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Abstract

B-1 cells are abundant in peritoneal and pleural cavities and produce natural and microbial-induced IgM
and IgA1-4.CD5+ B-1 cells known as “B-1a" represent the largest source of B cell-derived IL-105,6, an
important regulator of inflammation and autoimmunity7. Unlike conventional B cells that are produced
daily in the bone marrow, B-1a cells are predominantly generated from foetal precursors and maintained
by self-renewal8 but the molecular mechanisms that underpin this stem cell-like property and their
regulatory potential are poorly understood. Here we show that both mouse and human B-1a cells express
high amounts of TCF1 and LEF1 and these transcription factors drive their formation and self-renewal
promoting oxidative and fatty acid metabolism. Deficiency of TCF1/LEF1 in B-1a cells leads to
downregulation of Ets1 and Myc targets, and severely compromises their maintenance over time. TCF1
and LEF1 are also essential for IL-10 and PD-L1 expression upon B-1 cell activation and repression of
CNS inflammation. TCF1/LEF1 mediate the emergence of a mixed cell progeny at the third B-1 cell
division including a stem-cell-like population. B-1 cells lacking TCF1/LEF1 continue proliferating and
acquire an exhausted phenotype reminiscent of age-associated B cells. These findings identify a
transcriptional program that links stemness with regulatory potential in B-1a cells.

Introduction

B-1a cells play important anti-inflammatory roles: their antibodies recognise components of bacterial and
senescent red blood cell membranes, as well as apoptotic cells and oxidized lipids and help prevent
inflammation and tissue damage. Upon stimulation, peritoneal B-1a cells migrate to the spleen where
they secrete higher amounts of protective antibodies and cytokines °. Peritoneal B-1a cells and their
splenic CD5* offspring are also potent repressors of innate and adaptive autoreactive and inflammatory
immune responses including experimental allergic encephalomyelitis (EAE), largely due to their ability to
produce IL-10 19713, B-1a cells are also the normal counterpart of the malignant B cells that cause chronic
lymphocytic leukemia, the most common form of adult leukemia, which is also known to secrete IL-
101415, B-1a cells have a restricted BCR repertoire '® and their differentiation is largely instructed by BCR
signal strength and self-reactivity’/18. The fact that germline-encoded BCR specificity is selected and
maintained in the absence of external antigen and T cell help has led to the proposal that B-1 cells are in

essence “natural memory” cells '°. Indeed, one of the cardinal features of B-1 cells is that they can persist
through adulthood likely due to their capacity to self-renew, a process that requires sustained but limited

proliferation to maintain a stable cell pool over time 2027, B-1a cells in the peritoneal cavity not only have
slow turnover rates compared to B-2 cells 2223, but also can completely reconstitute host tissues lacking
these cells after adoptive transfer and persist for many months with little contribution from host-derived
cells 24, To date, the mechanism underpinning B-1a self-renewal remains unknown. Here we show that
TCF1 and LEF1 - known to confer stem-cell like properties in various cell types including CD8* T cells 2° -
play essential roles in controlling self-renewal of B-1a cells via controlling a Myc-regulated program, and
importantly, driving IL-10 production and the regulatory ability of B-1a cells.
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TCF1 and LEF1 are essential for B-1a cell development.

To understand the transcriptional program governing B-1 cell homeostasis we performed single-cell RNA
sequencing (scRNA-seq) on sorted peritoneal B cells from adult mice. Immunoglobulin genes were
removed from the unsupervised analysis to avoid clonal BCRs determining the clusters. The determinants
of the two major subclusters were Cd5 and Fcer2a (encoding for CD23, expressed highly in recirculating
follicular B cells). Tcf7 (encoding TCF1)2® was expressed in the Cd5 subcluster, together with Bhlhe41,
both known to be regulators of B-1a cell development 2/ (Fig. 1a and Extended Fig. 1a). Tcf7was also
most highly expressed in both peritoneal cavity and spleen B-1 cell subsets according to Immgen
(Extended Fig.1b) and protein detection by flow cytometry (Fig.1b-d). LEF1 is a transcriptional factor (TF)
that shares overlapping functions with TCF1 in many biological processes 282°. While Lef7 mRNA was
only highly expressed in splenic B-1a cells and not in peritoneal cavity B-1a cells (Extended Fig.1a), both
TCF1 and LEF1 protein expression were highest in B-1 cells from both spleen and peritoneal cavity B-1
cells compared with B2 subsets (Fig. 1b-d). Analysis of bone marrow cells revealed that TCF1 and LEF1
are expressed from the earliest stages of B-1 cell development, being already detected in pro-B cells that
give rise to both B-1 and B2 cell progenitors, as well as in B-1 progenitor cells (B-1P) (Extended Figure.1c).
High TCF1 and LEF1 expression was also a feature of human B-1a cells from tonsil and peripheral blood
(Extended Fig.1d).

Having identified selective high expression of TCF1 and LEF1 in B-1 cells, we next sought to determine
the role of these TFs in B-1 cell biology. To generate mice conditionally lacking these TFs only in B cells,
we crossed Tcf/floxed and Lef7-floxed mice to mice expressing Cre under the control of the Mb7
promoter, which is expressed from the early pro-B cell stage 3°. B-1a cells were decreased in peritoneal
cavity and spleen of mice doubly deficient for both TCF1 and LEF1 (Tcf/1oX/flox [ ef7flox/flox creMbl mjce,
abbreviated as TCF12LEF12) compared to wild type controls - Tef/1°%/* [ ef 110%/+ Cre MPT of
Tef/Aox/flox | afpilox/flox (ahhreviated as TCF1WTLEF1WT). Whilst mice with single LEF1 deficiency
(Lef7flox/flox creMbT (| EF14)) also had decreased B-1a cells in both peritoneal cavity and spleen,
deficiency of TCF1 alone (Tcf/1°%/flox CreMb1y only decreased splenic B-1a cells. This suggests that LEF1
may be sufficient for formation and/or maintenance of peritoneal B-1a cells but TCF1 is also required for
their maintenance in secondary lymphoid tissues once they leave the peritoneal cavity. By contrast,
neither TCF1 nor LEF1 altered the frequency of peritoneal B-1b or splenic follicular B-2 cells (Fig. 1e, f and
Extended Fig.1e). B-2 cell development, including formation of B-1 progenitor cells in the bone marrow

was unaffected in TCF12LEF12 mice (Extended Fig.1f).

We next sought to establish whether TCF1 and LEF1 are required for development of foetal liver and/or
bone marrow-derived B-1a cells. For this, sub-lethally irradiated Rag 7/~ mice were reconstituted with either
E14.5 foetal liver cells or adult bone marrow cells from mice sufficient or deficient in TCF1 and LEF1. B-1a
cells decreased by 70% in mice receiving TCF12LEF12 foetal liver cells compared to recipients of wild-
type cells, while the fractions of peritoneal B-1b, bone marrow proB, preB, B-1P and immature were
comparable between the two groups; only a small (~20%) reduction was observed in splenic follicular
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recirculating B cells (Fig. 1g and Extended Fig. 1g). Similar results were obtained in recipients of bone
marrow cells, although the reduction in B-1a cells was less marked (Fig. 1g). Together these results
suggest TCF1 and LEF1 play an important role in B-1a cell development.

Next, we evaluated the consequence of combined TCF1 and LEF1 deficiency in B-1a cell development
from gestation through adulthood. B-1 progenitors (B-1P), identified as Lin'CD93*IgM"CD19*B220"e9°,
can differentiate into both B-1a and B-1b cells or mature in the spleen through a transitional (TrB-1a) cell
stage 31. B-1P peak during late gestation and decline after birth as B-2 development is established in
adult bone marrow (Fig. 2a) 32. TCF1 and LEF1 deficiency resulted in an increased frequency of B-1P
cells in E18.5 foetal liver and neonatal (days 1, 3 and 9) bone marrow (Fig. 2b and Extended Fig. 2a&c),
yet the CD5* B-1P population in the bone marrow likely to represent B-1a precursors was significantly
reduced (Fig. 2c and Extended Fig. 2d). TrB-1a cells (CD93*IgM*CD19*B220!°CD5"), known to exclusively
generate B-1a cells 37 were also reduced to ~ 30% (Fig. 2d and Extended Fig.2¢). In wild type mice, TrB-1a
cells expressed high TCF1 and LEF1 compared with TrB cells (Extended Fig. 2f). TCF1 and LEF1
deficiency did not affect the earlier LinCD117"Sca-1* (LSK) cells 33, hematopoietic stem cells (HSCs)
and common lymphoid progenitor (CLP) cells (Extended Fig.2b). Taken together, TCF1 and LEF1
promote B-1a cell development from the earliest precursors.

TCF1 and LEF1 are required for B-1a cell self-renewal

TCF1 and LEF1 are important for proliferation and self-renewal of memory CD8+ T cells 343° and stem
cells 3336 To gain insight into a possible role of TCF1/LEF1 in B-1a cell self-renewal, we first evaluated
their proliferative state. TrB-1a cells have high expression of Ki-67 — a marker of proliferation, compared
with TrB cells (Fig. 2e). Both the proliferative rate and expression of TCF1 and LEF1 were significantly
higher in young (4—week-old) compared to adult (10-16-week-old) mice (Fig. 2f). In line with a failure to
self-replenish in adult life, peritoneal B-1a cells lacking TCF1 and LEF1 failed to accumulate between 4
weeks to 14 weeks of age compared with the steady increase seen in littermate controls (Fig. 2g). To
formally evaluate self-renewal, we adoptively transferred unmanipulated peritoneal cells from
TCFIWTLEF1WT or TCF1ALEF12 (CD45.2%) donors into wild-type (CD45.1%) recipients, who received 5-
bromodeoxyuridine (BrdU) in the drinking water for 12 days. Over 1% of wild-type B-1a cells had entered
cell cycle, but this was reduced by over 90% in the absence of TCF1 and LEF1. Only a median of
~0.15% B-2 cells entered cell cycle over this period, and this did not change in the absence of TCF1/LEF1
(Fig. 2h). In a complementary approach that takes advantage of immunodeficient recipient mice that
cannot repopulate the B-1a cell pool, we adoptively transferred 50:50 mixes of either CD45.2
TCFTWTLEF1WT. cD45.1 TCFIWTLEF1WT or CD45.2 TCF1ALEF14: CD45.1 TCFTWTLEF1WT sorted
peritoneal B-1a cells into unirradiated Rag7”~mice. A smaller fraction of CD45.2 B-1a cells was found in
both the peritoneal cavity and the spleen when donor B-1a cells lacked TCF1 and LEF1 (Extended Fig.

29).
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Since B-1a cell development and maintenance are also driven by BCR signalling '/, we asked whether
TCF1 and LEF1 deficiency influenced BCR signalling and repertoire. Consistent with constitutive BCR
signalling 3/, phosphorylated Syk, Btk and BLNK could be readily detected ex vivo in B-1a cells in the
absence of exogenous stimulation, but this was diminished in TCF12ALEF12 B-1a cells (Extended Fig. 2h).
scBCR-seq of peritoneal CD19* cells from adult mice revealed three B-1a-associated highly expanded
clonal clusters with Ig V genes composed of heavy-chain and light-chain Ighv11-2/Igkv14-126

(c1), Ighv12-3/Igkv4-91 (c2) and Ighv9-3/Iglv2 (c3) . These clusters were seen in both TCF1/LEF1
sufficient and deficient mice, with only a small reduction in cland c2 and minor increase in c3 (Fig. 2i).
Despite the decrease in total B-1a cells, the frequency of PtC-specific-cells remained unchanged in

TCF1 and LEF1 sufficient vs deficient mice (Fig. 2j). High CD5 expression in peritoneal cavity B-1 cells is
associated with clonal dominance 38. In line with this, we observed loss of commonly restricted B-1 BCR
repertoires - i.e. a more diverse BCR repertoire - in adult TCF12ALEF12 peritoneal B cells (Fig. 2k) but not in
neonatal immature B cells, which lack of B-1 specific clonotypes (data not shown). Thus, TCF1 and LEF1
enhance BCR signalling and CD5 expression, which are associated with the restricted BCR repertoire of B-
1a cells.

We did not detect decreased serum antibodies of any isotype in mice lacking TCF1 and LEF1 (Extended
Fig. 3a) suggesting that either a low number of B-1a cells is sufficient for production of natural antibody,
or there is compensation by B-1 cell-derived plasma cells (CD19'° CD138* IgM*IgD"CD43") 3°, which are
unchanged in the spleens of TCF1/LEF1-deficient mice (Extended Fig. 3b). Although low in numbers, we
also observed an increase in IgG3* B-1a cells in both peritoneal cavity and spleen (Fig. 3a) and an
increased frequency of splenic B-1 pre-plasma cells (CD19"CD138*IgM*IgDCD43*) °4C in mice

lacking TCF1/LEF1 in B cells (Fig. 3b).

TCF1 and LEF1 promote B-1a cell mitosis and metabolism and limit differentiation.

We performed RNA sequencing (RNA-seq) analysis on purified TCF1WTLEF1WT and TCF12LEF12 B-1a
cells and expression of B-1a signature genes in these cells was superimposed onto the total genes shown
to be differentially expressed between B-1a, B-1b cells and FO B cells from peritoneal cavity according to

Immgen #1. Overall, there was tight correlation in the transcriptional profiles of TCF1WTLEF1WT and
TCF12LEF12 B-1a cells suggesting that B-1a cell identity was largely maintained in the absence of
TCF1/LEF1 (Fig. 3c). Amongst the differentially expressed genes, the B-1a signature gene Cd5

was downregulated in TCF12LEF12 B-1a cells at both RNA and protein level (Fig.3d&e). TCF12LEF14 B-1a
cells also expressed higher amounts of transcripts associated with B cell activation and plasma cell
differentiation such as Zbtb20 and Satb7 4?44 (Fig. 3d). Gene set enrichment analysis (GSEA) revealed
that the top regulated pathways were linked to cell cycle including G2-M checkpoint (Cdk7 and Ccnb2)
and E2F targets (E2f8 and Cenpm) (Fig. 3f and Extended Fig. 3c).

Importantly, the hallmark “Myc targets” pathway was downregulated, suggesting Myc may be a direct
target of TCF1 and LEF1 in B-1a cells (Fig. 3g). In line with this, there was a strong and significant
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correlation between the expression of Myc and the expression of both TCF1 and LEF1 (Fig. 3h). Mycis a
master regulator of metabolism #° and B-1 cells depend on glycolysis, acquisition of exogenous fatty
acids and autophagy for self-renewal 46 Consistent with this, inhibition of fatty acid metabolism,
oxidative phosphorylation (OXPHO) and glycolysis pathways were also prominent hallmarks in the
residual TCFT1ALEF12 B-1a cells (Fig. 3g). We also identified two additional transcriptional factors, Ets7
and /rf4, downregulated in TCF14, LEF14, and TCF12LEF12 B-1a (Fig. 3i). Given previous a report showing
B cell intrinsic roles of Ets1 on preventing non-cognate B cell activation and plasma cell differentiation #/,
we investigated whether this transcription factor regulates B-1a cell numbers and found that B-1a cells

were indeed reduced in the peritoneal cavity of mice lacking Ets1 in B cells (Fig. 3j).

Next, we looked into the targets of TCF1/LEF1 in B-1a cells. Due to low cell numbers and low-level
expression of these transcription factors in B-1a cells, ChlP-seq in this population was not successful.
Given the common overlap between transcription factor targets in B and T cells, we analysed TCF1 peaks
from published ChIP-seq datasets of total mouse thymocytes *® and compared these with open
chromatin regions identified by ATAC-seq on B-1a cells from Vh12/Vk4 transgenic mice 2’. Notably, TCF1
peaks were found at the promoters or enhancers of Cd5, Myc and Ets1 and these loci also harboured
open chromatin regions in B-1a cells, suggesting they are direct targets of TCF1 in B-1a cells (Fig. 3k).
Taken together, these results suggest that TCF1 and LEF1 are required for the self-renewal of B-1a
through positively regulating cell cycle and metabolism, whilst negatively regulating terminal
differentiation.

TCF1 and LEF1 promote IL-10 production by B-1a cells.

Next, we asked whether the absence of TCF1 and LEF1 in B-1a cells would affect their regulatory
function. In mice, multiple subsets of IL-10-producing B cells have been described including B-1a cells
(CD19"B220'°CD5MCD1d"CD21°CD23) 5B10 (CD19*B220*CD5* CD1d" CD21°CD23) cells 1949,
marginal-zone (MZ) B cells (CD19* B220*IgMMIgD'°CD21"cD23'°CD5CD1d") 50 and CD138* plasma
cells (CD19'°B220'/-CD138%) 51. Of all subsets, B-1a cells appear to transcribe the highest amounts of
1170 mRNA (immgen.org probeSet ID: 10349603). Using the published 134 “B10-associated genes” and
the related “Negative regulation of immune system” gene list °2 we scored the expression of these genes
in our scRNA-seq analysis of total peritoneal B cells. Both of these gene signatures were upregulated in
the B-1a cell clusters c1, c2 and c3 clusters (Fig. 2i and Fig. 4a, b), which also co-expressed Tcf7, Cd5 and
Ctla4. PD-L1, a molecule that curtails autoimmunity by limiting expansion and activity of effector T cells
53 was highly expressed in peritoneal B-1 cells compared to conventional B cells (Fig. 4c). Consistent with
their regulatory and B10 features, the B-1 cells with highest TCF1/LEF1 expression produced 2-fold higher
IL-10 upon activation compared to those expressing low amounts of TCF1/LEF1 (Fig. 4d). To investigate
whether TCF1 and LEF1 regulate IL-10 production, we stimulated total peritoneal cells from
TCF1WTLEF1WT and TCF12LEF12 mice for 5 hours with LPS, PMA, ionomycin, and Brefeldin A. B-1a cells
lacking TCF1 and LEF1 produced 50% less IL-10 compared to LEF1/TCF1 sufficient cells (Fig. 4e and
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Extended Fig. 4a). Intravenous LPS injection induces Lag3*CD138* cells that are known to produce IL-10
54- these were decreased in mice lacking TCF12LEF12 in B cells (Extended Fig. 4b).

We were intrigued to find two subsets of splenic B cells producing different amounts of IL-10 according to
the amount of CD19 expression in the presence or absence of stimulation. Whereas only CD19'° cells
produced IL-10 in the steady state, an increase in IL-10 production was only seen in the CD19" subset
upon stimulation (Fig. 4f). While the CD19'° subset exhibited the CD5*CD1d* phenotype characteristic of
B10 cells 19, the CD19" subset displayed a B-1a phenotype, with higher CD5 and lower CD21, CD1d, and
B220 expression (Fig. 4f). Consistent with splenic CD19" IL-10* cells deriving from B-1a cells, they had
the highest expression of TCF1 and LEF1 among IL-10 producing B cells (Fig. 4g and Extended Fig. 4c)
and were significantly reduced in TCF12LEF12 mice (Fig. 4h). Together, our data revealed that TCF1 and
LEF1 predominantly promote the generation of IL-10* B-1a cells both from peritoneal cavity and spleen.

TCF1 and LEF1 promote anti-inflammatory properties of B-1a cells

5556 and its EAE mouse

B cells have been shown to play protective roles in human multiple sclerosis
model %/ In the experimental model, such regulation requires B-1a cells rather than recirculating follicular
B cells 58 and is dependent on IL-10 57. We therefore tested whether TCF1 and LEF1 were required for the
regulatory function of B-1a in EAE. Activated peritoneal B-1 cells from TCF1WTLEF1"T and

TCF12LEF12 mice were injected 3.5 days following immunization with myelin oligodendrocyte
glycoprotein (MOGss.55). Clinical disease severity was significantly reduced in mice

receiving TCFTWTLEF1WT B-1 cells and onset was delayed compared to mice receiving TCF12LEF12 B-1
cells (Fig. 4i).

We next searched for autocrine roles of TCF1/LEF1-driven IL-10 in B-1 cells, since B-1 cell derived IL-10
represses proliferation >0, TCF1 and LEF1 promoted plasma cell (PC) differentiation of B-1 cells
cultured with LPS for 3 days and limited excessive proliferation of non-PCs (Fig. 5a-c). IL-10 blockade
using IL-10R-Fc antibody partially mimicked the effect of TCF1/LE1 deficiency, suggesting that
TCF1/LEF1 limits excessive proliferation at least in part through inducing IL-10 (Extended Fig. 4€).

TCF1/LEF1 are required for asymmetric cell division in CD8" T cells so they can produce both effector
Mychi cells and resting memory Myc'© cells ©*. Much as seen in CD8* T cells, Myc'® B-1 cells appeared in
the third division and these cells did not proliferate further (Fig. 5d). Such Myc'® cells also downregulated
CD19, CD86, FCRL5 and CD11b (Fig. 5d-f). By contrast, B-1a cells lacking TCF1 and LEF1 failed to
generate Myc'® cells, and continued to proliferate extensively (Fig. 5d), failing to downregulate CD19 and
expressing even higher amounts of activation and exhaustion markers FCRL5 and CD86 (Fig. 5g). Such
FCRL5*CD867CD19" B cell phenotype has been described to characterise “exhausted” B cells 2 and is
reminiscent of what are now known as “atypical memory B cells” or aged-associated B cells (ABCs) ©3.
ABCs have been identified in patients with chronic infections in the context of HIV and common variable

immunodeficiency 4%, as well as in patients with autoimmune diseases 3. Of note and as expected,
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TCF1/LEF1 did not limit B-2 cell proliferation and Myc expression remained high as B-2 cells divided
(Extended Fig. 4d and f). Strikingly, in the absence of TCF1/LEF1, PD-L1 was completely downregulated
upon activation, independently of cell division (Fig. 5h). ATAC-seq on B-1a cells 27 revealed two
chromatin accessible regions in the first two exons of Cd274 (encoding PD-L1) (Fig. 5i), suggesting PD-L1
is a direct target of TCF1 and LEF1 as is the case in DP thymocytes 48_0Of note, expression of CD86,
FCRL5 and PD-L1 in resting B-1 cells was comparable between TCF1WTLEF1WT and TCF12LEF12 mice,
indicating that TCF1/LEF1 are important to maintain PD-L1 expression and prevent CD86 and FCRL5
upregulation upon B-1 cell activation (Extended Fig. 4g). Together, these data suggest that TCF1/LEF1
enhances PD-L1 expression and IL-10 production, which prevents excessive cell proliferation and
exhaustion to maintain their regulatory function.

Asymmetric cell division is a mechanism to generate stem-like CD8 T cells (TCF1*CD8*) with memory
potential in situations of strong T cell stimulation °. Differences in Myc levels in daughter T cells
regulate proliferation, metabolism, and differentiation ®'. Here we have shown that these principles also
operate for B-1a cells but not for conventional B cells. It is tempting to speculate that TCF1 and LEF also
control B-1a cell development and homeostasis via asymmetric cell division. The corollary is that B cell
exhaustion and ABC formation may be an obligatory consequence of excessive proliferation in the
absence of asymmetric cell division and/or in the absence of IL-10-mediated autoregulation. Further
studies are required to investigate TCF1/LEF1-driven asymmetric cell division in B-1a cells and how
dysregulation of this pathway may impact autoimmune, autoinflammatory, and infectious diseases as
well as CLL, a B-1a-derived malignancy.

Methods And Materials

Mice. TcfA1ox/flox) of 7flox/flox mjjce were generated by Hai-Hui Xue (Center for Discovery

& Innovation, US) 6768 Mb7C" mice, Rag7’-and CD45.1 mice were maintained on a C57BL/6 background
and housed in specific pathogen free conditions at the Australian National University (ANU, Canberra,
ACT, Australia) Bioscience Facility. Tef/10%/flox gf 7lox/flox mijce were backcrossed at least 6 times onto the
C57BL/6 background, then were subsequently crossed to Mb7°™ mice to generate conditional Tcf7/Lef1-
knockout mice. Mice were used from 8-12 weeks, and they were age matched when comparing the effect
of two genotypes, except for aging assessment (4-21 weeks). All mouse procedures were approved by the
Australian National University’s Animal Experimentation Ethics Committee or UK Home Office under
project licence (PP2867252). Ets770x/flox mice crossed more than 12 generations onto a C57BL/6
background were obtained from Dr Barbara Kee at the University of Chicago, US. CD19-Cre mice on a
C57BL/6 background were obtained from Jackson Laboratories (Bar Harbor, ME, US) and crossed to
Ets170x/ox mjce to generate knockout CD19-Cre Ets770X/flox (Ets12) 69 and control CD19-Cre (Ets1WVT)
mice. Mice were used at both 9 weeks and 20 weeks of age to compare phenotypes. Mouse procedures
involving Ets1 floxed mice were approved by the University at Buffalo IACUC.
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Human Samples. Tonsillar tissue was obtained from consenting donors undergoing tonsillectomy at
Calvary John James Hospital and The Canberra Hospital (Canberra, Australia) followed by being
mechanically disrupted. The tonsillar lymphocyte and PBMCs were then purified by Ficoll Hypaque
gradient centrifugation method (GE Healthcare Life Sciences). Experiments with human samples were
approved the Human Experimentation Ethics Committee at The Australian National University and the
University Hospital Institutional Review Board.

Flow Cytometry. Single-cell suspension from mouse peritoneal cavity, spleens and bone marrow were
treated with TruStain FcX rat anti-mouse CD16/32 antibodies (BioLegend; cat # 101320). The cells were
then stained with primary antibodies used for mouse samples along with LIVE/DEAD Fixable Aqua Dead
Cell strain (Invitrogen), or ebioscience Fixable eFluor780 viability dye (Invitrogen). The primary antibodies
included: B220-BUV737 (RA3-6B2, BD Horizon), CD19-BV605(6D5, Biolegend), CD23-BV421(B3B4,
Biolegend), CD5-APC (53-7.3,ebioscience), IgM-PE-Cy7 (Il/41,ebioscience), CD19-BUV395(1D3, BD
Horizon), CD3-BV650 (17A2, Biolegend), CD21-BV605(7G6, Biolegend), IgD-PerCP/Cyanine5.5(11-26c¢.2a,
Biolegend), CD93-BV480(AA4.1, Biolegend), CD24-Pacific Blue(M1/69, Biolegend), CD43-BV605(S7,
Biolegend), CD3-APC-Cy7(17A2, Biolegend), CD4-APC-Cy7(GK1.5, Biolegend), CD11b-APC-Cy7(M1/70,
Biolegend), TER119-APC-Cy7(TER-119, BD), Gr1-APC-Cy7(RB6-8C5, Biolegend), Sca-1-BV421(Ly-6A/E,
Biolegend), c-Kit-APC(2B8, Biolegend), CD127-PE-Cy7(A7R34, Biolegend), CD16/32-PerCP/Cyanine5.5(93,
Biolegend), CD135-PE(A2F10, Biolegend), CD45.1-BV711(A20, Biolegend), CD45.2-BUV737 (104, BD),
CD274-BV711(B7-H1, Biolegend), CD86-PE-Cy7(GL-1, Biolegend), FCRL5-AF488(biotechne), c-Myc-
AF647(Y69, abcam), TCF1/TCF7-AF488(C63D9, Cell Signaling Technology), LEF1-AF488(C12A5, Cell
Signaling Technology), Rhodamine-DHPE Liposomes(DOPC/CHOL/Rhodamine-DHPE(54:45:1) were used
(FormumMayx, Sunnyvale,CA).

For cytokine intraceullular staining, the cells were stimulated with PMA, ionomycin and brefeldin A for the
terminal 5h of culture. Cells were harvested and stained for surface markers, including ebioscience
Fixable eFluor780 viability dye (Invitrogen) to exclude dead cells before cells were fixed. Intracellular
staining was performed with Cytofix/Cytoperm kit (BD) with IL10-PE (JES5-16E3, Biolegend) as
recommended. For transcription factors, eBioscience Foxp3/transcription factor staining buffer set
(Invitrogen) was used per manufacturer's instructions.

Human tonsil cells and PBMC were treated with human TruStain FcX CD16/32/64 antibodies (Biolegend)
and then stained with the following anti-human antibodies: CD3-BV785 (HIT3a, BD Bioscience), CD19-
BUV737(SJ25C1, BD Bioscience), CD20-APC-Cy7(2H7, Biolegend), CD27-PE-Cy7(M-T271, BD Bioscience),
CD38-FITC (HIT2, BD Bioscience), CD43-BV605(1G10, BD Horizon), TCF1/TCF7-AF488(C63D9, Cell
Signaling Technology), LEF1-AF488(C12A5, Cell Signaling Technology). Flow cytometers (LSRFortessa X-
20, FACSAria Il and LSR II; BD) and software (CellQuest and FACSDiva; BD) were used for the acquisition
of flow cytometric data, and FlowJo software (Tree Star, Inc.) was used for analysis.

Generation of bone-marrow and fetalHiver chimeras. To generate fetal-liver chimera, 1x10° fetal liver cells
from Tef7t/10x [ ef 7+/710X Cre M1 o Tef Alox/flox | ef7flox/flox creMb mice (at embryonic day 14.5) were
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transferred intravenously into sub-lethally irradiated (500 rad) Rag7” recipients. To generate bone
marrow chimeras, 2 x 10 bone marrow- derived hematopoietic stem cells from 8 weeks old mice with
aforementioned genotypes were transferred intravenously into sub-lethally irradiated Rag 7/ recipients.
Mice were given Bactrim in their drinking water for 48 hr before injection and for 6 weeks after injection
and housed in sterile cages. After 6 weeks of reconstitution, mice were taken down for phenotyping by
flow cytometry.

Adoptive celltransfer experiments. Equal numbers (1 x 10° cells) of flow-cytometry-sorted peritoneal
CD19*B220°CD5*CD23" B-1a cells from Tcf7t/*.Lef1*/* (CD45.2*) or

TefAlox/flox | efflox/flox creMb1 (CD45.2+) and wild-type (CD45.1*) were adoptively transferred into
Rag1’ recipients intraperitoneally, The frequency of donor B cells among total peritoneal B cells was
analysed at 2 months after transfer.

Peritoneal cell transfer and In vivo BrdU incorporation assay. Peritoneal cells were harvested from

Tef7* LefT** (CD45.2%) or Tef/1ox/flox | ef 7flox/flox creMbT (CDA45.2*) donors by injecting 5 ml of serum-
free, DMEM medium without L-glutamine (Gibco) into the peritoneal cavity and withdraw as much fluid
as possible, followed by centrifuging to harvest the cells; 3 x 10 cells were then injected intraperitoneally
into the CD45.1 recipients. The recipients were fed with water containing 0.8 mg mL™" BrdU for 12 days.
Mice were then killed, spleen, and PerC cells were analysed by flow cytometry.

ELISA. Flat-bottom 96-well ELISA plates (#3855, Thermo Fisher) were coated with goat anti-mouse
kappa-UNLB (#1050-01, Southern Biotech) overnight. The plates were subsequently washed and blocked
using 1% bovine serum albumin (BSA) in 1x phosphate-buffered saline (PBS) for 1.5 hr at 37 °C. Serial
dilution of the mouse serum was added to the wells and incubated overnight at 4C. Targeted antibodies
were detected using AP-conjugated goat anti-mouse IgM (#1020-04, Southern Biotech) and AP-
conjugated goat anti-mouse IgG3 (#1100-04, Southern Biotech). Plates were developed using 1 mg mL”
phosphatase substrate tablets (#50942, Sigma-Aldrich), and the absorbances at at 405 nm and 605 nm
was measured using an Infinite® 200 PRO plate reader (Tecan) equipped with i-control™ version 1.9
software. Serum was added in serial dilution before addition of secondary antibody: AP-conjugated goat
anti-mouse IgM (#1020-04, Southern Biotech) and AP-conjugated goat anti-mouse IgG3 (#1100-04,
Southern Biotech).

Flow Cytometric Analysis of Intracellular IL-10 Synthesis

In brief, isolated leukocytes or purified cells were resuspended (1 x 10° cells mL™) with LPS (10 pg mL™),
PMA, ionomycin, and Brefeldin A (1:500, Biolegend) for 5 hr. For IL-10 detection, cells were stained with
surface markers followed by fixation, permeabilization with the Cytofix/Cytoperm kit (BD Bioscience)
according to the manufacturer’s instructions. For transcription factors, staining fixation was done using a
transcription factor fixation/permeabilization kit (Invitrogen).
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RNA-seq library preparation and data analysis. Total RNA was purified from sorted peritoneal B-1a cells
(CD19*CD3'B220°CD5"CD237AAD) using the PicoPure RNA isolation kit. Library construction and
sequencing of were performed in the Biomolecular Resource Facility, the John Curtin School of Medical
Research, ANU. The single end reads of 76bp sequencing was generated on a HiSeq2000 machine with a
depth of more than 30 million reads per samples. The raw reads were aligned to the mm10 (GRCm38)
genome assembly using hisat2 ’° and the mapped reads were assigned with FeatureCounts [v2.4] 7’
based on genome-build GRCm38.p4 annotation and NCBI Refseq gene mode by removing ribosomal
genes and non-coding RNA, respectively. Differential expression analyses were performed with voom-
limma 72, after removal of lowly expressed genes and normalized using the trimmed mean of M-values
method 7374, Significantly differentially expressed genes were identified by applying a Benjamini—
Hochberg adjusted P value threshold of 0.05 7°. Gene set enrichment or pathway analysis were
performed using clusterProfiler 76 and Camera 7’ against the gene ontology (GO) database, KEGG
database and HALLMARK, C2 and C7 gene sets in the MSigDB (v7.5).

Single-Cell RNA sequencing. Peritoneal B cells (CD197CD37AAD") from three 8 weeks old mice and
immature B cells (Lin"CD19*CD93*IgM*7AAD") from spleen of four 9 days old mice were sorted by the
FACS Aria Il cell sorting system (BD Immunocytometry Systems, San Jose, CA, USA).10,000 cells per
sample were run on the 10X Chromium platform (10XGenomics). Library preparation and sequencing
were performed by the Australian Cancer Research Foundation Biomolecular Resource Facility, the John
Curtin School of Medical Research, ANU according to the manufacturer’s instructions for the Chromium
Next GEM Single Cell 5'Kit v2. Two libraries were generated and measured mRNA transcript expression
and BCR repertoire. The samples were sequenced using the NovaSeq 6000 (lllumina) system. The FASTQ
files were aligned to the mm 10 mouse reference genome using 10XGenomics CellRanger pipeline v.6.0.1.
Statistical analysis, clustering and visualization were conducted using Seurat v.4.0.1 in the R
environment.

ChlP-seq analysis. FASTQ files were downloaded from NCBI's GEO database for TCF1 and LEF1 CHIP-seq

data (SRP142342) 8. FASTQ files were aligned to Enembl’s mouse GRCm38 genome using BWA version
0.7.15. The resulting BAM files were sorted, duplicates marked and indexed using Picard version 2.1.1.
Peaks were called using MAC2 version 2.1.1 that were enriched in TCF1 or LEF1 relative to input using
default parameters. Peaks were annotated using homer version 4.8. BAM files were normalised to 10
million reads and IGVTools version 2.3.75 was used to generate coverage files.

ATAC-seq analysis. FASTQ files were downloaded from NCBI's GEO database for ATAC-seq samples in B-
1a cells (GSM2461745) 27. FASTQ files were aligned to Ensembl’s mouse GRCm38 genome using BWA
version 0.7.15. The resulting BAM files were sorted, duplicates marked and indexed using Picard version
2.1.1.1GVTools version 2.3.75 was used to generate coverage file for visualisation.

In vitro stimulation. Cells were cultured in RPMI 1640 medium supplemented with 10% FBS, 2 mM L-
glutamine, 100 U penicillin-streptomycin, 0.1 mM non-essential amino acids, 100mM Hepes, and 55 pM 2-
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mercaptoethanol at 37 °C in 5% CO,. B-1 cells were magnetically purified from peritoneal cavity using
Pan B cell isolation kit Il (Miltenyi Biotec, 130-104-443) with anti-mouse CD45R (B220) antibody (Miltenyi
Biotec, 130-110-707) and labelled with CellTrace™ Violet (Thermo Fisher, C34557) followed by
stimulating with or without 5 ug ml™ LPS (0111:B4, Sigma, L4391), 10 ug ml™" InVivoMAb anti-mouse IL-
10R (CD210) (BioXCell, BEO050) and its isotype control, InVivoMADb rat IgG1 isotype control, anti-
horseradish peroxidase (BioXCell, BE0088) for 72 h.

EAE. EAE was induced by immunization with MOG3s_55 peptide, emulsified in Complete Freund's adjuvant
(Sigma-Aldrich) and pertussis toxin (Sigma-Aldrich). On Day 3.5 mice 2 x 10° B-1 cells that had been
previously activated with R848 (0.1 ug mL™") for 48 hr were transferred intravenously. Mice were
examined daily and scored using the following scoring system: 0-no disease, 1-loss of tail tonicity, 2- hind
leg weakness, 3- complete hind leg paralysis, 3.5-complete hind leg paralysis with partial hind body
paralysis, 4- full hind and foreleg paralysis, and 5- moribund or dead animals ”°.

Statistical analyses. Statistical tests included student t test, Mann-Whitney (U test, two-tailed), Correlation,
one-way ANOVA or two-way ANOVA using GraphPad Prism (GraphPad Software, USA). Linear regression
model carried out with R project. Statistically significant differences are indicated as *, P < 0.05; **, P <
0.01; ***, P < 0.001; **** P <0.0001; and n.s., not significant.
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Figure 1

TCF1 and LEF1 expression and TCF1/LEF1 deficient mice phenotype. (a) Gene expression in the different
clusters projected on UMAP of scRNA-seq on total peritoneal B cells. Color scaled for each gene with log-
normalized gene expression level noted. (b-d) Flow cytometry gating strategy of peritoneal B-1a, B-1b and
B-2 (upper), histogram of TCF1 and LEF1 expression (bottom) (b) and geometric mean fluorescence
intensity (gMFI) quantification of TCF1 and LEF1 in B cells subsets from peritoneal cavity (c), and FO
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(follicular B), MZ (marginal zone B), T1 (transitional 1), T2 (transitional 2), T3 (transitional 3) from spleen
of C57BL/6J mice (d). (e-f) Quantification of the percentage of B-1 cells (CD19*B220'*/-CD3"), B-2 cells
(CD19*B220*CD3"), B-1a cells (CD19*B220'°/°CD5*CD23") and B-1b cells (CD19*B220'*/"CD5CD23),
Follicular B cells (CD19*B220*CD23*CD21) of peritoneal cavity (e) and spleen(f) from TCF1WTLEF1'WT,
TCF14, LEF14, TCF12LEF12 mice. (g) Frequency of various peritoneal, splenic and bone marrow (BM) B
cell populations from sub-lethally irradiated Rag1”" recipient mice 6 weeks after transferring fetal liver
cells (at embryo day 14.5) or bone marrow (8-10 weeks old) from TCF1WTLEF1WT and TCF12LEF12 mice.
Each symbol represents an individual mouse, Data are mean + s.d. Data are from one experiment
representative of two independent experiment with a total of five mice (b-d), one experiment with five or
seven mice per genotype, representative of three independent experiments (e-f), one experiment
representative of four independent experiments with 4-10 chimeric mice(g). Statistical analysis was
performed using parametric t test (b-d), Mann-Whitney t test (c-f). *P< 0.05, **P < 0.001 and ***P<
0.0001.
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Figure 2

Regulation of B-1a cell development by TCF1 and LEF1. (a) A diagram of key stages of B-1a
development. (b-d) Quantification of the frequency of CD19*B220LinlgM'CD93" B-1 progenitors (B-1P)
from TCF1WTLEF1WT and TCF12LEF14 fetal liver (at embryo day 18.5), and bone marrow (BM) at
postnatal day 1 (b), B-1aP (CD19*B220LinIlgM'CD93* CD5") from bone marrow at postnatal day 1 and 3
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of TCFIWTLEF1WT and TCF12LEF12 mice (c) and transitional B-1a cells (TrB-1a), identified as
CD93*IgM*CD19*B220'°CD5" from spleen of neonatal TCF1WTLEF1WT and TCF12LEF12 mice (postnatal
day 9) (d). (e) Flow cytometry plot and quantification of gMFI of Ki67 in TrB-1a and TrB cells of
TCF1IWTLEF1WT at day 9. (f) Correlation analysis between expression of TCF1 or LEF1 and percentage of
Ki67 positive cells in B-1a cells. 4 weeks old mice (Young, n=4) and 8-16 weeks old mice (Adult, n=8). (g)
Flow cytometry plots of B-1a cells from TCF1WTLEF1YWT and TCF12LEF12 mice at 4 weeks of age (top)
and 14 weeks of age (bottom), gated on peritoneal CD19*B220" cells (left), quantification of total B-1a
cell as at left (right). (h) Treatment protocol of BrdU labelling to donor TCF1WTLEF1WT and TCF12LEF124 B
cells (ly5b) in wild-type (ly5a) recipient mice for 12 days after intraperitoneal injection of equal number (2
x 108) peritoneal cells (top left), flow cytometry plots (right) and quantification of percentage of BrdU
labelled cells in donor B-1a or B-2 cells (bottom left). (i)Heatmap and quantification of the frequency of
clones with a particular V-V, pairing from TCF1WTLEF1WT and TCF12LEF12 peritoneal B cells. Heatmap
shows the number of clones. Row and column histograms indicate V and V| number, respectively. The
clones with Ighv11-2/Igkv14-126, Ighv12-3/Igkv4-91 and Ighv9-3/Iglv2 were labelled as c1, c2, c3
respectively (left) and quantification of frequency of clones of c1, c2 and ¢3 (right). (j) Frequency of
liposome-binding B-1a cells in TCF1WTLEF1WT and TCF12LEF12 mice. (k) Coverage-based diversity
accumulation curve for Hill numbers of order (q=0, 1 and 2), i.e., species richness, Shannon entropy and
Simpson index, respectively . Each symbol represents an individual mouse, Data are mean * s.d and
median (h). Data are from one experiment representative of two independent experiment with three or
eight mice per genotype (b-d), Data are from two independent experiment with a total of five or ten mice
per genotype (e), one experiment with three or five mice per genotype, representative of two independent
experiments (f-h), Data are from two independent experiments with a total of eight or twelve mice per
genotype (j). Statistical analysis was performed using Mann-Whitney t test (a-e, h). *P < 0.05, **P < 0.001
and ***P< 0.0001.
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Figure 3
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Figure 3

TCF1 and LEF1 promote B-1a cell mitosis and metabolism and limit differentiation.

(a) Flow cytometry plots (left) and quantification of percentage (right) of IgM™ or IgG3* from peritoneal B-
1a cells in TCF1WTLEF1WT and TCF12LEF12 mice. (b) Flow cytometry plots (left) and quantification of
percentage (right) of CD138" cells from TCF1WTLEF1WT and TCF12LEF12B-1 cells. (c) Expression-
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expression plot of transcriptomes of B-1a cells isolated from TCF1WTLEF1YT and TCF12LEF12 mice.
Superimposed B-1a signature genes from published RNA-seq data which over- or under-represented in
peritoneal B-1a versus B-1b cells . (d) Expression heatmap of B-1a signature genes, with the color
representing normalized RPM for each gene across different samples. (e) Flow cytometry plots (left) and
quantification of CD5 gMFI (right) from TCF1WTLEF1WT and TCF12LEF12 B-1a cells. (f) Dot plot
presentation of Hallmark gene sets upon a GSEA for differentially expressed genes in TCF1WTLEF1WT and
TCF12LEF14 B-1a cells. (g) GSEA on RNA-seq data shows enrichment for Myc signalling (top left),
Oxidative phosphorylation signalling (top right), Glycolysis signalling (bottom left), fatty acid metabolism
signalling (bottom right) from TCF1WTLEF1WT and TCF12LEF12 B-1a cells. (h) Correlation analysis
between expression of TCF1 or LEF1 and expression of Myc in peritoneal B-1a, B-1b and B-2 cells. (i)
Expression heatmap of B-1a signature genes, with the color representing normalized RPM for each gene
from B-1a cells of TCFIWTLEF1WT, TCF14, LEF14 and TCF12LEF12 mice. (j) Quantification of percentage
(right) of peritoneal B-1a cells from Ets1WT (Ets7+/*.Cre €419 ) and Ets12 (Ets710%/flox CreCd19) mice. (k)
ChIP-seq analysis of TCF1 and LEF1 binding in CD4*CD8* thymocytes and ATAC-seq analysis at Cd5,
Myc and Ets7 on B-1a cells from Vh12/Vk4 transgenic mice . Each symbol represents an individual
mouse, Data are mean + s.d. One experiment with five mice per genotype, representative of two or three
independent experiments (a-b, e), Statistical analysis was performed using Mann-Whitney t test (b, d-e).
*P< 0.05,**P<0.001 and ***P< 0.0001.
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Figure 4

TCF1 and LEF1 regulate IL-10 production on B-1a cells. (a) UMAP plots showing the BCR clusters of
peritoneal B cells and expression of Tcf7, Cd5 and Ctla4 in different clusters. Color scaled for each gene
with log-normalized gene expression level noted. (b) Evaluation of the B10 signatures and negative
regulation of immune system associated genes module score. (c) Flow cytometry plots (left) and
quantification of percentage (right) of IL-10* cells in TCF1"19" or TCF1°% B-1 cells from peritoneal cavity.
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Lymphocytes were cultured with LPS, PMA, ionomycin and brefeldin A for 5 hr before staining. (d) Flow
cytometry plots (left) and quantification of percentage (right) of IL-10" cells in B-1 cells from
TCF1WTLEF1WT and TCF12LEF12 peritoneal cells. Cells were cultured with LPS, PMA, ionomycin and
brefeldin A for 5 hr before staining. (€) Cell surface makers expression by CD19'°IL-10* (blue line),

CD19"IL-10*(red line) and IL-10" (dashed line) cells. CD19* splenocytes were cultured with LPS, PMA,
ionomycin and brefeldin A for 5 hr before staining for IL-10. (f) Flow cytometry histogram of TCF1 and

LEF1 expression on CD19'°IL-10* (blue line), CD19"IL-10*(red line) and IL-10" (dashed line) subsets (left)
and geometric mean fluorescence intensity (JMFI) quantification of TCF1 and LEF1(right). (g) Flow

cytometry plots (left) and quantification of percentage (right) of CD19'°IL-10* (blue line), CD19MIL-10*
(red line) cells from TCFTWTLEF1WT and TCF12LEF12 mice. (h) Mean clinical score of mice treated with
either PBS (open circles with dots) or peritoneal B-1 cells from TCF1WTLEF1WT (filled circles) and

TCF12LEF12 (open circles) that had been treated with the TLR7/8 ligand R848 for 48 hr in vitro. Each
symbol represents an individual mouse, Data are mean * s.d. Data from one experiment with five or ten
mice per genotype, representative of two independent experiments (c-f, g), Statistical analysis was
performed using Mann-Whitney t test (e-h). *P< 0.05, **P < 0.001 and ***P< 0.0001.
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Figure 5
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Figure 5

TCF1 and LEF1 deficiency B-1 cells increase proliferation after LPS stimulation. Magnetically purified
peritoneal cavity TCFTWTLEF1WT or TCF12LEF12 B-1 cells were cultured with LPS and IgG1 isotype for 3
days. (a-b) Flow cytometry plots (a) and Quantification of mean ratio of PC (CD138%) and non-PC

(CD138) cells (b). (c) Quantification of percentage of cells after the second division in non-PC cells. (d)
Representative flow cytometry plots of Myc expression through cell proliferation as measured by dilution
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of CTV. () Representative gating strategy of Myc" and Myc'® cells (upper) and Quantification of
percentage of Myc" and Myc'®in each division (bottom). (f) Representative histogram plots of CD86,
FCRL5, CD11b and CD19 expression between Myc" and Myc'® cells. (g) Representative histogram plots
(left) and Quantification of fold change (right) of CD86, FCRL5, and CD19 expression on cells of
undivided (D0), the third division (D3) and the fifth division (D5) on TCF1WTLEF1WT or TCF12LEF14 B-1
cells stimulated with LPS for 3 days. (h) Representative histogram plots of PD-L1 expression in DO and
D1 of TCFTWTLEF1WT or TCF12LEF12 B-1 cells stimulated with LPS for 3 days. (i) ChIP-seq analysis of

TCF1 and LEF1 binding in CD4*CD8" thymocytes and ATAC-seq analysis at PD-L 7 on B-1a cells from
Vh12/Vk4 transgenic mice . Data are mean + s.d. Data are from one experiment representative of two
independent experiment with a total of nine mice per genotype, peritoneal cavity cells from three mice are
pooled together. Statistical analysis was performed using Statistical analysis was performed using
parametric t test (b-d), Mann-Whitney t test (f). *P< 0.05, **P< 0.001 and ***P < 0.0001.
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