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Abstract

B-1 cells produce natural antibodies which provide an integral first line of defense against
pathogens while also performing important homeostatic housekeeping functions. In this study, we
demonstrate programmed cell death 1 ligand 2 (PD-L2) regulates the production of natural
antibodies against phosphorylcholine (PC). Naive PD-L2-deficient (PD-L27~) mice produced
significantly more PC-reactive IgM and IgA. This afforded PD-L2~/~ mice with selectively
enhanced protection against PC-expressing non-typeable Haemophilus influenzae (NTHi), but not
PC-negative NTHi, relative to wild type mice. PD-L2~~ mice had significantly increased PC-
specific CD138* splenic plasmablasts bearing a B-1a phenotype, and produced PC-reactive Abs
largely of the T15 idiotype. Importantly, PC-reactive B-1 cells expressed PD-L2 and irradiated
chimeras demonstrated B cell-intrinsic PD-L2 expression regulated PC-specific Ab production. In
addition to increased PC-specific IgM, naive PD-L2~/~ mice and irradiated chimeras reconstituted
with PD-L27/~ B cells had significantly higher levels of IL-5 — a potent stimulator of B-1 cell Ab
production. PDL2 mAb blockade of wild type B-1 cells in culture significantly increased CD138
and Blimp1 expression and PC-specific IgM, but did not affect proliferation. PDL2 mAb blockade
significantly increased IL-5* T cells in culture. Both IL-5 neutralization and STAT5 inhibition
blunted the effects of PDL2 mAb blockade on B-1 cells. Thus, B-1 cell-intrinsic PD-L2 expression
inhibits IL-5 production by T cells and thereby limits natural Ab production by B-1 cells. These
findings have broad implications for the development of therapeutic strategies aimed at altering
natural Ab levels critical for protection against infectious disease, autoimmunity, allergy, cancer,
and atherosclerosis.

Introduction

Natural antibody (Ab) bridges the innate and adaptive immune response, providing an initial
defense against pathogenic microorganisms (1-3). These immunoglobulins are produced in
the sera of normal mice and humans in the absence of immunization or infection (4-8).
Natural Abs serve important functions in tissue homeostasis and clearance of senescent and
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cancerous cells, autoimmune disease processes, infection, B cell development, and
protection against atherosclerosis (4, 5, 9-22). The B-1 cell subset produces the majority of
natural Abs in the serum, of which IgM is the principal isotype (4, 5, 23-26). Natural Abs
are directed against multiple specificities, including oxidized LDL (OxLDL),
phosphatidylcholine (PtC), phosphorylcholine (PC), malondialdehyde (MDA), oxidized
cardiolipin (OxCL), 4-hydroxynonenal (4-HNE), and Thy-1 (CD90), as well as tumor
associated antigens (10, 11, 13, 27).

One of the most well-studied natural Ab specificities is PC. In particular, the regulation and
function of PC-specific Ab of the T15 idiotype (Id) has been extensively studied. T15 is a
protective natural Ab encoded by germline sequence of the BCR in multiple mouse strains
(18, 20, 28) and recognizes PC expressed on the surface of Streptococcus pneumoniae (the
pneumococcus) as a component of the teichoic and lipoteichoic acids, as well as PC
expressed in OxLDL. B-1 B cell derived T15 anti-PC Ab is atheroprotective (9, 22, 29, 30).
Context is equally important, as the majority of natural Ab in the naive mouse is IgM, but in
response to pneumococcal infection, T15 1gG is more protective than T15 IgM (31). Recent
work by the Kearney lab has shown that T15 Id* B cells suppress allergic disease (8, 32).
Although considered a protective Ab, under conditions favoring autoimmunity, PC-reactive
Ab has been shown to cross-react to dsDNA (33-35) and somatic mutation of the T15 Id can
specifically contribute to increased dsDNA reactivity (36). Thus, regulation of PC-specific
Ab production is of critical importance to protection against infectious disease,
autoimmunity, allergy, and atherosclerosis.

B-1 B cells producing the vast preponderance of natural Ab are efficiently generated from
precursors in fetal liver and bone marrow, the former being a rich source of B-1 progenitors
(4, 14, 25, 37-41). B-1 cells are enriched in the pleural and peritoneal space of mice and
primates (42, 43), but for reasons not yet fully understood, are suppressed from producing
Abs within this environment (44). B-1 cells consist of B-1a cells and B-1b cells, which are
phenotypically distinguished by CD5 expression on B-1a cells. The B-1a cell (CD19*CD5%)
repertoire consists of cross-reactive receptors which bind self and non-self antigens (24).
The presence of potentially auto-reactive B cells requires stringent mechanisms that control
their activation and differentiation to Ab-producing cells. Activation signals induce B-1a cell
trafficking to the spleen and bone marrow (5), enabling differentiation of B-1a cells into
ASCs (45). While signals controlling B-1a cell activation and peritoneal exit in response to
TLR agonists have been investigated, the mechanism controlling spontaneous or natural Ab
production, including PC-specific Ab, is less clear. The distinctive expression of cell surface
regulators, such as programmed cell death 1 (PD-1) ligand 2 (commonly, PD-L2 or B7DC)
(46, 47), by this unique cell subset suggests potential pathways of regulation.

Our recent work has demonstrated PD-1 and its ligands, PD-L1 (B7H1) and PD-L2 (B7DC),
are important negative regulators of the adaptive immune response to the polysaccharide
capsule of Streptococcus pneumoniae. B cell-expressed PD-1 plays a major role in
suppressing Ab production to pneumococcal polysaccharide, as well as other T cell-
independent type 2 antigens (T1-2 Ags) and tumor-associated carbohydrate Ags (48-50).
Evidence supports that PD-1 specifically induced on Ag-specific B-1b cells suppresses B
cell proliferation and differentiation to IgG-producing cells (48). Nonetheless, spontaneous
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PC-specific Ab production, as well as adaptive immune responses to PC may be
differentially regulated (23, 30, 51). The potential of the PD-1:PD-L regulatory axis to
control natural or adaptive PC-specific Ab responses is not known.

In this study, PD-L2 was found to regulate the production of natural Ab against PC, as well
as PtC. Mice deficient for PD-L2 produced significantly more anti-PC IgM, specifically the
T15 Id, and had significantly increased PC-reactive plasmablasts bearing a B-1a phenotype.
The increased PC-specific Ab in these mice was associated with significantly increased
protection against a constitutive PC-expressing mutant of non-typeable Haemophilus
influenzae (NTHI), but not an isogenic mutant lacking surface PC. Importantly, B cell-
expressed PD-L2 was found to suppress PC-specific Ab production as well as systemic IL-5
levels in vivo. In vitro culture assay demonstrated that PD-L2 suppressed B-1 cell
differentiation into ASC via suppressing T cell production of the critical B-1 cell ASC
differentiation factor, IL-5. Thus, this study reveals a novel PD-L2-dependent pathway that
regulates natural Ab production by B-1 cells.

Materials & Methods

Mice

Infections

Mice were bred in-house and included WT and muMT (The Jackson Laboratory) mice as
well as PD-17/~, PD-L27/~, and PD-L17/~ on the C57BL/6 background as previously
described (48). Mice were housed in specific pathogen-free conditions, except during
infection experiments. Mice (used at 2-4 months of age) were age-matched for experiments.
In some experiments, mice treated with drinking water supplemented with vancomycin
(0.5g/L), neomycin (1g/L), metronidazole (1g/L), and ampicillin (1g/L). All studies and
procedures were approved by the Wake Forest Animal Care and Use Committee.

NTHi 86-028NP /ic°®N or NTHi /icD mutant strains, which are exclusively PC* (/icON) or
PC™ (/icD) populations (52, 53) were cultured overnight on brain-heart infusion agar (Difco)
supplemented with hemin (10 pg/mL, ICN Biochemical) and nicotinamide adenine
dinucleotide (10 ug/mL, Sigma). Bacteria were harvested from plates with a sterile swab and
suspended in phosphate-buffered saline to an OD600 ~0.1. Mice were infected via the
intratracheal (i.t.) route with ~5 x 107 CFU. Nasal wash fluid (NWF) and broncho-alveolar
lavage were collected as described previously (33, 48), serially diluted in sterile PBS, and
plated onto supplemented BHI agar for plate counts.

ELISA and ELISPOT

ELISAs were performed as previously described (48). Samples were diluted in TBS
containing 1% BSA (TBS-BSA) and analyzed for total and PC-specific IgM, 1gG, and IgA.
Diluted serum samples were added to Costar plates coated with 0.625 pg/mL PC(4)BSA
(Biosearch Technologies) or 5 pg/mL anti-mouse Ig(H+L) (Southern Biotechnology
Associates) or AB1.2 (anti-T15 Id) Ab and blocked with TBS-BSA. Alkaline phosphatase-
conjugated polyclonal goat anti-mouse IgM, 1gG, 1gG3, and IgA Abs (Southern Biotech)
and pNPP (Sigma) were used to detect Ab. A PC-specific IgM hybridoma was used for
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quantitation of the PC IgM response. IL-4, IL-5, IL-6, IL-10, IFN+y, TNFa, and GM-CSF
ELISAs were performed according to manufacturer’s instructions (BioLegend).
Malondialdehyde-specific ELISAs used plates coated with MDA-BSA (Cell Biolabs, Inc) at
5 ug/ml. Phosphatidylcholine ELISAs were performed on air-dried plates that had been
coated with L-alpha-phosphatidylcholine (Sigma) at 30 ug/ml in hexane. ELISPOT was
performed as previously described (33), using both Image Acquisition 4.5 and ImmunoSpot
software for analysis of spot number and size.

Bone marrow and neonatal liver chimeric mice

For bone marrow chimeras, WT recipient mice were lethally irradiated (950 rad) and
reconstituted with either muMT:WT bone marrow (BM) or muMT:PD-L27~ BM (20% WT
or PD-L27/~ plus 80% muMT BM). For neonatal liver chimeras, recipient muMT mice were
lethally irradiated (950 rad) and reconstituted with neonatal WT or PD-L2~/~ liver from 2-
day old mice mixed with adult muMT BM (using a 20:80 ratio). 107 cells were delivered
intravenously to recipient mice. Recipient mice were rested for three weeks and serum was
analyzed for anti-PC IgM.

In vitro assay and MACS enrichment

B-1 cells from naive WT mice were enriched from PerC using CD19* (Miltenyi) and
biotinylated CD23 mAb + streptavidin (Dynal) magnetic activated cell sorting (MACS).
Purity of CD19*CD23~ B-1 cells was 96.0 + 0.3% as assessed by IgM staining. Purified B-1
cells (CD19*237) were cultured in the absence of stimulation with muMT splenocytes at a
1:1 ratio in cRPMI + 10% FCS supplemented with 50 uM B-mercaptoethanol (Sigma) and
50 ng/mL BLyS (R&D Systems) in the presence of either PDL2 monoclonal antibody
(mADb) blockade (TY25, InVivo mAb, BioXCell) or control mAb (2A3, InVivo mAb,
BioXCell) at 5 pg/mL concentration. For in vitro cultures, a STAT5 inhibitor (CAS
285986-31-4, Calbiochem) was used at 50 pg/mL and anti-IL-5 mAb (TRFK5, BioLegend)
was used at 2.5 ug/mL. Cultures were harvested at day 2 or 4 for ELISA and flow cytometry
analysis.

Flow cytometry

Single-cell suspensions (2 x 107/mL) were washed with PBS containing 2% newborn calf
serum and then incubated with Fc Block (eBioscience) for 15 minutes, followed by staining
with a combination of the following fluorochrome-conjugated Abs: CD5 (53-7.3), B220
(RA3-6B2), CD86 (GL-1), CD11b (M1/70), CD1d (1B1), CD21/35 (7E9) (BioLegend);
CD19 (1D3), CD138 (281-2), PD-L2 (TY25) (eBioscience); CD131 (common f chain;
JORO50), CD125 (IL-5Ra, T21) (BD); and goat F(ab”), anti-mouse IgM (Southern
Biotech). Intracellular cytokine and transcription factor staining was performed as
previously described (48), and used Blimp1 (5E7) and Pax5 (1H9) (eBioscience); IL-4
(11B11), IFNy (XMG1.2), TNFa (MP6-XT22), and IL-5 (TRFK5, BioLegend).
Fluorochrome-labeled isotype controls were used to determine background staining levels.
PC-reactive B cells were detected as previously described (42). Briefly, following Fc block
incubation, cells were incubated with PC-Fluorescein-BSA (Biosearch Technologies; 20 pg/
ml), BSA-Alexafluor-647 (20 pug/ml), and fluorochrome labeled mAbs in PBS containing
2% normal calf serum at room temperature for 25 min. Cells were washed and fixed. BSA-
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binding cells were gated out prior to analysis of PC-BSA-binding B cells. Stained cells were
analyzed using a FACS Canto Il cytometer (BD Biosciences) with forward light scatter
(FSC)-A/FSC-H doublet exclusion. Data were analyzed using FlowJo analysis software
(Tree Star).

Statistical analysis

Results

Data are shown as mean + SEM with differences assessed using Student’s t test or one-way
Analysis of Variance (ANOVA) with Dunnett Post Test, as indicated in figure legends.
Differences in /in vitro assay conditions were assessed using pairwise Student’s t test.

Anti-PC Ab is selectively increased in PD-L27/~ mice

We assessed total Ig levels in PD-17/=, PD-L17/~, and PD-L2~/~ mice and found that PD-
L2/~ mice had significantly decreased total serum IgM, but significantly increased total
serum IgG and IgA compared to WT mice (Fig. 1A). PD-17/~ and PD-L1~~ mice similarly
exhibited significant increases in serum IgG, as previously described (54), but had normal or
increased serum IgM levels, in contrast to PD-L2~/~ mice. IgA was increased in PD-17/, but
not PD-L17/~ mice. These data indicate PD-1 and its ligands have distinct roles in regulating
total Ig levels, with PD-L2, but not PD-1 or PD-L1, required for maintaining optimal IgM
serum levels.

The significantly decreased total IgM in PD-L27/~ mice led us to hypothesize that natural
Ab would be similarly decreased. We therefore assayed PC-, PtC-, and MDA-specific Ab
levels. Strikingly, serum PC-specific IgM levels in naive mice were significantly higher in
PD-L27/~ mice, with reciprocal titers 3.1-fold higher than that of WT mice (Fig. 1B). PC-
specific Ab levels were slightly increased in PD-17/~ and PD-L1~/~ mice, but were not
significantly different from WT mice (Fig. 1B). Serum PC-specific 1gG and IgA were also
significantly elevated in PD-L2~ mice over WT mice (Fig. 1B). PC-specific IgM and IgA
were also significantly increased in broncho-alveolar lavage (BAL) of PD-L2~/~ mice (Fig.
1C). Interestingly, IgM against MDA, a specificity found among B-1b and B-1a cells (22),
was significantly decreased in PD-L27/~ mice (Fig. 1D). However, serum PtC-specific IgM,
a specificity attributed to B-1a cells, was significantly increased in PD-L2~/~ mice, with
reciprocal titers 3.5-fold higher than that of WT mice (Fig. 1E), similar to PC-specific IgM.
Natural IgM reactive against pneumococcal polysaccharide type 3 (PPS3) was comparable
between WT and PDL2~/~ naive mice and was slightly reduced in PD-L2~/~ mice following
native PPS immunization (Pneumovax-23). However, IgM produced against protein-
conjugated PPS (Prevnar-13) was significantly reduced in PD-L27~ mice (Supplemental
Fig. 1A). Thus, PD-L2 has different effects on IgM production, depending upon antigen
specificity. In contrast to PD-1 and PD-L1, which moderately influence PC-specific Ig levels
and are dispensable for maintenance of total serum IgM, PD-L2 promotes maintenance of
total serum IgM levels and limits production of natural IgM against PC and PtC, two well-
defined specificities produced by B-1a cells.
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PC-expressing NTHi strains are cleared more rapidly from the lungs of PD-L27/~ mice

We assessed the physiological relevance of increased PC-specific Ab levels in the BAL and
lungs of naive adult PD-L2~/~ mice by examining acute clearance of PC-expressing and
non-PC-expressing isolates of non-typeable Haemophilus influenzae (NTHi) 86-028NP.
NTHi 86-028NP /icON constitutively expresses PC on its lipooligosaccharide (LOS) layer,
whereas NTHi 86-028NP /icD lacks the phosphorylcholine transferase, and thus lacks PC on
its surface (52). Two days post-challenge, PD-L2~/~ mice exhibited significantly lower
burden of NTHI 86-028NP /icON compared to WT mice. NTHi 86-028NP /icD burden was
similar in WT and PD-L2~/~ mice (Fig. 1F). These data suggest that significantly increased
PC-specific natural Ab in naive PD-L2~/~ mice promotes enhanced clearance of PC-
expressing respiratory pathogens.

Broad spectrum antibiotics do not alter elevated PC-specific Ab levels in PD-L27/~ mice

The relationship between host and microbiota contributes to the development of the immune
system (55, 56), and recent evidence suggests that PD-1 influences the selection of IgA*
plasma cell repertoires and gut flora regulation (57, 58). We therefore sought to determine if
the microbiota influenced the natural PC-specific Ab levels in PD-L2~/~ mice using broad-
spectrum antibiotic (ABX) therapy as previously described (57). We evaluated PC-specific
IgM levels in mice in which therapy was initiated at: 1) 4 weeks of age (Fig. 2A); and 2) 9
weeks of age (Fig. 2B). Interestingly, increased PC-specific IgM was not observed in PD-
L2/~ mice until 6 weeks of age. Treatment of 4-week old mice with ABX for 14 or 28 days
did not alter the significantly increased levels of PC-specific IgM that were observed in PD-
L2~ mice at 6 and 8 weeks of age (Fig. 2A).

Adult (9-week old) PD-L27~ mice had significantly elevated PC-specific Ab levels prior to,
during, and after cessation of ABX therapy compared to WT mice (Fig. 2B). Notably, all
treated mice displayed significant reductions in total serum IgA levels after 14 days of ABX
therapy (Suppl. Fig. 1B), as expected for this treatment regimen (59-61). Thus, while PD-
L2/~ and WT weanling mice (4 weeks of age) begin with equivalent PC-specific Ab levels
in the serum, altered host microbiota is unlikely to explain the appearance or maintenance of
enhanced PC-specific Ab levels in PD-L27/~ mice.

PD-L2 deficiency results in increased PC-specific ASC number and output

Increased PC-specific Ab in the context of PD-L2 deficiency may potentially be explained
by increased Ab secreting cells (ASC) or increased output on a per cell basis. We therefore
analyzed bone marrow (BM) and spleen ASC via ELISPOT. PD-L2~/~ mice had
significantly increased PC-specific ASC in the BM and spleen compared with WT mice
(Fig. 3A, Supplemental Figure 1C-D). Interestingly, splenic PC-specific IgM ASC numbers
were moderately increased in PD-17/~ mice, albeit not significantly different than WT mice.
PC-specific IgM ASC numbers were at WT levels in PD-L1~/~ mice. Consistent with these
findings, supernatant from 7-day cultures of unstimulated, naive PD-L27/~ splenocytes had
significantly increased PC-specific IgM compared to WT splenocytes (Fig. 3B). Further,
there was a significant increase in the spot size generated by PD-L2~/~ splenocytes for both
PC-specific IgM (Fig. 3C) and IgA (Suppl. Fig. 1D). These data suggest that an increase in
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both ASC number and output contributes to elevated PC-specific Ab levels in PD-L27/~
mice.

PD-L27/~ mice have significantly increased PC-specific B-1a cells with plasmablast
phenotype and PC Ab of T15 specificity

We did not detect a difference in the frequency of total splenic PC-specific B cells in PD-
L2~ mice (0.31 + 0.06% WT, 0.25 + 0.02% PD-L27/~). However, PD-L27~ mice displayed
an increase in the frequency of PC-reactive (CD138*) plasmablasts compared to WT mice
(Fig. 3D). In particular, PD-L2~/~ mice exhibited a significant increase in the frequency and
number of CD19*CD5*CD138* PC-binding B-1a cells in spleens compared to WT mice
(Fig. 3D). We did not detect differences in the overall frequency of peritoneal B cells that
bound PC in the peritoneal cavity or in the distribution of B-1a, B-1b, or B-2 cells binding to
PC (Fig. 3E). Notably, approximately half of peritoneal B-1 cells expressed PD-L2 as
previously reported (26) and 83 = 1% (n=5) of PC-specific peritoneal B cells expressed PD-
L2 (Fig. 3F and data not shown). The minor fraction of PC-binding B cells that were PD-
L2!9"= cells largely belonged to the B-1b cell subset (82 + 4%; data not shown). Notably,
peritoneal cavity (PerC) CD5* (B-1a) B cells in PD-L2~/~ mice had significantly increased
Blimp1 and total (intracellular + extracellular) IgM staining but normal Pax5 levels (Fig.
3G). In contrast, PD-L2~/~ peritoneal CD5~ B cells were similar to WT mice. Thus, PD-
L2/~ mice have PerC B-1a cells that are poised for Ab secretion as well as significantly
increased splenic B-1a plasmablasts dedicated to secreting PC-specific IgM.

Given the increase in PC-specific B-1a cells, we assessed the contribution of the T15 Id to
PC-specific Ab levels in WT and PD-L2~/~ mice using the AB1.2 (anti-T15 idiotype) Ab as
described previously (20). Blocking with AB1.2 caused a dramatic dose-dependent decrease
in bound PC-specific IgM in PD-L27/~ sera whereas WT sera binding were only slightly
diminished (Fig. 4A). 50 ug/mL ABL1.2 inhibited 77.3 £ 2.3% of PC-binding IgM in PD-
27/~ serum, but only 24.5 + 9.9% binding in WT serum (p=0.001). Consistent with this
finding, significantly increased PC-specific IgM concentrations in PD-L27~ mice (Fig. 4B)
corresponded with significantly increased T15 Id PC-specific IgM concentrations (Fig. 4C).

B cell-intrinsic expression of PD-L2 regulates PC-specific Ab production

To test whether PD-L2 expression by B cells regulates their ability to produce PC-specific
Ab, we generated chimeric mice selectively lacking PD-L2 on B cells using donor BM of
WT or PD-L27/~ mice mixed with muMT BM. Three weeks after reconstitution, there was a
significant increase in PC-specific IgM in muMT:PD-L27/~ chimeras as compared to
mMuMT:WT chimeras (Fig. 5A). Similar results were obtained when neonatal WT or PD-
L2/~ liver (enriched for B-1 progenitors) was used as a source of B cells (Fig. 5B). Notably,
total serum IgM levels were not significantly different between groups, although bone
marrow chimeras reconstituted with PD-L2~/~ B cells had increased total serum IgM in
contrast to the decreased levels observed in PD-L2~/~ mice. These data demonstrate that B
cell-intrinsic PD-L2 expression suppresses PC-specific natural IgM production.
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B cell-intrinsic expression of PD-L2 contributes to IL-5 regulation

We assessed whether PD-L27~ mice had alterations in cytokines known to play a role in
supporting B-1 cell Ab production, including GM-CSF and IL-5 (30, 62-68). Whereas
serum GM-CSF was not significantly different between WT and PD-L2~/~ mice (Suppl. Fig.
2C), PD-L27~ mice had a 2.5-fold increase in serum IL-5 levels (Fig. 5C). Serum IL-5 was
also significantly increased in muMT:PD-L2~~ BM chimeras relative to muMT:WT BM
chimeras (Fig. 5D). Collectively, these data suggest that B cell-intrinsic PD-L2 expression
suppresses IL-5 production.

PD-L2 regulates ASC differentiation

We developed an /n vitro assay to elucidate the mechanism by which PD-L2 regulates B-1
cells. Purified WT PerC B-1 cells were cultured with muMT splenocytes in the absence of
stimulation for 4 days with PDL2 mAb (TY25) or control mAb (2A3), and analyzed by flow
cytometry for differences in division and differentiation and by ELISA for Ab secretion.
PDL2 mAb blockade had no effect on B-1 cell division (Fig. 6A). However, PDL2 mAb
increased B-1 cell total IgM secretion and significantly increased PC-specific IgM
production (Fig. 6B). Consistent with this, PDL2 mAb significantly increased the frequency
and number of differentiated CD138* plasmablasts recovered compared to control mAb
(Fig. 6C). Blimp1 up-regulation was also observed with PDL2 blockade (Fig. 6D). Notably,
PD-L27/~ PerC B-1 cells in culture did not show enhanced CD138 or Blimp1 expression
with PDL2 mAb blockade (data not shown). Collectively, these data suggest that PD-L.2
regulates B-1 cell natural IgM production through suppressing differentiation, as opposed to
proliferation, of ASC.

B-1 cell PD-L2 regulates T cell IL-5 production

Our BM chimera results (Fig. 5) led us to hypothesize that B-1 cell-expressed PD-L2 could
suppress IL-5 production, and this could explain the significant increases in B-1 plasmablast
differentiation and PC-specific IgM production in cultures in which PD-L2 was blocked.
Purified WT PerC B-1 cells were cultured with muMT splenocytes in the absence of
stimulation for 2 days with PDL2 mAb or control mAb, and analyzed by flow cytometry. As
demonstrated in Fig. 6E, PDL2 mAb in cultures of WT B-1 cells and muMT splenocytes
significantly increased the frequency and number of IL-5* CD5* T cells compared to control
mADb. These changes induced by PDL2 mAb blockade corresponded with significantly
increased B-1a cell-expression of CD138 (MFI values increased by 48 + 17%) and Blimpl
(MFI values increased by 43 £+ 22%), but unchanged Pax5 levels (2 + 6%) (Fig. 6F).
Notably, B-1a cells are more responsive to IL-5 than other subsets as they have significantly
higher expression of IL-5Ra and CD131 (common B chain signaling component) than B-1b
and B-2 cells (Supplemental Fig. 2A). In contrast to the increase observed in IL-5-
producing T cell frequencies, IFNy-producing T cells were no longer detectable in cultures
following PDL2 mAb blockade (Supplemental Fig. 2B). IL-4- and TNFa—producing T cell
frequencies were unchanged or increased, respectively. A similar trend was observed in PD-
L27/~ mice—serum IL-4 was modestly increased whereas IFNy was decreased, albeit not
significantly (Supplemental Fig. 2C). Interestingly, serum TNFa levels, as well as IL-6,
were increased in PD-L27/~ mice.
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To assess whether increased IL-5 in cultures treated with PDL2 mAb played a role in
increased B-1a cell differentiation to ASC, we added a neutralizing IL-5 mAb (TRFKS5) to
cultures. As shown in Fig. 6F, IL-5 neutralization in cultures inhibited the effects of PDL2
mAb blockade on promoting B-1a cell differentiation to ASC, including inhibition of
increases in CD138 and Blimp1 levels. A STATS5 inhibitor, which negates IL-5Ra:CD131
signal activation, similarly ablated the effects of PDL2 mAb blockade on B-1a cell
differentiation to ASC (Fig. 6F). Taken together, these data demonstrate B cell-intrinsic PD-
L2 suppresses IL-5 production in T cells, a cytokine utilized by IL-5R—expressing B-1 cells
to differentiate to ASC.

Discussion

Natural antibody production is critical for protection against infectious diseases, allergy,
cancer, and atherosclerosis (8, 10, 11, 69, 70). B-1 cells play a crucial role in producing
natural Abs, including phosphorylcholine (PC)—specific Ab (4). The regulation of natural Ab
production by B-1 cells is not completely understood, although it is evident that these cells
are regulated differently than conventional B cells. In this study, we identified a novel role
for PD-L2 in regulating B-1 cell natural Ab production. Specifically, we demonstrate B-1
cell-expressed PD-L2 suppresses the ability of B-1 cells to differentiate into ASC through
regulating IL-5 production by T cells. In the absence of PD-L2, PC-specific B-1a cell
plasmablasts, T15 Id IgM, and serum IL-5 levels were significantly increased. Concurrently,
we observed significantly increased clearance of PC-expressing, but not PC-deficient, NTHi
isolates from the lungs of mice lacking PD-L2. Our study thereby demonstrates a unique
pathway whereby PD-L2 regulates innate-like B cells to secrete natural Ab important for
protection against a broad range of diseases.

Phosphorylcholine, a component of mammalian cell membranes, is also a component of the
cell walls of the pneumococcus and Haemaophilus influenzae, among other pathogens. PC-
specific Ab has demonstrated protective effects against bacterial pathogens and
atherosclerosis (1, 20, 52, 71-73). The T15 Id of PC-specific natural Ab is particularly well-
known for its protection against Streptococcus pneumoniae infection (1, 20, 23, 73-75) and
atherosclerosis (18, 76, 77). Although follicular (FO), marginal zone (MZ), and B-1b B cells
have the capacity to produce natural Ab (78, 79), the B-1a cell subset plays a critical role (8,
24, 26). Naturally-produced Ab against PC is highly represented by IgM, particularly of the
cross-protective T15 Id, whereas adaptive PC-specific Ab is more commonly IgG or IgA,
and does not efficiently recognize PC expressed by the pneumococcus (2, 11, 18, 20, 24, 34,
74, 80). While considerable work has served to elucidate the genetic makeup of natural Abs,
such as the T15 Id, the intricate contributions of cell types and surface molecules to the
regulation of natural Ab is unclear (1, 2, 17-20, 23, 73-75), although IL-5 in particular has
been shown to promote T15 Id Ab production (30). Indeed, the contribution of IL-5 to
natural antibody producing B-1 cells is well-known (63, 81). IL-5Ra is constitutively
expressed on B-1 cells (82-84) and is important to development, differentiation, and self-
renewal of B-1 cells (85). Our data demonstrate that the PC-specific IgM produced in PD-
L2/~ mice is highly represented by the T15 Id, potentially identifying a unique clonal
specificity through which PD-L2 exerts regulatory control, especially upon egress to the
spleen, given the predilection of B-1 cells for the spleen for the purpose of Ab secretion (25,
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45, 86-90). Notably, our work shows PC-specific B-1 cells constitutively express PD-L2 and
work from others has shown depletion of PD-L2* B-1 cells significantly decreases PC-
specific IgM levels (26), thereby demonstrating the key role PD-L2* PC-specific B-1 cells
play in maintaining PC-specific Ab levels. Interestingly, it is possible that use of the same
transcriptional regulator for IL-5Ra and PD-L2 expression (Oct2) in these B-1 cells serves
as a means of input/output control (46, 91-93). Thus, our work highlights a key and novel
relationship between PD-L2, IL-5, and T15 Ab production.

Our data suggest PD-L2 differentially regulates IgM production by distinct B cell subsets.
Similar to PC-specific IgM, serum IgM levels against PtC, another specificity found among
PD-L2* B-1a cells (47), were significantly higher in naive PD-L2~/~ mice. However, total
serum IgM levels in naive PD-L2~/~ mice were significantly lower, whereas chimeric mice
lacking PD-L2 only on B cells had normal levels of serum IgM. Production of natural IgM
against MDA, which has recently been shown to involve B-1b cells (22), was also
significantly lower in naive PD-L2~/~ mice. In contrast to normal IgM responses to native
PPS3, IgM responses to PPS3 following immunization with the pneumococcal
polysaccharide-protein conjugate vaccine were significantly lower in PD-L2~/~ mice. The
reduction in IgM production in response to T cell dependent antigens (NP-CGG) has been
previously reported for PD-L2~/~ mice (94). Although B-1a cells play a major role in
contributing to natural IgM production, other subsets are also known to contribute. That PD-
L2 may only suppress a fraction of these cells, and has an opposing role in promoting IgM
secretion, including natural IgM secretion by B-1b and marginal zone (MZ) B cells, offers a
potential explanation for these findings. We hypothesize that PD-L2 on non-B cells, such as
dendritic cells and macrophages, may in some way promote IgM production by B-1b cells,
MZ B cells, and/or B-2 cells either directly or indirectly. The mechanism(s) by which this
might occur is not yet clear, although PD-L2-mediated support of T follicular helper cells or
other accessory cells could play a role. Future work will address this and other possibilities.

PD-L2 is an enigmatic molecule reported to positively and negatively regulate T cells (95—
101); its effects on B cells are less well-defined. PD-L2 expression is restricted to B-1 cells,
memory B cells raised in response to T cell-dependent Ags, macrophages, and dendritic
cells (47, 101, 102). That PD-L2 deficiency on B cells alone can significantly influence
basal IL-5 levels and PC-specific IgM production is therefore striking. The extent to which
IL-5 regulation is attributed to B-1 cells, as opposed to conventional memory B cells, is
unclear. PD-L2 expressed by germinal center B cells has been proposed to promote T
follicular helper cell survival and function, and thereby support the development of long-
lived plasma cells (94). Therefore, the suppression of T cell cytokine production by PD-L2
in the context of the germinal center reaction may be unlikely. On the other hand, B-1a cells
are known to promote Th1 and Th17 responses, although the ability to polarize Th1/Th17
differentiation has been reported to be independent of PD-L2 (103) since PD-L2~ and PD-
L2* B-1 cells have similar efficacy in eliciting differentiation (104, 105). Nonetheless, our
work indicates further investigation into B-1 cell PD-L2-mediated regulation of cytokine
production is certainly warranted.

PD-L2 has been shown in other systems to suppress production of I1L-5 and other Th2
cytokines, and to promote Th1l responses. Macrophage expression of PD-L2 has been shown
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to contribute to Th2 hypo-responsiveness in the context of infection (106). Further, PD-L2
has been shown to augment Thl cytokine production in a tumor model (107). In a model of
asthma, PD-L2 was shown to inhibit IL-4, IL-5, and IL-13, and support allergen—induced
airway hyper-responsiveness in a PD-1—-independent manner (101, 108). Interestingly,
inhibition of the PD-L2 ligand RGMb (DRAGON) was shown to impair tolerization in an
OVA airway model, resulting in increased IL-4 and IL-5 (109). Further work by Shin and
colleagues demonstrated that PD-L2 inhibits Th2 responses induced by the nematode
Nippostrongylus brasiliensis in a PD-1-independent manner (110). Thus, there is strong
evidence for PD-L2 suppression of Th2 responses through PD-1-independent mechanisms
(111). Indeed, the distinct phenotypes of PD-17/~ mice (moderate increases in PC-specific
IgM and total 1gM levels) and PD-L2~/~ mice (significant increases in PC-specific IgM,
significant decreases in total IgM levels) raise the question of whether PD-L2 regulation of
PC-specific Ab secretion is also PD-1-independent. Further work will determine whether
PD-L2 regulation of B-1 cells proceeds via PD-1, RGMb (DRAGON) (109), or an as-yet
unknown ligand.

B-1 cell natural Ab production is differentially regulated from B-2 cells. Whereas B-2 cells
rely heavily on cognate MHC Class II: TCR interactions (among others), B-1 cells secrete
Abs in the absence of MHC-dependent signals. Natural Ab production is thought to be
driven by endogenous Ags and regulated via anti-idiotype Abs (2, 14, 61, 75, 112-115) and
specific cytokines like I1L-5 (30, 81, 116). Progenitor population and anatomical location
play an important role in B-1 cell development, and the existence of other mechanisms of
control include microenvironment, surface molecules, and intracellular signal transducers
(23, 89, 117-124). Soluble and cell-bound signals from other innate cells, including DC,
macrophages, and NK cells, are adept at stimulating B-1 cell Ab production. These include
BlyS (BAFF), APRIL, and GM-CSF; nonetheless, cytokines such as I1L-4 and IL-5 produced
by T cells promote B-1 cell Ab secretion (66, 125-128). Although bystander activation by T
cells is possible, it should be noted that induced Ab responses to bacteria-associated PC
involves non-TCR-specific, B7—dependent co-stimulation (via cell:cell interactions) from T
cells (51). Thus, it is conceivable that PD-L2 on PC-reactive B-1 cells interacts with PD-1 or
another ligand on T or NKT cells, and with other signals (such as B7:CD28 interactions),
this tightly balances IL-5 production and subsequent PC-specific Ab secretion by B-1 cells.
An important consideration here is the existence of this phenomenon in the absence of
known Ag stimulation, although it is possible that PC exposed on dying cells in culture and
in vivo could contribute to this effect. Interestingly, our 2-day culture demonstrates very
early differences in IL-5 production by T cells, leading us to hypothesize that the mechanism
by which PD-L2 exerts regulatory control of B-1 cells is by modulating IL-5 secretion by
previously differentiated Th2 or NKT cells (30, 129). Further investigations will be required
to determine the extent to which cell:cell interactions mediated via Ag-specific or non-
specific interactions contribute to PD-L2-mediated regulation of B cells.

In summary, this study identifies a novel regulatory role for PD-L2 expressed on B-1 cells in
suppressing IL-5 production by T cells, which ultimately limits natural Ab production, the
specificities against which IgM may lead to protective effects against infectious bacteria and
parasites, atherosclerotic antigens, allergens, and even cancers (130-132) expressing high
levels of PtC, PC, and perhaps related antigens. Absent a demonstrable signaling capacity,
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PD-L2 seems likely to fine-tune the provision of key signals (such as IL-5) by select cell
types. Given the role of IL-5 in expansion of B-1 cells, it is logical to expect a mechanism
whereby these cells are conditioned to differentiate and produce an appropriate homeostatic
level of natural Ab to perform vital functions while limiting the potential for autoimmune
disease development. The potential for PD-L2 to interact with other molecules opens the
door to alternative regulatory events not yet appreciated, and the capacity for PD-L2
manipulation in humans represents a potential strategy to improve vaccines and treatments
for infectious diseases, atherosclerosis, allergy, cancer, and autoimmunity.
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Figure 1. PC-specific Ab levels in PD-L27/~ mice are selectively increased

A) Total serum Ig levels in WT, PD-17/~, PD-L27/~, and PD-L1~/~ mice. B) PC-specific
serum IgM, 1gG, and IgA levels in WT, PD-17/=, PD-L27/~, and PD-L1~/~ mice (top: RAU =
relative absorbance units; bottom left: reciprocal serum IgM titers). C) PC-specific IgM and
IgA levels in broncho-alveolar lavage (BAL) of WT and PD-L2~/~ mice. D) MDA-specific
serum IgM levels in WT and PD-L2~/~ mice. E) PtC-specific serum IgM levels (RAU and
reciprocal serum titers) in WT and PD-L2~/~ mice. F) NTHi burden in WT and PD-L27/~
mice 48 hours after inoculation with NTHi 86-028NP /icON or NTHi 86-028NP /icD. N 25
mice/group; A-B analyzed by ANOVA with Dunnett Post Test; reciprocal titer data analyzed
by Student’s t test; C-F analyzed by Student’s t test (* p<0.05, ** p<0.005, *** p<0.001).
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Figure 2. Broad spectrum antibiotics do not alter elevated levels of PC-specific Ab in PD-L2

deficiency

A-B) PC-specific serum IgM levels in WT and PD-L2~/~ mice. A) Mice were placed on
ABX therapy at weaning (4 weeks old) for 28 days. Age-matched untreated control WT and
PD-L27"~ mice were included. B) Untreated WT and PD-L27/~ mice from (A) were placed
on ABX therapy at adulthood (9 weeks old) for 28 days. PC-specific IgM levels were
measured by ELISA. Data analyzed by Student’s t test (* p<0.05, ** p<0.005, *** p<0.001).
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Figure 3. PD-L2 deficiency results i
marrow

A) ELISPOT analysis of PC-spec

n increased PC-specific ASC numbers in the spleen and bone

ific IgM* ASC number in the BM and spleen of naive WT,

PD-17/7, PD-L27/~, and PD-L1~/~ mice. B) ELISA analysis of PC-specific IgM in
supernatant from unstimulated, naive 7-day splenocyte cultures. C) ELISPOT analysis of
splenic PC-specific IgM* ASC size in WT and PD-L2~~ mice. D) Frequency and number of
splenic PC-specific total plasmablasts and PC-specific B-1a plasmablasts (CD5%19*138™) in
WT and PD-L27/~ mice. E) Frequencies of peritoneal B cells (CD19*CD11b*/") that bind
PC in WT and PD-L2~/~ mice, with distribution among B-1a, B-1b, and B-2 cells indicated.

F) PD-L2 expression on PC-speci

fic peritoneal B cells in WT mice relative to total B-1 cell

PD-L2 expression and isotype control staining. G) Blimp1, total IgM (intracellular +
extracellular), and Pax5 levels in peritoneal B cells (CD5*19* vs CD5™919%) in WT and
PD-L27~ mice. N = 4 mice/group; for A, analyzed by ANOVA with Dunnett Post Test; B-G

analyzed by Student’s t test (* p<
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Figure 4. PD-L2 deficiency results in selective increase of serum T15-1d IgM
A) Dose-response AB1.2 mAb (anti-T15 idiotype) inhibition ELISA of PC-specific serum

IgM from naive WT and PD-L2~/~ mice. B) Serum PC-specific IgM concentrations from
naive WT and PD-L2~/~ mice. C) Serum T15 Id-specific IgM concentrations from naive WT
and PD-L27/~ mice. N = 4 mice/group; A-C, WT sera versus PD-L27/~ sera data analyzed by
Student’s t test (# p<0.05, ## p<0.01); also for A, PD-L27/~ anti-T15 Id treated sera versus
PD-L27/~ sera no treatment data analyzed by pairwise Student’s t test, (* p<0.05, ** p<0.01,
*** n<0.001).
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Figure 5. B cell-intrinsic PD-L2 expression regulates serum PC-specific Ab and IL-5 levels
A-B) Total and PC-specific serum IgM levels in irradiated chimera mice 3 weeks after

reconstitution with WT or PD-L2~/~ bone marrow (BM) mixed with muMT BM (A) or
neonatal (2-day old) liver (NL) of WT or PD-L27/~ mice mixed with muMT BM (B). C)
Serum IL-5 levels in naive WT and PD-L2~/~ mice. D) Serum IL-5 levels in BM chimera
mice. N = 3-5 mice/group; data analyzed by Student’s t test (* p<0.05).
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Figure 6. PD-L2 regulates B-1 ASC differentiation in an IL-5—, Stat5-dependent manner and
increases T cell IL-5 production
A) CFSE-labeled WT peritoneal cavity (PerC) B-1 cells cultured (unstimulated) for 4 days +

PDL2 mAb blockade with muMT splenocytes were analyzed for differences in division
(bold line is PDL2 (TY25) mAb, solid line is control (2A3) mAb; representative histogram
of 4 independent experiments in which 13 total mice were used). B) Total and PC-specific
IgM levels in supernatants of 4-day cultures of naive unstimulated WT PerC B-1 cells and
muMT splenocytes. C) ASC (CD19*CD138%) frequency and number in 4-day cultures of
naive unstimulated WT PerC B-1 cells incubated with PDL2 or control (2A3) mAb. D)
Blimpl and Pax5 expression in unstimulated WT PerC B-1 cells following culture with
muMT splenocytes and PDL2 (bold line) or control (thin line) mAb. E) Frequency and
number of IL-5* T cells among muMT splenocytes cultured with WT PerC B-1 cells for 2
days in the presence of PDL2 or control mAb. F) CD138, Blimp1, and Pax5 expression
(MFI) in naive WT PerC B-1a cells cultured for 2 days with muMT splenocytes in the
presence of PDL2 or control mAb + IL-5 neutralizing Ab or STATS5 inhibitor. Results are
from four independent experiments in which a total of 13 mice were used (B-C), a
representative experiment of results from four independent experiments (D), two
independent experiments in which a total of 12 mice were used (E), or 3 independent
experiments in which 3-5 mice were used (F); data analyzed by pairwise Student’s t test (*
p<0.05, ** p<0.01, *** p<0.001).
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