphocholine-Specific Determinant in Proteus Morganii.
J Immunol (1989) 143(9):3054-63.

Feeney AJ, Clarke SH, Mosier DE. Specific H Chain Junctional Diversity may
be Required for non-T15 Antibodies to Bind Phosphorylcholine. ] Immunol
(1988) 141(4):1267-72.

50.

51.

52.

Conflict of Interest: JW is co-inventor and receive royalties from patents owned

by UCSD on oxidation-specific antibodies and of biomarkers related to oxidized

lipoproteins, and JW is a co-founder of Oxitope, Inc and Kleanthi Diagnostic. JW
is a consultant to Ionis Pharmaceuticals.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2022 Srikakulapu, Pattarabanjird, Upadhye, Bontha, Osinski, Marshall,
Garmey, Deroissart, Prohaska, Witztum, Binder, Holodick, Rothstein and
McNamara. This is an open-access article distributed under the terms of the
Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

July 2022 | Volume 13 | Article 909475


https://doi.org/10.1007/978-3-642-57284-5_1
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	B-1b Cells Have Unique Functional Traits Compared to B-1a Cells at Homeostasis and in Aged Hyperlipidemic Mice With Atherosclerosis
	Introduction
	Results
	B-1b Cells Have Greater Trafficking to Spleen and IgM Production Compared to B-1a Cells
	Chemokine Receptor-6 Regulates B-1b Cell Migration to Spleen
	The Spleen Harbors Higher Numbers of B-1b Cells in Aged Mice With Advanced Atherosclerosis Compared to Young Mice
	B-1b Cells Have Distinct IgHV Repertoires for IgM in Aged Mice With Advanced Atherosclerosis in Both the PerC and Spleen

	Discussion
	Materials and Methods
	Animals
	Preparation of Tissues for Flowcytometry and Cell Sorting
	Bulk RNA Sequence Analysis
	Single Cell IGVH Sequencing for IgM
	Adoptive Transfer of B-1a and B-1b Cells Into Rag1-/- Mice
	Enzyme-Linked Immuno Spot Assay
	Enzyme-Linked Immunosorbent Assay
	Statistics

	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


