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Natural Antibodies are essential for providing
a first line of defense against pathogens;
however, their functions go beyond protection
from infection. These functions are as varied
as their isotypes and other characteristics that
define these important antibodies.

Cover image: designed by Selest El-Nashef.

Natural antibodies (NAbs) are found in normal
individuals in the absence of exogenous antigenic
stimulation. Natural antibodies rapidly recognize
and protect against pathogens that have not been
previously encountered. NAbs also cross-react with
several self-antigens, which, besides their role as a first
line of defense against pathogens, affords them the
ability to perform important housekeeping functions
in healthy organisms. Such housekeeping functions
include the clearance of oxidized damaged structures
and/or apoptotic cells, which prevents the induction
of pro-inflammatory effects. In addition, NAbs
play a role in preventing the expansion of specific
auto-reactive clones, thereby behaving as regulatory
elements in acute or chronic inflammation. To
maintain the non-pathogenic balance between
the dual pathogen/self-antigen cross-reactivities
of NAbs, a strict regulation in NADb secretion and
function is necessary to avoid autoimmune disease.
Actually, some of the NAbs related auto-reactivities,
such as anti-DNA and anti-MOG, have been
associated with autoimmunity. Furthermore, NAbs
have been shown to bind to ‘neo-self’ carbohydrate
antigens on glycolipids and glycoproteins found on
malignant but not normal cells, which suggests NAbs
may take part in tumor immunosurveillance.

Many aspects regarding NAbs have yet to be studied in more detail: the reactivity and function
of NAbs in health and disease, the behavior of the NADb repertoire with increasing age, the
regulation of natural antibody production and auto-reactivity, the ways to specifically activate
NAbs producing cells with desired specificities, the characteristics of human NAbs, among
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others. This special topics eBook consists of a number of articles exploring the cells that
produce NAbs as well as the characteristics, function, specificity, and/or the role of natural
antibodies in health and disease.
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Editorial on the Research Topic

Natural Antibodies in Health and Disease

Natural antibodies (NAbs) are most commonly defined as immunoglobulins present in the absence
of exogenous antigen stimulation. In fact, numerous groups have demonstrated the presence of NAbs
in both specific pathogen-free and germ-free mice (1-3). These NAbs provide immediate protection
against infection while the adaptive arm of the immune system mounts a specific and long-lasting
response. Beyond immediate protection from infection, NAbs have been shown to play various
functional roles in the immune system, which include clearance of apoptotic debris (Gronwall
et al.), suppression of allergic responses (4, 5), regulation of B cell responses (6), selection of the
B cell repertoire (7, 8), protection from cancer (9, 10), regulation of B cell development [Baumgarth;
(7,11)], and protection against atherosclerosis (12-15). These various functions of NAbs are afforded
by their reactivity, which is broad, cross-reactive, and shown to recognize evolutionarily fixed
epitopes present in foreign antigens [Gronwall et al; (16-21)]. Furthermore, NAbs have unique
characteristics that also contribute to their functional roles and set them apart from antigen-specific
antibodies. Such characteristics include germline structure (lacking non-templated nucleotides and
little to no somatic hypermutation) and a restricted repertoire (16, 22-24).

Determining and subsequently examining the B cells producing NAbs have been the subject of
intense investigation since the early 1980s despite NAbs being studied since the late 1960s. NAb
producing B-1a cells were first identified in mice and characterized by surface expression of CD5%,
IgMPieh, JgDlow, CD19Meh, B220Y, CD23-, and CD43* (25), which contrasts with the surface pheno-
type of follicular B-2 cells: CD5-, IgM™¥, IgD"e" CD19+, B220*, CD23*, and CD43". Studies have
demonstrated that B-1a cells are found in the peritoneal cavity, pleural cavity, spleen, bone marrow,
lymph nodes, and blood of mice (26). Furthermore, various subsets of B-1a cells have been identified
and include those expressing PD-L2 (PD-L2+-) (27, 28), CD25 (CD25"~) (Tumang et al.), CD73
(CD73%) (29), and PC-1 (PC-1"P). Throughout the many years of B-1a cell investigation, it has
been shown that not all subsets of murine B-1a cells secrete NAbs. This has important implications
when investigating the source of protective and/or pathogenic NAbs.

More recently, focus has been given in determining the subset of B cells in humans capable
of producing NAbs. Early studies in humans focused on CD5" peripheral B cells (30-33) and
CD5-CD45RAlo B cells (34). More recently, attempts to refine the human NAb producing B cell
subset have generated a new phenotypic definition: CD20*CD27*CD43*CD70-CD38™¢ (35, 36).
Interestingly, most of these cells express CD5. Further investigation is still required in the human
system to determine whether other subsets of NAb producing B cells exist and the location of such
subsets beyond peripheral blood.

Many aspects of NAbs and the cells generating them have yet to be studied in great detail: the
reactivity and function of NAbs in health and different diseases, the behavior of the NAb repertoire
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with increasing age, the regulation of NAb production and auto-
reactivity, the ways to specifically activate NAbs producing B-1
cells with desired specificities, and the characteristics of human
NAbs, among others. This Frontiers research topic aimed to
further investigate how NAbs are regulated, the cells that gener-
ate NAbs, and the roles NAbs play in maintaining health and/or
leading to disease.

The 16 articles presented in this research topic explore a wide
range of topics pertaining to NAbs (and the cells that produce
them) in health and disease. These papers investigate the specific-
ity of NAbs [Cruz-Leal et al;; Vale et al.; Zhang et al.], the function
of NAbs [Pedersen et al.; Kohler et al.; Rothstein; Saha et al.], the
cells producing NAb [Baumgarth; Popi et al.; Kaku et al.], and/
or the role NAbs and/or NAb producing cells play in leading to
disease [Wang et al.; Holodick et al.; Lobo; Wolfram et al.; Zhu
et al.]. In addition, we include a perspective article aiming to
start discussion and investigation into the definition of NAbs
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Phosphocholine-Specific Antibodies
Improve T-Dependent Antibody
Responses against OVA Encapsulated
into Phosphatidylcholine-Containing
Liposomes

Yoelys Cruz-Leal', Alejandro Léopez-Requena?, Isbel Lopetegui-Gonzalez®,
Yoan Machado*!, Carlos Alvarez', Rolando Pérez?>* and Maria E. Lanio™*

! Laboratory of Toxins and Liposomes, Center for Protein Studies (CEP), Faculty of Biology, University of Havana, Havana,
Cuba, ?Immunobiology Direction, Center of Molecular Immunology (CIM), Havana, Cuba, ° Biochemistry Department,
Faculty of Biology, University of Havana, Havana, Cuba, * Development Direction, Center of Molecular Immunology (CIM),
Havana, Cuba

Liposomes containing phosphatidylcholine have been widely used as adjuvants.
Recently, we demonstrated that B-1 cells produce dipalmitoyl-phosphatidylcholine
(DPPQC)-specific IgM upon immunization of BALB/c mice with DPPC-liposomes encap-
sulating ovalbumin (OVA). Although this preparation enhanced the OVA-specific humoral
response, the contribution of anti-DPPC antibodies to this effect was unclear. Here,
we demonstrate that these antibodies are secreted by B-1 cells independently of the
presence of OVA in the formulation. We also confirm that these antibodies are specific for
phosphocholine. The anti-OVA humoral response was partially restored in B-1 cells-de-
ficient BALB/xid mice by immunization with the liposomes opsonized with the serum
total immunoglobulin (Ig) fraction containing anti-phosphocholine antibodies, generated
in wild-type animals. This result could be related to the increased phagocytosis by peri-
toneal macrophages of the particles opsonized with the serum total Ig or IgM fractions,
both containing anti-phosphocholine antibodies. In conclusion, in the present work, it
has been demonstrated that phosphocholine-specific antibodies improve T-dependent
antibody responses against OVA carried by DPPC-liposomes.

Keywords: B-1 cells, liposomes, phosphocholine-specific antibodies, peritoneal macrophages, humoral response

Abbreviations: APC, allophycocyanin; Chol, cholesterol; CW-PSC, cell wall polysaccharide; DMPC, dimyristoyl-phos-
phatidylcholine; DOPC, dioleoyl-phosphatidylcholine; DPPC, dipalmitoyl-phosphatidylcholine; DPPG, dipalmitoyl-phos-
phatidylglycerol; DRV, dehydration and rehydration vesicles; DSPC, distearoyl-phosphatidylcholine; ELISA, enzyme-linked
immunosorbent assay; FITC, fluorescein isothiocyanate; i.p., intraperitoneal; Lp DPPC, DPPC and chol-containing liposomes;
Lp DPPG, DPPG and chol-containing liposomes; Lp DPPC/OVA, DPPC and chol-containing liposomes encapsulating OVA;
LPM, large peritoneal macrophages; OVA, ovalbumin; OVA-FITC, ovalbumin labeled with fluorescein isothiocyanate; PA,
phosphatidic acid; PB, phosphate buffer; PerC, peritoneal cavity; PE Cy5.5, cyanine dye (Cy5.5) combined with phycoerythrin;
PE, phycoerythrin; PEt, phosphatidylethanolamine; PS, phosphatidylserine; SM, sphingomyelin; SPM, small peritoneal mac-
rophages; SUV, small unilamellar vesicles; Xid, X-linked immunodeficient.
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INTRODUCTION

IgM is the first antibody isotype to appear during ontogeny and
the only isotype produced by all species of vertebrates (1, 2).
It is also the first isotype produced during an immune response
and plays a crucial role in front-line host defense against
pathogens. Secreted IgM plays important roles in the early
phases of the adaptive immune response, as it concentrates
antigen into secondary lymphoid organs, initiates antibody
responses and germinal center formation, and accelerates
affinity maturation in immune responses to thymus-dependent
antigens (1, 3, 4).

Up to 80% of circulating IgM in the mouse derives from
B-1 cells (5). B-1 cells represent the main B cell population of
the peritoneal and pleural cavities in mice (6) and differ from
conventional B lymphocytes (B-2) in surface markers, antibody
repertoire, developmental pathway, and B-cell receptor (BCR)
signaling (7). CD5 expression splits B-1 cells into two subsets:
CD5" B-1aand CD5™ B-1b cells, which exhibit different functions
in the immune system (8, 9). The natural repertoire of peritoneal
B-1 cells contains phosphocholine and phosphatidylcholine-
specific antibodies, and hence they might interact with liposomes
composed by this lipid (10-12). The so-called natural antibodies,
mainly produced by these cells, are present in circulation without
any evident antigenic challenge (13). The most studied natural
antibodies bind to phosphorylcholine-containing antigens,
which are present and accessible on apoptotic cell membranes
and in oxidized low density lipoproteins, and also constitutes the
immunodominant epitope in the pneumococcal cell wall poly-
saccharide (CW-PSC) (14-16). There is a distinct set of natural
antibodies that bind to determinants that arise on erythrocytes
during their senescence or after enzymatic treatment with bro-
melain (10, 17-19). These anti-red cell antibodies are reported
to recognize determinants that involve the entire phosphati-
dylcholine molecule in the outer cell membrane, but not other
phosphocholine-containing antigens.

Recently, we demonstrated the contribution of B-1 cells to
the adjuvant properties of dipalmitoyl-phosphatidylcholine
(DPPC) and cholesterol (Chol)-containing liposomes (Lp
DPPC) encapsulating ovalbumin (OVA) (Lp DPPC/OVA) (20).
BALB/X-linked immunodeficient (xid) mice, which exhibit
defects in the B cell compartment, particularly in the B-1 cell
population (21-23), showed quantitative and qualitative differ-
ences in the anti-OVA antibody response compared with wild-
type animals upon immunization with this preparation. The
direct participation of B-1 cells was evidenced by the restoration
of the immunostimulatory properties of Lp DPPC in BALB/xid
mice adoptively transferred with B-1 cells purified from BALB/c
animals; the internalization of these particles by B-1 cells; and
the migration of B-1 cells from the peritoneal cavity (PerC) to
the spleen. These cells were able to produce both in vitro and
in vivo DPPC-specific antibodies upon stimulation with Lp
DPPC (20). These antibodies recognized sphingomyelin (SM)
but not dipalmitoyl-phosphatidylglycerol (DPPG), suggesting
their phosphocholine specificity. However, the precise contribu-
tion of these antibodies to the enhancement of the OVA-specific
antibody response promoted by Lp DPPC encapsulating this

antigen was not elucidated. In the present work, we character-
ized the anti-lipid antibody response induced by this liposomal
preparation, its specificity, and the influence of the presence of
the antigen. The presence of OVA in the formulation did not
increase the anti-DPPC IgM response. These antibodies also rec-
ognized the CW-PSC from Streptococcus pneumoniae, corrobo-
rating their specificity for phosphocholine. The opsonization of
Lp DPPC/OVA with these antibodies enhanced the anti-OVA
humoral response in B-1 cells-deficient BALB/xid mice, although
without reaching the levels obtained in wild-type animals. The
particles opsonized with serum total immunoglobulin (Ig)- or
IgM-containing phosphocholine-specific antibodies were effi-
ciently phagocyted by peritoneal macrophages, suggesting a role
for these cells in the adjuvant properties of Lp DPPC.

MATERIALS AND METHODS

Reagents

OVA grade V, used as model antigen in immunization protocols
in soluble form or encapsulated into liposomes and OVA grade II,
used to coat ELISA plates, were purchased from Sigma-Aldrich (St.
Louis, MO, USA). CW-PSCfrom . pneumoniaeused to coat ELISA
plates was purchased from Statens Seruminstitut (Copenhagen,
Denmark). DPPC, DPPG, and Chol, used to generate liposomes
and to coat ELISA plates, were purchased from Northern
Lipids (Alabaster, AL, USA). Dimyristoyl-phosphatidylcholine
(DMPC), distearoyl-phosphatidylcholine (DSPC), dioleoyl-
phosphatidylcholine (DOPC), SM, phosphatidic acid (PA), phos-
phatidylserine (PS), and phosphatidylethanolamine (PEt), used
to coat ELISA plates, were purchased from Avantis Polar Lipids,
Inc., Alabaster, AL, USA. Fluorescein isothiocyanate (FITC) from
Sigma-Aldrich was used to label OVA. Dephosphorylated 18C
polysaccharide from S. pneumoniae (dephos 18C PSC), used in
the competitive ELISA, was generously provided by Dr. Janoi
Chang from the Finlay Institute, Havana, Cuba.

Mice

Female BALB/c mice, 6 to 8 weeks of age, were purchased from
the Center for Laboratory Animal Production (Havana, Cuba).
Female and male BALB/xid mice, which carry a Bruton’s tyrosine
kinase mutation and have a severely diminished B-1 cell popula-
tion (13, 23), were bred at the Center of Molecular Inmunology
(CIM; Havana, Cuba). All animals were specific pathogens-free
and were maintained under standard animal house conditions
with free access to water and standard rodent pellets.

Ethics Statement

All procedures were performed in compliance with the proto-
cols approved by the Institutional Committee for the Care and
Use of Laboratory Animals of the CIM (CICUAL, 0017/2008).
Animals were sacrificed by cervical dislocation, minimizing their
suffering.

Encapsulation of OVA into Liposomes
Liposomes encapsulating OVA were obtained by a procedure
based on dehydration and rehydration of vesicles (DRV)
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developed by Kirby and Gregoriadis (24). To obtain OVA-
encapsulating liposomes, small unilamellar vesicles (SUV)
composed of DPPC and an equimolar quantity of Chol were
generated by ultrasonication and then mixed with OVA. After
freezing at —70°C, the liposome and OVA mixture was lyophi-
lized in an Edwards freezer dryer (Aaron Equipment Company,
Bensenville, IL, USA) for 24 h. The rehydration step was carried
out with a small volume of distilled water (1 pL water/0.2 pmol of
lipids) at 45°C, above the phase transition temperature of DPPC.
After incubating for 30 min at 45°C, 0.5 mL of phosphate-buffered
saline (PBS), pH 7.4, was added. Separation of non-encapsulated
OVA was performed by centrifugation at 100,000 g for 30 min
(Centrifuge 5415 R, Eppendorf AG, Hamburg, Germany). Empty
liposomes comprised of DPPG and Chol (Lp DPPG), DPPC and
Chol (Lp DPPC), or DPPG, PA, and Chol in a ratio 0.25:0.75:1
(Lp DPPG:PA:Chol) (Lp DPPG:PA) were prepared following the
same procedure, but in the absence of OVA.

Binding of Antibodies Induced by DPPC-

Containing Liposomes to CW-PSC

The recognition of CW-PSC by antibodies induced by Lp DPPC
was tested by ELISA. 96-well polystyrene flat-bottom high bind-
ing microtiter plates (Maxisorp; Nunc, Roskilde, Denmark) were
coated with 10 pg mL~' of CW-PSC from S. pneumoniae diluted
in PBS, pH 7.2, overnight at 4°C. The plates were blocked with
5% (w/v) skim milk (Merck, Darmstadt, Germany) in PBS/0.05%
Tween 20 (PBS/T) (v/v) (block solution I) for 1 h at 37°C. Serial
dilutions of preimmune and immune serum samples were incu-
bated overnight at 4°C. Bound antibodies were detected with a
biotinylated goatanti-mouseIgM antibody (AbD Serotec, Oxford,
UK) followed by alkaline phosphatase-conjugated streptavidin
(Sigma-Aldrich). A serum from a human donor immunized
with the 7-valent pneumococcal polysaccharide-protein con-
jugate vaccine (PCV7; Prevnar®, Wyeth Lederle Vaccines) was
used as positive control of CW-PSC recognition, and binding
detected with a biotinylated goat anti-human IgM antibody
(Jackson ImmunoResearch Laboratories Inc., West Grove, PA,
USA) followed by alkaline phosphatase-conjugated streptavidin
(Sigma-Aldrich). Chromogen p-nitrophenylphosphate diluted
in diethanolamine/MgCl, buffer, pH 5, was added as substrate
solution and optical density read at 405 nm (ODus nm) in a
plate reader (ELISA Ledial01, Wiener Neudorf, Austria). Wells
without coating and wells coated with CW-PSC and incubated
only with the secondary antibodies were used as background
controls.

For the competitive ELISA, plates coated with 10 pg mL™" of
CW-PSC from S. pneumoniae were incubated with immune sera
from mice immunized with Lp DPPC previously mixed with
different concentrations of Lp DPPC as competitor molecule.
CW-PSC was used as positive control and Lp DPPG:PA and
dephos 18C PSC as negative controls. Solutions of PSC at 50 and
12 pg mL™! and the liposomes at 80 and 20 pg mL™" were mixed
with the immune mouse sera diluted 1:100 in a ratio 1:1 (v/v)
and incubated for 2 h at 37°C. Sera with or without competitor
molecule were added to the plate and incubated overnight at
4°C. After three washes, bound antibodies were detected with

a biotinylated goat anti-mouse IgM antibody (AbD Serotec)
followed by alkaline phosphatase-conjugated streptavidin
(Sigma-Aldrich). The reaction was developed as describe above.
The percentage of binding of immune sera in the presence of
competitor molecule was determined with respect to signal in
the absence of competitor molecule.

IgM Purification from Sera of Mice

Immunized with Empty Liposomes

To purify IgM fractions from sera of BALB/c mice immunized
with empty Lp DPPC or Lp DPPG, Ig fractions were precipi-
tated with NH4SO, and applied into a column of agarose with
covalently attached goat anti-mouse IgM (p-chain-specific) IgG
fraction (Sigma-Aldrich). After washing the column with 0.01M
sodium phosphate buffer, pH 7.2, containing 0.5M NaCl (PB),
the elution step was carried out with 0.1M glycine with 0.15M
NaCl, pH 2.4. Finally, the IgG contaminant was eliminated using
a Hi-Trap protein G column (GE Healthcare Bio-Sciences AB,
Uppsala, Sweden). The unbound fraction (IgM) was collected
by washing the column with PB and the bound fraction (IgG)
by eluting with 0.1M glycine-HCI buffer, pH 2.7. Both chroma-
tographic steps were performed at a flow rate of 1 mL min™.
Eluted fractions were neutralized using 200 pL of 1M Tris-HCI,
pH 9.0. The protein concentration was estimated by absorbance
at 280 nm. Polyacrylamide gel electrophoresis (SDS-PAGE)
(25) and Western blotting analysis were performed to assess the
purity of samples, using alkaline phosphatase-conjugated goat
anti-mouse IgM (p-chain-specific) and anti-mouse IgG (whole
molecule) antibodies (Jackson ImmunoResearch), respectively.
Molecular weight markers (Precision Plus Protein™ All Blue
Standards) and IgM/IgG standards were purchased from Bio-
RAD (Waltham, MA, USA) and Sigma-Aldrich, respectively. In
addition, IgM and IgG concentration was estimated by ELISA.
The specificity of the IgM fraction for DPPC was also checked
by ELISA.

IgM and IgG Quantification by ELISA

To quantify the IgM fraction, 96-well polystyrene flat-bottom
high binding microtiter plates (Corning™ Costar™, Thermo
Fisher, Toronto, ON, Canada) were coated with a goat anti-mouse
IgM (p-chain-specific) antibody (Sigma-Aldrich), diluted 1:3500
in 0.05M sodium carbonate buffer, pH 9.6 (coating buffer). The
plates were incubated overnight at 4°C and blocked with 1%
(w/v) of bovine serum albumin diluted in PBS (block solution
II) for 30 min at 37°C. The samples diluted in block solution II
were added and incubated for 2 h at 4°C. Serial dilutions (1:2)
of an irrelevant mouse IgM (Sigma-Aldrich) were used as
standard curve. Bound antibodies were detected with an alkaline
phosphatase-conjugated goat anti-mouse IgM (p chain-specific)
antibody (Jackson ImmunoResearch), diluted 1:10,000 in block
solution II after incubation for 1 h at 4°C. The reaction was
developed as described above.

The IgG fraction was quantified using a similar assay, with a
goat anti-mouse IgG (whole molecule) antibody (Sigma-Aldrich)
diluted 1:333 as capture antibody, and samples diluted in PBS-
Tween 20 (0.05%) with fetal bovine serum (5%) (PBS-FBS).
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Serial dilutions (1:2) of an irrelevant mouse IgG, produced at
CIM (Havana, Cuba) were used as standard curve. After 1 h
of incubation at 37°C, bound antibodies were detected using
an alkaline phosphatase-conjugated goat anti-mouse IgG (Fcy
fragment-specific) (Jackson ImmunoResearch) diluted 1:10,000
in PBS-FBS.

Liposome Opsonization by

Phosphocholine-Specific Antibodies

The opsonization assay was carried out by incubating Lp DPPC/
OVA with serum total Ig and IgM fractions for 2 h at 37°C.
Bound antibodies were detected by flow cytometry using a
PE-conjugated goat anti-mouse Ig antibody and PE-conjugated
goat anti-mouse IgM, respectively (eBioscience, San Diego, CA,
USA). To opsonize the amount of Lp DPPC/OVA correspond-
ing to one immunization dose, molar ratios antibodies:lipids of
0.01:0.792 and 0.0001:0.792 were used for serum total Ig and IgM
fractions, respectively.

Immunization Protocols

The schedule followed in all intraperitoneal (i.p.) immunization
protocols was one injection at day 0 and a booster after 14 days.
Animals were bled at day 0 and 7 days after the booster. Anti-
OVA and anti-lipid antibody responses were evaluated by ELISA.
BALB/xid mice were also immunized with OVA labeled with
FITC (FITC-OVA) encapsulated into Lp DPPC (Lp DPPC/FITC-
OVA) opsonized or not with anti-phosphocholine antibodies-
containing serum total Ig fraction.

Determination of Serum Antibodies

Specific for OVA and Lipids

To detect OVA-specific antibodies, 96-well polystyrene flat-
bottom high binding microtiter plates (Greiner-bio-one,
Frickenhausen, Germany) were coated with 10 pg mL™" of OVA
diluted in coating buffer, overnight at 4°C. The plates were
blocked with block solution I for 1 h at 37°C. Serial dilutions of
serum samples were incubated for 2 h at 37°C. Bound antibod-
ies were detected with an alkaline phosphatase-conjugated goat
anti-mouse IgG antibody (Sigma-Aldrich) or biotinylated goat
anti-mouse IgG1 or IgG2a antibodies (AbD Serotec) followed
by alkaline phosphatase-conjugated streptavidin (Sigma-
Aldrich). Serum dilutions giving signals corresponding to twice
the value with the preimmune sera were considered as antibody
titers.

To evaluate the presence of phosphocholine-specific antibod-
ies, 96-well polystyrene flat-bottom microtiter plates (Maxisorp;
Nunc) were coated with 4 pg of DPPC, DSPC, DOPC, DMPC,
DPPG, SM, PA, PS, or PEt diluted in n-hexane and incubated
at 37°C until drying. The plates were blocked with 5% (w/v)
skim milk (Merck) in PBS (blocking solution III) for 1 h at 37°C.
Serum samples were diluted in blocking solution III, and plates
were incubated overnight at 4°C. Bound antibodies were detected
with a biotinylated goat anti-mouse IgM antibody (AbD Serotec)
or a biotinylated goat anti-mouse IgG antibody (Sigma-Aldrich)

In both anti-OVA and anti-lipid determinations, the reaction
was developed as described above.

Evaluation of Opsonized Lp DPPC/OVA

Uptake by Peritoneal Macrophages In Vivo
BALB/xid mice (n = 3) were immunized i.p. with Lp DPPC/
FITC-OVA opsonized or not with anti-phosphocholine
antibodies-containing serum total Ig fraction (Lp DPPC/
FITC-OVA + Ab and Lp DPPC/FITC-OVA, respectively).
The IgM fraction from sera of BALB/c mice immunized with
empty Lp DPPC (IgMprpc) or Lp DPPG (IgMpprs) and a com-
mercial irrelevant IgM (IgMirreer) (Sigma-Aldrich) were also
used to opsonize Lp DPPC/FITC-OVA. One hour later, cells
were collected from the PerC by repeated washing with RPMI
1640 medium (Sigma-Aldrich) and labeled with the follow-
ing goat anti-mouse antibodies combinations: PE-conjugated
anti-F4/80 (PE-F4/80); cyanine dye (Cy5.5) combined with
PE-conjugated anti-CD11b (PE Cy5.5-CD11b) and eFluor700-
conjugated anti-CD19 (eFluor700-CD19) or PE-conjugated
anti-CD11b (PE-CD11b); PE cy-chrome 5 (Cy5)-conjugated
anti-F4/80 (PE Cy5-F4/80), and allophycocyanin-conjugated
anti-B220 (APC-B220). Macrophage populations were identi-
fied by flow cytometry from total cells as CD19~CD11b* and
F4/80* (F4/80™" and F4/80"¢") (Figure S1 in Supplementary
Material). Cells from non-immunized BALB/xid mice were used
as negative control.

Flow Cytometry Analysis

For phenotype characterization, cell suspensions were pre-
incubated with an anti-CD16/CD32 mAb (BD Biosciences
Pharmingen, San Diego, CA, USA) to block Fcy II/III receptors
before staining with fluorochrome-conjugated antibodies. Cells
were stained with different combinations of goat anti-mouse anti-
bodies: PE-F4/80, PE-CD11b, PE-Cy5-F4/80, PE Cy5.5-CD11b,
APC-B220, and eFluor700-CD19 using standard protocols. Cells
were acquired using a Gallios flow cytometer (Beckman Coulter,
Miami, FL, USA). The analysis was performed using the FlowJo
7.2.2 software (Tree Star Ashland, OR, USA). Total number of
macrophages was estimated by total cell number in the PerC
counted in a Neubauer chamber.

Statistical Analysis

Statistical analysis was performed using the SPSS software
version 16.0 (SPSS). The Kolmogorov-Smirnov test was used
to verify normal distribution of data and the Levene test to
determine the homogeneity of variance. Data with normal dis-
tribution and equality of variance were analyzed with one-way
variance analysis (ANOVA) simple classification, with Tukey as
post hoc test to assess statistical significance between the means
of more than two groups. Data not normally distributed or
without equality of variance, even after scale transformation,
were analyzed using the Kruskal-Wallis non-parametric test
with Dunn as post hoc test and the Friedman test with Dunn as
post hoc test for matched data. For comparing the means of two

followed by alkaline phosphatase-conjugated streptavidin  independent groups, the Mann-Whitney U test or the Wilcoxon
(Sigma-Aldrich). signed-rank test were used.
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RESULTS

B-1 Cells Produce Anti-Liposomal DPPC
Antibodies with Specificity for

Phosphocholine

To characterize the immune response induced by liposomal lipid
DPPC, BALB/c mice were immunized with Lp DPPC with or
without encapsulated OVA. As shown in Figure 1A, Lp DPPC,
in the absence of antigen, induced similar DPPC-specific IgM
response in BALB/c mice to those liposomes encapsulating OVA,
used as control group. There were no differences in IgM titer after
one or two administrations (Figure 1B), and no IgG antibodies
were detected after immunization with empty liposomes (data
not shown). Thus, liposomal DPPC induced a primary antibody
response that was significantly impaired in B-1 cells-deficient
BALB/xidmice (Figure 1C), indicating the crucial role of this B cell
population, as had been demonstrated for Lp DPPC-containing

OVA in our previously published experiments (20) and now
confirmed with both empty and antigen-encapsulating particles.

The reactivity of sera from mice immunized with empty
Lp DPPC against a panel of lipids, containing or not phos-
phocholine in their structure, was evaluated. As shown in
Figure 2A, the signal ratio of immune sera over preimmune
sera was only significantly higher than background in the
cases of lipids containing the phosphocholine group (DSPC,
DOPC, DPPC, DMPC, and SM). As expected, the immune sera
did not recognize the lipids without phosphocholine (DPPG,
PA, PS, and PEt). In addition, to evaluate the ability of these
sera to recognize phosphocholine in a non-lipid molecule, we
tested reactivity with CW-PSC from S. pneumoniae, a polysac-
charidic structure that only shares with DPPC the presence
of the phosphocholine group (Figures 2B,C). As shown in
Figure 2D, immune sera from mice showed similar reactivity
against CW-PSC and DPPC. In contrast, a serum sample from
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FIGURE 1 | Liposomal DPPC induces DPPC-specific IgM in BALB/c, but not in BALB/xid mice. DPPC-specific IgM titers were evaluated by ELISA in (A)
sera from BALB/c mice immunized i.p. with two doses of PBS (n = 20), Lp DPPC (n = 28), or Lp DPPC/OVA (n = 23); (B) sera from BALB/c mice (n = 17)
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and ***p < 0.001.
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dotted lines indicate the background signal (without well coating) with mice and human serum, respectively. (E) The ability of Lp DPPC to inhibit the binding of
DPPC-specific antibodies to CW-PSC was evaluated by a competitive ELISA. Sera from mice immunized with Lp DPPC were diluted 1:100, mixed 1:1 (v/v) with
suspensions of Lp DPPC at two different concentrations (conc-1: 80 pg mL~" and conc-2: 20 pg mL~"), and incubated for 2 h at 37°C. CW-PSC at conc-1: 50 pg
mL-"and conc-2: 12 pg mL-" was used as positive control, while Lp DPPG:PA (a ratio 0.25:0.75) and dephos 18C PSC at the same concentrations that Lp DPPC
and CW-PSC, respectively, were used as negative controls. The mixtures were added to an ELISA plate coated with CW-PSC and incubated overnight at 4°C. The
percentage of binding to CW-PSC of sera in the presence of competitor molecule was calculated with respect to binding without competitor molecule.

Means + SEM are shown. Statistical analysis was performed with a Friedman test with Dunn posttest (A) and Kruskal-Wallis test with Dunn posttest (E); *p < 0.05,
*p < 0.01, and **p < 0.001.

similar to positive control CW-PSC. As expected, Lp DPPG:PA
or dephos18C PSC did not affect the binding of sera to CW-PSC

a human donor immunized with a pneumococcal vaccine only
recognized CW-PSC (Figure 2D). To confirm that the structure

recognized by mouse sera was the phosphocholine group in
both molecules, we carried out a competitive ELISA against
CW-PSC. The previous incubation of sera with Lp DPPC inhib-
ited binding to CW-PSC, in a concentration-dependent manner,

(Figure 2E) at any of the concentrations tested. Altogether, these
results demonstrated the specificity for phosphocholine of the
antibodies induced by empty Lp DPPC, which is in agreement
with our previous data using OVA-encapsulating particles (20).
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In the present work, this finding was reinforced by using a larger
panel of phosphocholine-containing molecules.

Opsonization of Lp DPPC/OVA with
Anti-Phosphocholine Antibodies-Containing
Serum Total Ig Fraction Partially Mimics
the B-1 Cells-Mediated Immunostimulatory

Effect of This Formulation

As in our previous report (20), we confirmed that the ability of Lp
DPPC to potentiate the antibody response against encapsulated
OVA was impaired in BALB/xid mice (Figure 3). To evaluate
whether anti-phosphocholine antibodies participate in the B-1
cells-mediated immunostimulatory effect of Lp DPPC, BALB/xid
mice were immunized with Lp DPPC/OVA opsonized with the
total Ig fraction from anti-DPPC antisera generated in wild-type
animals (Lp DPPC/OVA + Ab). The Ig fraction ability to opsonize
these particles was assessed by flow cytometry (Figure 3A).
BALB/xid mice immunized with Lp DPPC/OVA + Ab exhibited
significantly increased anti-OVA IgG titers in comparison with

those induced by Lp DPPC/OVA alone, although without reach-
ing the levels obtained in wild-type animals (Figure 3B). Whereas
almost no IgG1 response was observed in any of the BALB/xid
mouse groups (Figure 3C), the levels of IgG2a reproduced the
results of the total IgG titers (Figure 3D). In summary, the
opsonization with anti-phosphocholine antibodies-containing
total serum Ig fraction partially rescued the immunostimulatory
properties of Lp DPPC in B-1 cells-deficient mice.

Opsonization with Phosphocholine-
Specific Antibodies Increases the Uptake
of Lp DPPC/OVA by Peritoneal
Macrophages

The more abundant large peritoneal macrophages (LPMs) express
high levels of the canonical surface markers CD11b and F4/80
(F4/80M#" macrophages), while small peritoneal macrophages
(SPMs) express lower levels of these molecules (F4/80%" mac-
rophages) (26). We first assessed the uptake of Lp DPPC by both
populations by immunizing BALB/xid mice with Lp DPPC/

A 100
o
=
5
®
0 Py et -
100 10‘| ‘IO2 103
anti-lg-PE
C
20000+
=~ 150004
! ** |
= 100004 ' '
F"_ *k
& 5000 —
o0 L ————————
o
< 10001
g 800+
A 6004
S 400-
< 2004
0' T T
_ Lp DPPC/OVA | Lp DPPC/OVA Lp DPPC/OVA+Ab |
" BALBl BALB/xid '
Immunogens/Mouse strains
*p < 0.05 and *p < 0.01.
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FITC-OVA previously opsonized or not with anti-phosphocho-
line antibodies-containing serum total Ig fraction. Peritoneal
cells from each group were analyzed by flow cytometry following
the gating strategy described in Figure S1 in Supplementary
Material. BALB/xid mice immunized with opsonized Lp DPPC/
FITC-OVA showed a higher frequency of both phenotypes
of peritoneal macrophages internalizing the labeled antigen
(19.6% F4/80%" and 30% F4/80"") than in the case of animals
receiving non-opsonized particles (5.2% F4/80" and 17.7%
F4/80%") (Figure 4A). In addition, a significant increase in the
total number of antigen-loaded F4/80"" and F4/80"" peritoneal

macrophages was detected in animals receiving the opsonized
liposomes in comparison with those that received non-opsonized
vesicles (Figures 4B,C, respectively).

In order to determine if this effect was due to IgM-specific
DPPC, we purified the IgM fraction from the anti-phosphocho-
line antibodies-containing serum total Ig preparation (IgMppec).
Two affinity chromatography steps were necessary to obtain
purified IgM. The eluted fraction from the IgM afhinity chroma-
tography step still contained IgG contaminants, as shown in lines
one of Figures 5A,C. When this fraction was applied into the
protein G chromatographic column, a purified IgM preparation
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was obtained, as determined by SDS-PAGE and Western blot
(Figures 5A-C, lines 2). The absence of IgG in this preparation
was also verified by ELISA (data not shown). The IgM fraction
from sera of animals immunized with Lp DPPG was also puri-
fied using a similar strategy (IgMperc, data not shown). Only the
IgM fraction from sera of animals immunized with Lp DPPC
recognized DPPC, while IgMpppg and IgM;aey Were not able to
bind to it (Figure 5D). The opsonization of Lp DPPC/OVA with
IgMbprrc, IgMprec, and IgMireer Was assessed by flow cytometry
(Figure 5E). As expected, the higher signal was obtained with the
DPPC-specific IgM-enriched preparation.

Finally, the uptake of opsonized Lp DPPC/FITC-OVA by
peritoneal macrophages was measured in BALB/xid mice. In
agreement with the results showed in Figure 4, the frequency
of both peritoneal macrophage populations (F4/80" and
F4/80"e") loaded with the labeled antigen was higher with
liposomes opsonized with IgMppec than with Lp DPPC/
FITC-OVA opsonized with IgMpppc, [gMirreler, OF non-opsonized
(Figure 6A). Moreover, the total numbers of macrophages from
both populations (F4/80*" and F4/80"¢") internalizing the
antigen were significantly higher in mice immunized with Lp
DPPC/FITC-OVA opsonized with IgMpppc than in the other

alone (filled) are shown.
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from sera of BALB/c mice immunized with empty Lp DPPC was analyzed by SDS-PAGE and Western blot. (A) Silver-stained SDS-PAGE in 12% acrylamide under
reducing conditions. The presence of (B) IgM and (C) IgG in each sample was determined by Western blot using alkaline phosphatase-conjugated goat
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FIGURE 6 | Opsonization of Lp DPPC/OVA with anti-phosphocholine antibodies-containing serum IgM fraction improves the in vivo uptake of
encapsulated OVA by peritoneal macrophages. BALB/xid mice (n = 3) were immunized i.p. with FITC-OVA encapsulated into Lp DPPC (Lp DPPC/FITC-OVA)
opsonized or not with the IgM fraction from sera of mice immunized with empty Lp DPPC (Lp DPPC/FITC-OVA + IgMoeec) or Lp DPPG (Lp DPPC/FITC-
OVA + IgMperg). Non-immunized BALB/xid mice and a group of mice immunized with Lp DPPC/OVA opsonized with an irrelevant IgM (Lp DPPC/FITC-
OVA + IgMireer) Were included as controls. (A) Representative contour graphs of FITC-OVA vs. PECy5-F4/80 for both macrophage populations (F4/80-* and
F4/80+4") from one representative animal per group. Means + SEM of the total number of antigen-loaded (B) F4/80-°" and (C) F4/80"9" macrophages are shown.
Statistical analysis was performed with one-way ANOVA test with Tukey posttest (B) or Kruskal-Wallis test with Dunn posttest (C); *p < 0.05; **p < 0.01, and
***p < 0.001.

groups (Figures 6B,C, respectively). Neither IgMpppg nor
IgMireer improved the uptake of liposomes by macrophages.

DISCUSSION

Secreted IgM is an important mediator in the optimal initiation
of primary thymus-dependent humoral immune responses. It
serves as a natural adjuvant by enhancing the immunogenicity
of protein antigens, perhaps as a result of its ability to facilitate
antigen deposition onto follicular dendritic cells and to promote

rapid germinal center formation (1, 4, 27-29). Besides, the com-
plex antigen-IgM is involved in affinity maturation (3, 28). It has
also been reported that secreted IgM influences BCR signaling
and promotes survival of splenic B cells (30).

We have previously shown that B-1 cells contribute to the
ability of DPPC-containing liposomes to enhance the encap-
sulated antigen-specific antibody response. Besides, liposomal
DPPC stimulates B-1 cells to produce IgM, specific for the
phosphocholine polar head (20). We therefore addressed here
whether these antibodies contributed to the immunostimulatory
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properties of Lp DPPC. The results described in the present work
demonstrate that these particles were able to induce similar
levels of DPPC-specific antibodies irrespective of the presence
of encapsulated OVA. This response depended on B-1 cells, since
it was significantly reduced in B-1 cells-deficient BALB/xid mice,
as we previously reported for liposomes encapsulating OVA
(20). Xid mice have extensively been used as a model of B-1 cell
deficiency (13), and although these animals exhibit defects also
in the B-2 cell compartment, higher doses of soluble OVA than
the one we used in our work (2 pg) induced similar IgG titers in
BALB/c and BALB/xid mice (our unpublished data), suggesting
that the B-2 cell response against this antigen is not affected in
the latter animals. Moreover, no significant differences have been
found in the marginal zone B cell population between these two
mouse strains (31).

The recognition of different lipid species containing phos-
phocholine in their structure, as well as the CW-PSC from
S. pneumoniae by the antibodies induced by liposomal DPPC
corroborated their specificity for the phosphocholine group. On
the other hand, the lack of reactivity with DPPC of the serum
from a human donor immunized with a pneumococcal vaccine
is in agreement with previous results in which rabbits immunized
with this antigen conjugated to bovine serum albumin elicited
antibodies that recognized the saccharide moiety but not the
phosphocholine group (32).

The opsonization of Lp DPPC/OVA with phosphocholine-
specific antibodies partially mimicked the immunostimulatory
effect of DPPC-liposomes in the OVA-specific humoral response,
as proven in B-1 cells-deficient mice. Our results extend previous
observations demonstrating a role for B-1 cells-derived IgM in
the enhancement of IgG production by B-2 cells (28, 33).

IgM antibodies can promote humoral immune responses
through complement activation (34) and engagement of recep-
tors, such as mannan-binding lectin (35), the polymeric Ig
receptor (36), the Fc alpha/mu receptor (Fca/pR) (37, 38), or
the Fc receptor specific for IgM (FcpR) (38-41). The potential
roles of different cellular receptors for IgM are a topic of active
investigation. The Fco/pR is constitutively expressed on mac-
rophages, in addition of other cells, such as B cells and follicular
dendritic cells, and recognizes IgM and IgA with high and inter-
mediate affinity, respectively (37, 42). It mediates endocytosis
of IgM-coated microbes (37, 43). On the other hand, the FcpR
is expressed on macrophages and dendritic cells, although to
a lesser extent in comparison with other immune cells like T
and B lymphocytes (29, 39-42, 44). It plays an essential role in
humoral immune responses to both thymus-dependent and
-independent antigens (38, 44) and acts as an endocytic recep-
tor, internalizing antigen-IgM complex (45). The engagement
of this pathway could result in synergistic activation of B cells
stimulated through the BCR (46).

Liposomes coated with the anti-phosphocholine IgM
produced by B-1 cells could be taken up more efficiently by
antigen-presenting cells through IgM-specific receptors, thus
enhancingthe presentation ofencapsulated antigens. Particularly
in this work, we demonstrated that administration of liposomes
opsonized with anti-phosphocholine antibodies-containing

serum total Ig or IgM fractions enhanced the uptake of the
antigen by both the large and the small populations of perito-
neal macrophages of BALB/xid mice, whose phagocytic activity
in vivo has been demonstrated (26). This result is in agreement
with other works showing that the incubation with polyclonal
IgM enhances the phagocytosis of apoptotic cells in the lungs by
alveolar macrophages (47) and promotes the clearance of apop-
totic microparticles released from dying cells (48). The increase
in the opsonized Lp DPPC/OVA uptake by macrophages in vivo
could be related to the improvement of the OVA-specific anti-
body response observed in BALB/xid mice immunized with
this preparation. Interestingly, this humoral response was not
completely restored in comparison with wild-type animals.
Notably, B-1 cells-deficient animals were persistently unable
to produce specific IgG1, despite the restoration of the IgG2a
levels. This could be due to the role of these cells as IL-10 pro-
ducers, which inhibits IgG2a and favors IgG1 production (49).
This observation suggests the direct participation of B-1 cells in
the adjuvanticity of liposomes beyond the production of anti-
DPPC IgM. In agreement with this, we previously described the
ability of B-1 cells to uptake and transport the antigen from the
PerC to the spleen after intraperitoneal immunization with Lp
DPPC/OVA (20).

In conclusion, in the present work, it has been demonstrated
for the first time that B-1 cells-derived phosphocholine-specific
antibodies induced by liposomal DPPC contribute to the immu-
nostimulatory properties of these particles.
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! Department of Medicine, University of Alabama at Birmingham, Birmingham, AL, USA, 2Department of Microbiology,
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Chagas Filho Institute of Biophysics, Federal University of Rio de Janeiro, Rio de Janeiro, Brazil, ° Department of Immunology,
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Natural antibodies (NAbs) are produced in the absence of exogenous antigenic stim-
ulation and circulate in the blood of normal, healthy individuals. These antibodies have
been shown to provide one of the first lines of defense against both bacterial and viral
pathogens. Conservation of the NAb repertoire reactivity profile is observed both within
and across species. One view holds that this conservation of NAb self-reactivities
reflects the use of germline antibody sequence, whereas the opposing view holds that
the self-reactivities reflect selection driven by key conserved self-antigens. In mice, B-1a
B cells are a major source of NAbs. A significant fraction of the B-1a antibody repertoire
is devoid of N nucleotides in H chain complementarity determining region 3 (CDR-H3)
and, thus, completely germline encoded. To test the role of germline Dy sequence on the
self-reactivity profile of the NAb repertoire, we examined the composition and self-antigen
specificity of NAbs produced by a panel of Dy gene-targeted BALB/c mice, each strain
of which expresses a polyclonal, altered CDR-H3 repertoire that differs from the wild-
type norm. We found that in most cases the same key self-antigens were recognized
by the NAbs created by each Dy-altered strain. The differences in reactivity appeared
to represent the genetic signature of the NAb repertoire of each mouse strain. These
findings suggest that although germline CDR-H3 sequence may facilitate the production
of certain NAbs, a core set of self-antigens are likely the main force driving the selection
of Nab self-specificities.

Keywords: natural antibodies, self-antigen recognition, CDR-H3 repertoire, peritoneal B cell subsets

Abbreviations: AD-DFL, depleted Dy locus with a single DFL16.1 gene segment; AD-iD, depleted Dy locus with a single
mutated DFL16.1 gene segment containing inverted DSP2.2 sequence; CDR-H3, complementarity determining region 3 of the
immunoglobulin heavy chain; LDA, limiting dilution assay; NAb, natural antibody; PCA, principal components analysis; PerC,
peritoneal cavity; TdT, terminal deoxynucleotidyl transferase; WT, wild type.
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Vale et al.

Conservation of the NAb Self-Reactivity Profile

INTRODUCTION

“Natural antibodies” (NAbs) are immunoglobulins present in the
healthy organism in the absence of intentional immunization (1).
The stimuli behind the production of NAbs by B cells have been
a topic of considerable interest since NAbs were first recognized.
Several studies have shown that germ-free (GF) and even antigen-
free (AgF) mice produce serum IgM in amounts equivalent to
mice raised under normal vivarium conditions, suggesting that
NADs are largely independent of stimulation by external antigens,
including antigens derived from the microbiota (2-4). Instead
there is considerable support for NAb production being driven
by endogenous antigen stimulation (5). Self-antigen recognition
appears to play a physiological role in the distribution of B cells
within subpopulations, often into distinct anatomical niches (6-8).

B-1a lymphocytes are generated preferentially early in ontog-
eny and have been implicated as a main source of NAbs. The
B-1a cells demonstrate decreased or absent N-region addition
at the V-D and D-J junctions and are thus, enriched for entirely
germline-encoded Ig variable domains (9-17). Given that B-1a
cells are among the first B cells to develop in the fetus, their
participation in the secretion of NAbs might provide a reason-
able explanation for the conservation of the Nab repertoire and
its establishment early in ontogeny (18, 19). However, studies
with irradiated chimeras reconstituted with fetal liver and adult
bone marrow from wild-type (WT) mice have shown that most
NAb reactivities are produced even when B-1la are profoundly
reduced in numbers, thus suggesting a role for somatic selection
in regenerating the NAb repertoire of specificities (20).

Although previous studies have shown that the reactivity
profile of NAbs remains conserved regardless of gut colonization
or depletion of B-1 cell compartment (2, 3, 20); the influence of
inherited CDR-H3 antigen-binding sites on the NADb repertoire
remains unclear. BALB/c mice IgH loci contain 13 functional Du
gene segments, each belonging to one of four families (DFL, DSP,
DST, and DQ52). Theoretically, each Dy gene segment gives the
developing B cell access to six reading frames (RFs) of differing
peptide sequence. In practice, however, the use of RF1 is preferred,
RF2 and RF3 are used less frequently, and the three inverted
RF are rarely used (21). We had previously used techniques of
cre-loxP-based gene targeting to delete 12 of the 13 Dy gene seg-
ments in the BALB/c Dy locus, retaining only the single DFL16.1
segment (AD-DFL mice) (22). We then generated the AD-iD
strain by replacing the center of the single DFL16.1 segment with
an inverted DSP2.2 gene segment (23). Dy gene-targeted BALB/c
mice express polyclonal, altered CDR-H3 repertoires that differ
from the WT norm [reviewed in Ref. (24)].

We have previously observed that the AD-iD strain lacks
NADbs that protect against infection with Streptococcus pneumo-
niae while continuing to exhibit protective reactivity against a
key altered self-antigen, oxidized LDL (25). In the present work,
we sought to investigate, in depth, the nature and extent of the
conservation of NAb reactivities with self-antigens from brain
tissue. To test the extent to which germline antibody gene con-
tent controls the composition of NAbs and the innate antibody
response to self-antigens, we examined the NAb repertoire in a
panel of WT and Dy gene-targeted BALB/c mice raised under

specific pathogen-free conditions. We found that most, but notall,
of the reactivities against self-antigens were found in the serum
of mice irrespective of changes in germline Du content and, thus,
CDR-H3 sequence and structure. Our findings suggest that for
most self-reactivities the primary force driving the generation of
NAbs is exposure to a key set of self-antigens.

RESULTS

Conservation of Serum IgM Reactivity
Profile (Actual Repertoire) in Dy-Altered
Mice

Serum IgM repertoire of antigen specificities have been screened
using a semi-quantitative immunoblot assay that enables accurate
en bloc analysis of the self-reactivity of IgM present in the serum
(actual repertoire) of unmanipulated mice (26-28). We used the
same assay to analyze the serum IgM reactivities of Dy-altered
mice with self-antigens from brain tissue. Shown in Figure 1A
is a comparison of the pattern of self-reactivity expressed by the
WT BALB/c, AD-DFL, and AD-iD strains. To test whether the
reactivity levels correlate with immunoglobulin specificity or
with the relative abundance of the proteins, we compared protein
staining with immunoreactivity densities in the same membrane.
The comparison shown in Figure 1B reveals highly abundant
proteins that are not recognized by natural serum IgM, as well
as highly IgM-recognized proteins that are not abundant in the
tissue extract. With a few notable exceptions, the mean sera IgM
reactivity profiles were remarkably conserved among mouse
lineages that generate very different primary CDR-H3 repertoires
(22, 23) (Figure 1C).

It is noteworthy that these data revealing restriction of self-
antigen recognition comply with the idea of the immunological
homunculus, as proposed by Cohen (29). Furthermore, these data
demonstrate that the reactivities found in the immunoblot assay
cannot be attributed to simple non-specific interactions.

Impact of Dy Alterations on the Available

Repertoire
The results shown above suggest that strong mechanisms of
antigen-driven somatic selection may operate at the cellular
level to recreate a normal WT NADb repertoire of specificities in
genetically modified mice. In mice, the peritoneal cavity (PerC)
is the major site for both B-1 and B-2 cells. We, thus, sought
to investigate whether these somatic selection pressures would
generate similar repertoires among the PerC B-1 and B-2 B
cells (available repertoire) from the different mouse strains. The
reactivity profiles of these B cell populations provided a privileged
opportunity for comparison between different B cell populations
that share the same anatomical niche. After sorting each PerC B
cell population (B-1a, B-1b, and B-2), we cultured the cells under
LPS stimulation to induce polyclonal IgM secretion and tested the
supernatants using the immunoblot against brain extract assay.
All three subsets from Dy-altered PerC B cells demonstrated
frequencies of response to LPS that were similar to their cor-
responding WT B cell subsets (Figure 2A). Production of IgM
in culture was also similar (Figure 2B). Thus, Dy alteration and
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restriction of the CDR-H3 repertoire did not affect the B cell
response to polyclonal stimulus from LPS.

We then performed the same analysis of self-reactivities
shown for serum IgM with the supernatants from the B-1 and
B-2 cultures (Figure 3). As there is a difference in the frequency
of response to LPS among B cell subsets, we diluted each
supernatant to normalize all to the same IgM concentration per
growing clone (30). We performed an immunoblot analysis of the
reactivities against syngeneic brain extract from seven separate
culture supernatants from the three strains of mice, for a total of
21 supernatants for each B cell subset.

The mean intensity of reactivities present in B-la cells
culture supernatants remained almost completely invari-
ant despite the genetic alteration of the Du gene sequences
(Figure 3A, right). The mean reactivity profiles for B-1b cells
supernatants (Figure 3B, right) also demonstrated similarities
in self-antigen reactivities irrespective of genotype, although
the replicates in the membrane suggested a greater degree of
variation around the mean values (Figure 3B, left). Conversely,
the mean reactivity profiles of the B-2 cells were divergent
both within and across the different mouse strains. This cor-
responded well with the different sets of reactivities of the B-2
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migration distance (arbitrary units)
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FIGURE 3 | Self-reactivities of the available repertoire in PerC B cell subsets. Left panels (A-C) show 21 B-1a, B-1b, and B-2 cells culture supernatants
(~1,500 responding B cell per culture), respectively, reacting with syngeneic brain extract. Right panels show the mean intensity of reactivities displayed by B-1a (A),
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cells supernatants (Figure 3C, right). The individual variability
of immunoreactivities of the 21 B-2 cell culture supernatants
were also highly increased when compared to the B-1 reactivity
profiles (Figure 3C, left). These findings suggested that differ-
ences in the variance of the reactivities were intrinsic to the B
cell subset, and not dependent on the germline sequence of the
immunoglobulin repertoire.

To address the issue of variance in depth, we divided the
immunoreactivity profiles into 36 sections, which corresponded

to the major bands of reactivity. We plotted the magnitudes of
reactivity against these sections for each supernatant from the
B-1a, B-1b, and B-2 subsets (Figures 4A-C, respectively). The
solid lines indicate the mean profile of all supernatants for each B
cell subset. In this format, the variance of the distribution around
the mean profile can be properly visualized. Despite few excep-
tions, we observed that the variance around the mean was much
lower for the B-1a supernatants when compared to B-1b and B-2
(Figure 4).
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Each PerC B Cell Subset Displays a
Characteristic Reactivity Repertoire

Signature
To further confirm that each B cell subset displays a unique
repertoire, we analyzed the reactivity profiles within each

mouse strain. Irrespective of Dy content, the B-la individual
culture supernatants profiles proved very homogeneous, with
little variance around their mean (Figure 5A, top; and Figure S1
in Supplementary Material). The reactivity profiles from B-1b
subset were observed to differ from the B-la for all mouse

14
Ax_ B-1a AD-DFL|
s g
= S
=
U X%
S S
2 g
5 'R 4
ES
g7
- 0
0 S5 10 15 20 25 30 35
14 4 : "
2 B-1b AD-DFLl . |B-1b AD-IDl
>
=
9]
©
()
S &
SZ,
g2
£
E= ]
> 14
-~
s
E Cio
8 3
U >3
S A
25
s =
gL°
gz
o T T LRAAN] T T T
0 S 10 15 20 25 30 35 0 S 10 15 20 25 30 35 0 S 10 15 20 25 30 35
Immunoreactivity Immunoreactivity Immunoreactivity
section number section number section number
B
WT_aB1a 4B1b *B-2| [aD-DFL_®@B-1a _OB-1b  ©8-2| [aD-D  mB-12 OB-1b @ B-2|
#
*
@ ZE A ’\3 ® ’\3 =
N * ans & ® n £
N % » A ~ o ed %0 o®e < o8
o Lk ® I = o O z ]
o~ o~ ~N & ]
5 5 e 5 : -
’ B
9] as & kS 9] 5
© © ©
L L (N
o ::]
¥ 4
Factor 1 (41.4%) Factor 1 (50.9%) Factor 1 (48.7%)
FIGURE 5 | Graphic representation of variance distribution of each B cell subset reactivity profile within each mouse strain. (A) Profiles of reactivities
and distribution around the mean profile of each PerC B cell subset from WT, AD-DFL, and AD-iD are represented graphically. (B) Principal component analysis
(PCA) of reactivity profiles from each mouse strain discriminates B cell subsets.

Frontiers in Immunology | www.frontiersin.org

27

August 2016 | Volume 7 | Article 296


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Vale et al.

Conservation of the NAb Self-Reactivity Profile

strains (Figure 5A, middle). The B-2 reactivity profiles displayed
increased variance of the distribution in WT mice and especially
for the AD-iD strain (Figure SI in Supplementary Material),
whereas the single normal Dy control (AD-DFL) displayed less
variability and intensity of reactivity (Figure 5A, bottom).

To substantiate these observations, we performed principal
component analysis (PCA) for each mouse strain. This mul-
tivariate approach takes in consideration all the reactivities
together, providing an unbiased evaluation of the data (26, 31).
All PerC B cell subset repertoires were discriminated within each
mouse strain, suggesting distinct repertoire signatures for each
population.

The Conservation of the Self-Reactivity
Profile Correlates with B Cell Subset in
Preference to Germline D4y Sequence
Content

Although the mean reactivity profiles were generally conserved
among the three mouse strains (Figure 3A), individual differences
between the repertoires were also apparent (Figures 2 and 3).
We, thus, performed a PCA of the data presented in Figure 4,
which are grouped by B cell subset. This multivariate analysis
revealed the impact of the genetic alteration of Du sequences
on the B-1a available repertoire of specificities (Figure 6A, left),
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demonstrating distinct differences between the strains. To better
evaluate the contribution of each factor to the resulting B cell
subset repertoires, we collected all the data from the reactivity
profiles (B-la, B-1b, and B-2 subsets from the three mouse
strains) on a single heat map (Figure 6B). This large data matrix
was similarly subjected to PCA.

Both the immunoblot assay (Figures 2 and 3) and the heat
map of the reactivities (Figure 6B) disclosed a set of major
bands that were unique to each strain and were shared among
individual mice from each strain. These shared similarities and
differences were much less apparent in the B-1b and B-2 subsets
(Figure 6A). When analyzed by PCA together, the characteristics
common to the subsets appeared to exert a greater effect than
the characteristics provided by the differences in Du content
(Figure 6C).

DISCUSSION

Natural antibodies are formed early in ontogeny and are, thus,
mostly germline encoded (18, 19). We sought to test whether
the specificity of the NAb repertoire is the product of natural
selection of germline immunoglobulin sequence or whether
self-antigen is the driving force. These two hypotheses are not
mutually exclusive, because even if self-antigen were the stimuli,
the use of conserved germline sequence could facilitate the
development of antibodies with certain specific epitope recogni-
tion properties that could provide protection in an anticipatory
fashion (25).

In this work, we focused on the role of the sequence encoded
by CDR-H3, which is created de novo by VD] rearrangement
and N addition and lies at the center of the antigen-binding site.
This central position allows CDR-H3 to often play a major role
in defining the epitope specificity of the antibody (32). The diver-
sity gene segment (Dy) contributes significantly to the amino
acid composition of CDR-H3. The AD-DFL strain expresses
that portion of the CDR-H3 repertoire that is typically generated
through use of the DFL16.1 gene segment, and is thus enriched
for tyrosine, serine, and glycine. The AD-iD strain forces use
of amino acids contributed by DSP gene segment inverted
sequence. This repertoire is enriched for arginine, histidine, and
asparagine.

Even though the CDR-H3 repertoire differs between the three
strains of mice, the global self-antigen specificity of serum IgM in
all three strains was largely the same (Figure 1), suggesting that
antigen reactivity, and not germline immunoglobulin sequence
content, was the driving force. The immunoreactivity profiles
were similar in mice missing that portion of the immunoglobulin
repertoire that is normally created by the 12 other deleted Dy gene
segments in the AD-DFL mice. The same finding was obtained
in the AD-iD mice that are not only missing the contribution of
12 Du gene segments but also preferentially use an inverted RF
sequence that completely alters the normal contribution of Dy
encoded amino acids to the repertoire.

In previous studies in WT BALB/c mice, we found evidence
of categorical selection of CDR-H3 sequence during B cell
development, with B cell subsets, including those from the
PerC, often exhibiting characteristic global sequence signatures

(15, 33-35). These signatures were in addition to the bias for ger-
mline sequence exhibited by B-1a. To test whether the IgM reper-
toire expressed by these subsets in our panel of mice varied in its
self-antigen specificities, we sorted B-1a, B-1b, and B-2 cells from
the PerC, cultured them in the presence of LPS, and examined the
IgM that was produced (Figure 3). If the self-specificity of the
IgM were to reflect the influence of germline sequence, then the
prediction was that B-1a IgM expressed by the D-altered B cells
would demonstrate the greatest deviation from the WT norm.
However, the opposite was observed. The reactivity of the IgM
produced was most conserved in B-1a with the least variance, and
least conserved in B-2 with the most variance (Figures 3 and 4).
The B-1a repertoire, thus, demonstrated major convergent self-
antigen-binding selection specificities in the presence of divergent
germline sequence, whereas the B-1b and B-2 repertoires did not.
PCA confirmed the distinct nature of the repertoire produced
by each of the three subsets (Figure 5). The mechanisms behind
these differences in variability are unclear, but potentially could
reflect B cell subset-intrinsic characteristics, such as self-renewal
capacity, clonal size, and repertoire polyreactivity.

The dominance of the biology of the B-1a component of the
repertoire over the genetic alteration of CDR-H3 content among
the activated PerC B cells, which is revealed by the heat-map
PCA (Figure 6C), is in agreement with the substantial homol-
ogy of the self-reactivities of the IgM in the sera of the WT,
AD-DFL, and AD-iD mice (Figure 1), which has been argued to
derive primarily from the B-1a subset (16). Although the biol-
ogy of each individual subset exerted the greater effect on the
reactivity of the IgM produced, a multivariate analysis revealed
individual differences between the repertoires as a function of
Du sequence (Figure 6). By inspection, it is clear that some of
these individual differences reflect the presence or absence of
specific bands.

AD-DFL mice bear a Dy segment that is expressed in 20-30%
of B-1a WT; this may result in a large overlap of B-1a repertoires
and explain the similarity of their NAb repertoires. However, this
explanation does not hold for AD-iD mice. One possible mecha-
nism that could explain the convergence of the reactivities would
be an antigen-influenced shift in the immunoglobulin repertoire
expressed by the D-altered PerC B cells in the use of Vi or Ju, the
extent of N nucleotide insertion or exonucleotide nibbling, or use
of alternative Dy RFs. Studies are underway in our laboratory to
test these hypotheses.

Our findings of similar immunoreactivity profiles between
D-altered mice indicate that NAb reactivity is likely driven by
a key subset of self-antigens. The nature of these antigens and
the epitopes that define them remain largely unknown. In WT
animals, they are preferentially recognized by IgM formed
by germline-conserved CDR-H3 sequences. In mice forced
to use alternative sequences, the majority, but not all, of these
self-antigens seems to be able to induce a NAD repertoire with a
similar reactivity profile. The exceptions may represent epitopes
that require unique, germline-encoded Dy sequence in the
antigen-binding site (25). These findings strongly suggest that
it is the self-antigens, rather than conserved CDR-H3 germline
sequence, that play the greater role in driving NAb production
and reactivity.
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MATERIALS AND METHODS

Mice

The panel of Dy-altered BALB/c mouse strains was bred in our
mouse colony at the University of Alabama at Birmingham (UAB).
Mice bearing AD-DFL (22) or AD-iD (23) Dy alleles were created
by cre-loxP targeting of a BALB/c ES cell line. For each allele, 12
of the 13 BALB/c Du gene segments were deleted and then the
single, remaining DFL16.1 gene segment was either retained or
altered. All WT and Duy-altered mice were studied at from 8 to
10 weeks of age. The mice were maintained in a SPF barrier facil-
ity and in a climate-controlled environment with a 12 hlight/12 h
dark cycle, with diet and water supplied ad libitum. Animal care
was conducted in accordance with established guidelines and
protocols approved by the UAB Animal Care and Use Committee.

Flow Cytometry and Cell Sorting

Flow cytometric analysis and cell sorting were performed as
previously described (36). Briefly, peritoneal washout cells were
obtained from five different mice of each Dy-altered strain.
The following mAbs were used to isolate PerC B cells into the
B-la, B-1b, and B-2 subpopulations: anti-B220 (RA 3.6B2)
(BD Pharmingen) (Southern Biotechnology, Birmingham, AL,
USA), anti-Mac-1 (BD Pharmingen, San Diego, CA, USA) and
anti-CD5 (BD Pharmingen, San Diego, CA, USA). PerC B-1la
cells were sorted as B220°CD5*, B-1b as B220°CD5 Mac-1°+,
and PerC B-2 cells were sorted as B220"CD5 Mac-1-. A MoFlo
instrument (Dako) was used for cell sorting.

Electrophoresis and Immunoblot

The preparation of brain extract, as well as determination of
protein concentration, electrophoretic separation, blotting
onto nitrocellulose membranes, and the test of immuno-
reactivities in the Mini-Cassette System, was performed as
previously described (27) with secondary anti-IgM antibody
coupled to alkaline phosphatase from Southern Biotechnology
(Birmingham, AL, USA). The four gels used for limiting
dilution assay (LDA) of reactivities were polymerized and
run in parallel, such that profiles of total proteins blotted
(revealed with colloidal gold) and the immunoreactivity
profiles of lanes containing the standard pooled supernatant
matched accurately between the gels, both qualitatively and
quantitatively.

Rescaling of the Immunoblots and Data

Analysis

The densitometric profiles of immunoreactivities were analyzed
as previously described (30). Briefly, profiles were acquired first
by scanning (Silverscanner II). This was followed by colloidal gold
staining in order to reveal the migration position of the proteins.
A comparison between any two immunoreactivity profiles could
subsequently be performed by referring to the corresponding
protein profiles. Data analysis was performed using the software
IGOR Pro (Wavemetrics, Lake Oswego, OR, USA). Special
software packages were written by the authors for the analysis
and statistical treatment of the data and can be obtained from
the authors.

B Cell Culture and Limiting Dilution Assay
B cell cultures were performed as described previously (36).
Sorted B-1a, B-1b, and B-2 cells were cultured in 250 pl of com-
plete RPMI medium in 96 well flat-bottom plates in the presence
of 30 ug/ml of LPS (Salmonella typhimurium, Sigma-Aldrich). All
cultures contained 5 x 10° S17 feeder cells/well for growth sup-
port as described by Ref. (37) with some modifications. Briefly,
1 day before the start of the LDA cultures, 5 x 10° S17 cells were
added per well and incubated overnight at 37°C with 5% CO.. The
next day, the S17 culture plates were irradiated with 3000 rad and
various numbers of the sorted B cells were added to the cultures.
Culture supernatants were used to determine the frequency of IgM
secreting clones by ELISA according to the Poisson distribution
(38, 39) and contained sorted B cells with 22 replicates for each
cell number (18, 6, 2, and 0.66 B cells per well). Another culture
set was performed to analyze reactivity profiles by immunoblot,
with 22 replicates of 10,000; 3333; 1111; and 370 B cells added per
well. Culture supernatants were typically harvested on the fifth
day of culture, unless indicated otherwise in the text.

IgM ELISA

To determine IgM concentration in the supernatants, ELISA was
performed as previously described (36), using anti mouse IgM-
specific reagents (Southern Biotechnology). Standard curves,
obtained by using polyclonal, serially threefold diluted, mouse
IgM (Southern Biotechnology), were used to quantify IgM.

Statistical Analysis

Differences between populations were assessed by Student’s t-test,
two tailed; Fisher’s exact test, two tailed; y2-test; or Levene’s tests
for the homogeneity of variance, as appropriate. Analysis was
performed with JMP version 7.0 (SAS Institute, Inc., Cary, NC,
USA). Means are reported with the SE of the mean.
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Figure S1 | The immunoblot reactivity profiles of culture supernatants
from LPS-stimulated B cells were subdivided into 36 reactivity sections,
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as shown in Figure 4. For each mouse lineage and each B cell subpopulation,
seven different supernatants were tested in the immunoblot assay for
immunoreactivity against self-antigens derived from brain tissue extract

(Figure 4). The variance of the magnitude of immunoreactivity for all 36 sections
of reactivity was calculated for each mouse lineage and each B cell population.
Histograms are shown in the figure. In all cases, most of the reactivity sections
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IMPre: An Accurate and Efficient
Software for Prediction of T- and
B-Cell Receptor Germline Genes
and Alleles from Rearranged
Repertoire Data

Wei Zhang', I-Ming Wang?, Changxi Wang', Liya Lin’, Xianghua Chai’, Jinghua Wu’,
Andrew J. Bett?, Govindarajan Dhanasekaran®, Danilo R. Casimiro? and Xiao Liu™*

" Bejjing Genomics Institute (BGI-Shenzhen), Shenzhen, China,  Merck Research Laboratories, West Point, PA, USA

Large-scale study of the properties of T-cell receptor (TCR) and B-cell receptor (BCR)
repertoires through next-generation sequencing is providing excellent insights into the
understanding of adaptive immune responses. Variable(Diversity)Joining [V(D)J] germline
genes and alleles must be characterized in detail to facilitate repertoire analyses. However,
most species do not have well-characterized TCR/BCR germline genes because of
their high homology. Also, more germline alleles are required for humans and other
species, which limits the capacity for studying immune repertoires. Herein, we developed
“Immune Germline Prediction” (IMPre), a tool for predicting germline V/J genes and
alleles using deep-sequencing data derived from TCR/BCR repertoires. We developed a
new algorithm, “Seed_Clust,” for clustering, produced a multiway tree for assembly and
optimized the sequence according to the characteristics of rearrangement. We trained
IMPre on human samples of T-cell receptor beta (TRB) and immunoglobulin heavy chain
and then tested it on additional human samples. Accuracy of 97.7, 100, 92.9, and 100%
was obtained for TRBV, TRBJ, IGHV, and IGHJ, respectively. Analyses of subsampling
performance for these samples showed IMPre to be robust using different data quantities.
Subsequently, IMPre was tested on samples from rhesus monkeys and human long
sequences: the highly accurate results demonstrated IMPre to be stable with animal and
multiple data types. With rapid accumulation of high-throughput sequence data for TCR
and BCR repertoires, IMPre can be applied broadly for obtaining novel genes and a large
number of novel alleles. IMPre is available at https://github.com/zhangwei2015/IMPre.

Keywords: immune repertoire, novel germline gene, novel germline allele, TCR, BCR

INTRODUCTION

The “immune repertoire” is defined as the collection of diverse T-cell receptors (TCRs) and B-cell
receptors (BCRs) created by somatic recombination of many germline V (variable), D (diversity), J
(joining), and C (constant) gene segments. The immune repertoire (hereafter termed “repertoire”)
comprises the adaptive wing of the immune system. In recent years, advances in next-generation
sequencing technology have enabled assessment of millions of B- or TCRs from a single sequencing
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Prediction of TCR/BCR Genes and Alleles

assay. This strategy allows researchers to study the repertoire in
a more comprehensive way. Sequencing of the repertoire (Rep-
seq) is being applied in several research areas: (i) monitoring of
residual disease and immune reconstitution in cancers; (ii) under-
standing the diversity of T- and B-cell repertoires generated upon
vaccination or infection; (iii) investigation of the mechanisms of
immune surveillance in specific diseases (especially in infectious
and autoimmune diseases); and (iv) production of monoclonal
antibodies targeting specific antigens (1-5).

Well-characterized TCR/BCR germline genes are critical for
analyses and interpretation of Rep-seq data. The publically avail-
able ImMunoGeneTics (IMGT) database' collects the genes
of certain species. However, such information is not avail-
able for most species, which makes studying of repertoires
highly challenging (if not unattainable). Deciphering of TCR and
BCR germline loci requires additional resource-intensive efforts
beyond conventional sequencing of the whole genome because
these loci comprise multiple highly homologous and polymor-
phic gene family members. For instance, according to the IMGT
database, the human immunoglobulin heavy-chain (IGH) locus,
located at chromosome 14 (6), is composed of 123-129 V genes,
27 D segments, 9 ] segments, and 9 C genes. The other two
immunoglobulin light chain and four TCR loci are organized in
a similar way, so exact identification of the many homologous
gene sequences is difficult. In addition, like gene loci from human
leukocyte antigens, germline genes also exhibit high polymor-
phism of alleles. There are >470 IGH V alleles in the IMGT
database, but recently reported novel alleles (7, 8) from a few
individuals suggest that numerous V alleles are absent. Many
alleles for humans and other species have not been found. Absence
of alleles may influence analyses of repertoires greatly. If the seg-
ment allele is assigned in error, the somatic hypermutation (SHM)
cannot be identified exactly and may result in misleading clini-
cally relevant decision-making processes (9). Well-characterized
TCR/BCR germline alleles (polymorphisms) are critical for Rep-
seq analyses.

Investigation of BCR/TCR germline genes and alleles is prob-
lematic, a validated method is lacking, and few studies in this
area have been published. The conventional method employs a
polymerase chain reaction (PCR)-based cloning strategy. That is,
primers are designed based on human germline genes and are used
to extract the species’ counterparts through PCR amplification
using genomic DNA (10-12). This is the most direct approach
for obtaining sequences with high accuracy but is suitable only
for species that are significantly homologous with humans. With
this approach, iterative PCR optimization might be needed, which
requires designing of primers on multiple occasions. Greenaway
and colleagues showed germline genes to be inferred from the
genomes of assembled species (13). However, precise and accurate
assembly of genes from the V/J region is difficult due to their
high homology; the inferred germline genes extracted from the
genome could, therefore, contain errors. In addition, Gadala-
Maria and coworkers discovered 11 unreported alleles (poly-
morphisms) from Rep-seq data on human IGH (8). However,
that research focused on human IGH alleles with five or fewer

'http://www.imgt.org/.

mutations, required known germline sequences, and could not
be used to predict novel genes. To resolve these issues, a tool
for inferring novel germline genes/alleles without a genome and
known germline genes/alleles is needed.

We designed primers at the conservative C region to cap-
ture the TCR/BCR rearranged repertoires using high-throughput
sequencing. We developed a de novo tool, Immune Germline
Prediction (IMPre), to infer novel TCR/BCR germline genes and
alleles using Rep-seq data without known germline sequences or
assembled genome data. Without knowing V/J gene segments,
primers designed at the C region are available for all species,
which is a perfect perspective to infer the highly homologous
germline genes/alleles, and IMPre is the first tool to do this. IMPre
is implemented using C and Perl programs and comprises four
main steps: data processing, clustering, assembly, and optimiza-
tion. As part of this effort, we developed a clustering algorithm,
Seed_Clust, based on the same seed k-mer (i.e., all the possible
substrings of length k contained in a string) to classify sequences.
Subsequently, a multiway tree structure was used in the assembly
step to extend seeds in both directions. T-cell receptor beta (TRB)
and IGH samples from humans were sequenced to train IMPre,
and additional human samples were used for testing. Accuracies
were 97.7, 100, 92.9, and 100% for TRBV, TRBJ, IGHV, and IGHJ,
respectively. Subsampling performance was estimated, and results
showed IMPre to be robust even with different data quantities, and
that 1 million sequences were sufficient for germline prediction.
IMPre performs with good efficiency and speed while using less
memory. TRB samples from rhesus monkeys and additional long-
sequence human samples were used to retest IMPre. The highly
accurate results obtained suggest that IMPre is stable with animal
and long-sequence data.

MATERIALS AND METHODS

Design and Overview of the IMPre System
Two main recombination characteristics support the notion that
rearranged repertoire data can be used to infer germline genes.
First, the probability of V(D)] insertion/deletion at a gene ter-
minus in an individual tends to decrease with increasing length
of the deletion (14, 15). We analyzed our data (Table S1 in Sup-
plementary Material) on the distribution of length of the V/]
deletion (Figures S1A,B in Supplementary Material). We found
that a length of the V deletion >50% for TRB and 70% for IGH
were within 1bp, whereas the length of the J deletion was much
more diverse; however, the value tended to decrease if the deletion
length increased. Then, we downloaded the rearranged sequences
from the IMGT database and observed the same trend from 3907
fully annotated sequences (Figure S1C in Supplementary Mate-
rial). Second, researchers have reported that immunoglobulin (Ig)
genes introduce SHMs at 107 per bp per cell division (16, 17).
SHMs are, in general, random with a low frequency (<5%), except
for known G/C “hotspots” (<10%) among large-scale repertoire
data (7). Germline genes can be predicted after elimination of
SHM effects. These phenomena provide a strong theoretical basis
for accurate identification of germline genes and alleles.

The IMPre pipeline mimics the reverse process of VDJ rear-
rangement in TCRs and BCRs (Figure 1A) and comprises
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- T
— Assembly select the max score { T,,'
. output the sequences of list Ly, as a cluster
: done
* delete the sequences of list L
L reset m,n: m=m-1
O Optimization n, the number of remaining unique sequence
: call Seed Clust() }

FIGURE 1 | Overview of IMPre workflow. (A) Rearrangement. (B) IMPre flowchart shows four steps and uses rearranged sequences as the input. Sequences are
divided into V and J parts during the data-processing step. The Seed_Clust algorithm is used to cluster sequences for each part. For each cluster, sequences are
used for assembly and further optimization. (C) Clustering. The pseudocode outlines the Seed_Clust clustering algorithm. (D) Assembly. A multiway tree structure
stores nucleotides and assembles using a one-nucleotide extension strategy. The V gene begins to extend from the right subtree and then from the left subtree.

Two parameters, Ar and Ur, determine whether a nucleotide should be added or not.

four steps: data processing, clustering, assembly, and optimiza-
tion (Figure 1B). During data processing, rearranged repertoire
sequences are converted into forward sequences and partitioned
into V and J parts. During clustering, the Seed_Clust algorithm
is based on seed k-mers and used for sequence clustering that
prioritizes large clusters with the same seed k-mers. A pseudocode
that describes this step in detail is shown in Figure 1C. Each
sequence is assigned to one cluster. During assembly, for each
cluster, a multiway tree structure is constructed to store the seed
and upstream/downstream nucleotides. It begins at the seed and
is extended using a one-nucleotide extension strategy for de novo
assembly. The Ar and Ur (detailed definitions are shown below)
are used to ascertain if a nucleotide should be added or not added
(Figure 1D). During optimization, three steps are used. The Trim5
Ratio, Trim5 Rate, and More5 Rate (definitions are shown below)
are calculated to filter out false-positive (FP) readings. Sequences
with the same overlapping region are merged to eliminate redun-
dancy. Similar low-frequency sequences are removed to filter

out sequences with SHM and PCR/sequencing errors. Finally,
inferred sequences are annotated by known germline sequences.

Data Processing

Immune Germline Prediction can process the rearranged
sequences with or without the C region. If the C region is
embodied, it is identified using previously reported publically
available C sequences with a limit of two mismatches for the first
18 bp. The identified C region is used to convert all the sequences
to forward sequences and then is trimmed for further analyses.
To predict V and ] genes independently, rearranged sequences
are partitioned into two parts. IMPre extracts the last 60bp
(parameter: —jm) from the 3’ end of sequences to define the “J
part” Sequences that are trimmed in the last 40 bp (parameter:
—vm) of the 3’ end are defined as the “V part” Parameters can
be adjusted, but they must cover the entire potential V and ]
regions. To avoid missing regions, the V portion of the sequence
is tolerated to contain a D gene (for IGH and TRB) and a partial
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J gene. Also, the J portion may contain a D gene (for IGH and
TRB) and a partial V gene (Figure 1B).

Clustering

Immune Germline Prediction clusters V and J sequences sep-
arately (Figure 1B), and both use the same clustering strategy
detailed in Figure 1C. Heyer et al. reported a quality cluster
algorithm (QT_Clust) for expression data (18). Similarly, to dis-
cover large clusters, we developed a clustering algorithm for V
and J sequences. The algorithm prioritizes the largest cluster that
included the same seed k-mer, defined as Seed_Clust.

Seed_Clust operates in five main steps (Figure 1C). In step (1),
length-provided subsequences (k-mer) are created as seeds (S)
from all sequences. In step (2), a matrix M™ * " is constructed
using the seed k-mer, where m is the number of seeds and n is
the number of unique sequences. If the seed §; is included in
the sequence N, then M;;-1; otherwise, Mj;-o2. The score Tj
(defined in Figure 1C) is calculated for each seed S;. In step (3), the
maximum score T; is selected, and the sequences that embody the
seed §; are regarded as one cluster and are outputted. In step (4),
the output sequences are removed from the matrix M * ". In step
(5), steps (1)-(4) are repeated under iteration until all sequences
belong to one cluster.

The seed k-mer is dependent upon sequence length and other
characteristics. However, the last 10 bp of the 3’ end at the “V part”
sequence are excluded for seed creation because this region might
not truly belong to the V gene; similarly, the first 5 bp at the 5’ end
of the J portion are not considered.

Assembly

Each cluster is assembled independently (Figure 1B). We devel-
oped an assembly strategy based on seeds and one-nucleotide-
by-one-nucleotide extension (Figure 1D). In this step, a multiway
tree is generated to store data and to aid assembly. First, the seed
of each sequence is set as the center position k, and the upstream
nucleotides are set at positions k — 1, k — 2, .. . ., in order, whereas
the downstream nucleotides are set at positions k+1,k+2,.. .,
in order. Each position may consist of four nucleotides, except
position k, and the number of supporting sequences for each
nucleotide is calculated.

The assembly begins from the seed and extends in the direc-
tion of the right subtree [usually in the direction toward CDR3
(complementarity-determining regions) sequences]. After the
right subtree is complete, it extends further in the direction toward
the left subtree. Criteria and rules are identical for left and right
subtrees (Figure 1D). For each time, one nucleotide (“note”)
is considered to be added for extension, and then all “brother-
notes” are considered successively. After finishing all brother-
notes, the algorithm extends to all “child-notes” For example,
three nucleotides (“A,” “C” and “G”) at position k+ 1 are con-
sidered for addition to the seed, and three extended sequences
are created if the nucleotides meet requirements. Then, three
nucleotides (“C)” “G,” and “T”) at position k + 2 are considered
for addition to the extended sequences separately. Nucleotides
at the remaining positions comply with the same rule iter-
atively. Finally, multiple qualified extended sequences can be
retained.

For each time, to ascertain if the nucleotide (note) should or
should not be added for extension, we defined two parameters, Ar
and Ur:

Ar(i, )
__ Number of supporting reads for an extended sequence

Number of total reads at position i

Ur(i, j)

__ Number of unique supporting reads for an extended sequence

Total number of unique reads at position i ’

ie{. k—2k—1kk+1k+2,..},je{ACTG}

Here, an “extended sequence” is defined as the sequence after
one nucleotide j is added in position i. We provide an example
to illustrate these two parameters (Figure 2A). Here, there are 10
reads in the cluster. When it extends to position i, three reads
contain the nucleotide “A” in a total of seven reads, so Ar(i,A) is
equal to 42.9%. Likewise, two unique reads contain the “A” in the
total of six unique reads, so Ur(i,A) is equal to 33.3%. The two
values can be calculated for other nucleotides in the same way.
Defaults for the two parameters are V: Ar > 0.15, Ur > 0.12; J:
Ar>0.12, and Ur > 0.10. Actually, most SHMs can be filtered in
this step.

Optimization

Numerous potential germline sequences are obtained from the
assembly step, but they must be optimized further to elimi-
nate incorrect sequences. The assembly step yields four types of
sequences (Figure 2B), among which three are not accurate or
precise, and are defined as FPs. Among them, one is derived from
a non-specific PCR amplification and the other two types exhibit
missing portions of the germline sequence (too short) or contain
extra V-D/D-] additions (too long).

Three steps are used to filter incorrect sequences (Figure 3A).
First, FP sequences are filtered. Genuine rearranged V/J gene seg-
ments feature diverse V/J deletion/insertion lengths and recom-
bine with multiple adjacent D genes. Therefore, the diversity of the
5 bp-trimmed or extended sequences is significantly higher for the
correct type of sequence (Figure 2B). Three factors (Trim5 Ratio,
Trim5 Rate, and More5 Rate) derived from these characteristics
are introduced to filter out the incorrect sequences, and the defi-
nitions are listed as shown below: (The Trim5 Ratio includes Trim5
Ratiol and Trim5 Ratio2, whereas the Trim5 Rate includes Trim5
Ratel and Trim5 Rate2.)

Number of supporting reads for Strims

x 100
Number of supporting reads for S

Trim5 Ratiol =

Trim5 Ratio2

_ Number of unique supporting reads for Strims
~ Number of unique supporting reads for S

x 100

Trim5 Ratel

- Number of supporting reads for Sirims %100
N 157" {Number of supporting reads for Sirims ()}
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A Extended sequence
‘L ) 3 . 2
f Ar(z,A):7=4249%;Ur(/,A):5233.3%
ACCCGT
ACCCGTAGG w2 " 2
TAAACG Ar(i,C)=== 28.6%;Ur(i,(,')=g=3343%
Reads ACCCGTAGG z
GTATGCTACCCGC
CAATTCG Ar(i,(}):1:14.3%;Ur(i,(}):l:16.7%
CAATTCGAACG 1 &
1 1
Ar(i,T) = = =14.3%;Ur(i,T) = 3 =16.7%
B Right Non-specific amplification Too short Too long
Inferred N | 1 | | '_l
S 1 ! | Py ! !
equencel * P ! % o Al : A | : |
N — 1 | 1 ¥ I i 1 } I ::I:
I n 1— I = [ { —— | } | -
! R i T
| | [ o |
! = s
| |
) K 3 —l
1 Strim5 : S[Kn_)'o,:e5 r Strim5 : : | Strims: S['(r;)'::% ) Strim5 | o{eE
|
TrimSRatiol 5 5 5
. TrimSRatiol = —=1 Trim5Ratiol===1 Trim5Ratiol == =1
#S trim5 4 5 5 5
=———=—=2>1
#S 2
FIGURE 2 | Parameters in assembly and optimization steps (schematic). (A) An example for Ar and Ur calculation in the assembly step. There are 10 reads in
a cluster. Each time, we determine whether the nucleotides in position i should be added for extension or terminated using the values of Ar and Ur. (B) Four types of
inferred sequences obtained from the assembly step. For the reads, orange denotes the V region, red is inserted nucleotides, green is the D region, blue is the J
region, and gray is the reads from non-specific amplification. Syns are 5bp shorter than S, and Spores is a 5 bp fragment.

Trim5 Rate2

Number of unique supporting reads for Sims

= x 100
15" {Number of unique supporting reads for Sims () }

More5 Rate

Number of unique supporting reads for Spores

= x 100
15" {Number of unique supporting reads for Smores (i) }

where 7 is total number of inferred sequences, S is the inferred
sequence from the assembly step, Suims is the 5bp-trimmed S at
the end (the V gene is trimmed at the 3’ end and the J gene is
trimmed at the 5’ end), Smores is a 5-mer subsequence which is
extended from S (extended from the 3’ end of S for V and the
5" end of S for the ] gene). S, Sirims, and Smores are illustrated in
Figure 2B. For example, taking Trim5 Ratiol in Figure 2B, the
value of Trim5 Ratiol for the “Right” type sequence is 2, whereas
the values for other three types of sequences are equal to 1.

Defaults of three factors are set as: Trim5 Ratio >1.5, Trim5 Rate
>2 (for TRB-] >0.5), and More5 Rate >5.

Second, to eliminate redundancy in inferred germline
sequences, sequences are merged if they have identical
overlapping regions (two mismatches are allowed for the V
gene at the 3’ end and two mismatches are allowed for the J gene
at the 5’ end).

Third, elimination of SHM and PCR/sequencing errors is
attempted (Figure 3B). The predicted germline sequences are

clustered into multiple groups using the QT_Clust algorithm
(18). Sequences with the most reads are defined as the “center
sequence,” and other sequences with more than three mismatches
(two mismatches for the J gene) are clustered into the same group
with the center sequences (the last 3 bp at the 3’ end for the V gene,
and the first 3 bp at the 5’ end for the J gene are masked). Accord-
ing to analyses of human germline sequences from the IMGT
database (Figure S2 in Supplementary Material), we assumed that
the sequences within one group arose from the same germline
genes. Theoretically, observation of more than two alleles for each
gene in one sample is not possible, so some sequences must be
filtered if there are more than two sequences in one cluster. Thus,
Ratio(S) for each sequence S is introduced as

number of supporting reads for the center sequence

Ratio($) = number of supporting reads of

The predicted sequence S is filtered out if the Ratio(S) >10
because Boyd and colleagues reported that almost all ratios of the
two alleles in an individual were <10 (7). Furthermore, at most,
two sequences in a cluster are retained [retention of the center
sequence and another sequence with the lowest Ratio(S)].

Another effective way to eliminate SHMs is using multiple
individuals to infer germline genes/alleles (Figure 3B). If the
inferred sequence is observed in multiple individuals, it is likely to
be the “true” germline sequence. SHMs would occur at random,
and the chances of multiple individuals using identical alleles with
the same SHMs are rare.
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Total reads Unique rea Recommend : Mapped id Mapped m Mapped Dev
AL SEore _support ds_support _Genef/allele Elaz Sleppeditollchuiccrning entity ismatch  iated bases
_9% -
V-infer-3 87 6525 5552 P7.9%08 novel allele [RBY7 -9 %01 F Huma#IRBY7 - o 1 1
9*02_(F)_Human
V-infer-16 73 2412 2360 V20-1*01  known TRBV20 -1*01 F_Human 100 0 0
V-infer-25 72 2342 2276 V7-2*01 known TRBV7 -2*01 F Human 100 0 2
V-infer-30 69 1533 1435 V-A*01 novel gene TRBV7 -2*0!_F_Human 90 9 0
Partial sequences:
>V-infer-3
TGCTCAGTGATCGGTTCTCTGCAGAGAGGCCTAAGGGATCTTTCTCCACCTTGGAGATCCAGCGCACAGAGCAGGGGGACTCGGCCA
>V-infer-16
AAGGACAAGTTTCTCATCAACCATGCAAGCCTGACCTTGTCCACTCTGACAGTGACCAGTGCCCATCCTGAAGACAGCAGCTTCTACA
>V-infer-25
GCCCAGTGATCGCTTCTCTGCAGAGAGGACTGGGGAATCCGTCTCCACTCTGACGATCCAGCGCACACAGCAGGAGGACTCGGCCGT
FIGURE 3 | Detailed optimization strategy and output format. (A) Pipeline for the optimization step. (B) Details for elimination of SHM and PCR/sequencing
errors. (C) Output format of IMPre. IMPre outputs two files: one is the annotation file and the other is the inferred sequence.

Annotation and Output

To measure the certainty of an inferred germline sequence, we
provide a score for each inferred germline sequence according to
seven important factors with different weight W (the total weight
is 100 and the range of scores is between 0 and 100, Figure 3C).
The score for each sequence S is defined as

Trim5 Ratiol (S)
max {Trim5 Ratiol}
Trim5 Ratio2 (S)
max {Trim5 Ratio2}
More5 Rate (S)
max {More5 Rate}
Trim5 Ratel (S)
max {Trim5 Ratel }

Score(S) = X W Ttims ratiol

X WTrimS ratio2

X WMoreS rate

X WTrimS ratel

Trim5 Rate2 (S)
max {Trim5 Rate2}

X WTrimS rate2

#merged sequences
max {#merged sequences}

+

merged num

+ {Wmajor |Wmin0r}

(WTrimS ratiol » WTrimS ratio2 WMoreS rate, WTrimS ratel » WTrimS rate2
Wmerged nums Wmajor, Wminor) = (207 20, 15, 10, 10, 15, 10, 5)

where “#merged sequences” is the number of sequences merged
in the optimization step.

Similarity of human alleles for o and B chains, as well as
for heavy and light chains, in IMGT, was analyzed. Hamming
distances between any alleles and the *01 allele in a gene were
calculated (Figure S5 in Supplementary Material, Inner_gene). As
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a control, Hamming distances between the *01 allele and one of
the alleles in other genes (Figure S5 in Supplementary Material,
Outer_gene) were also calculated and had the highest similarity
with the *01 allele. Thus, the most probable dividing lines between
the Inner_gene and Outer_gene were a Hamming distance for the
V and ] gene of 7 and 5, respectively (Figure S5 in Supplementary
Material). To distinguish between inferred germline genes and
alleles, and to determine which alleles belonged to the same
genes, two steps were used to provide a recommended name
for each inferred sequence. First, sequences were aligned to the
known germline sequences of the human and mouse from the
IMGT database, where other known germline sequences could
also be added for annotation using the parameter “—known” If
the mismatch number between the sequence and nearest known
germline sequence was <7bp (for J: <5bp), the sequence was
regarded as a novel allele belonging to the gene of the nearest
known germline. Second, for sequences with a mismatch number
>7bp (for J: >5bp), we clustered sequences into a group if
their Hamming distance was <7bp (for J: <5bp) using the
QT_Clust algorithm (18) and assumed that the sequences in
a group belonged to one gene. We named the group using a
character as an assumed gene name followed by an asterisk and
allele number (Figure 3C) according to the nomenclature rules
set by the IMGT collaboration. Notably, accurate nomenclature
requires complete assembly of the genome for TCR and BCR
germline loci, which is not available for most species. Besides, a
few independent V segments are high homologous between each
other, with the mismatch number less than 7 bp. Therefore, the
gene and allele names provided here are just as reference, and
much more sufficient evidence are required by further work.

To annotate the inferred sequences, information of the mapped
nearest known germline sequence was provided in the output
file, which included the nearest allele, number of mismatches,
and number of deviated bases (Figure 3C). Each sequence was
marked as “known,” “novel_allele,” or “novel_gene,” and a name
recommended in terms of the standards and rules stated above.
Overall, IMPre outputs two files: one is the annotation file and the
other is the inferred sequence with the FASTA format (Figure 3C).

Simulation of In Silico Sequences

The method to generate simulated BCR repertoire sequences were
described in the previous paper (14). Here, we create 12 datasets
and each one includes 10° rearranged sequences. First, we generate
sequencing error with the rate of 0.5% (per base) for all sequences.
Second, we generate the SHM for 80% of sequences of dataset, with
different SHM level rates: 0, 1, 5, 10, 15, and 20% (per base) for
six dataset separately, and with the SHM rate 1% for the other
six datasets, where the mutations occur at random. Third, for
the latter six datasets, we generate the hotspot mutation in them,
with the hotspot rate of 5, 10, 15, 20, 25, and 30%, respectively.
We generate the hotspot mutations like that: for the sequences
derived from the same germline allele, partial of them (hotspot
rate 5% means 5% of them) create a same specific mutation. For
example, there are 100 rearranged sequences derived from the
germline IGHVI-1*01, 20 of them have the same mutation at
position 120, such as A->C, so the hotspot rate is 20%. Therefore,
all germline alleles made up the dataset generate the same hotspot
mutation rate.

Collection and Preprocessing of Samples
Research was reviewed prospectively and approved by a duly
constituted ethics committee (Institutional Review Board on
Bioethics and Biosafety of BGI-Shenzhen).

All human samples were recruited after obtaining written
informed consent. Mononuclear cells were isolated from the
peripheral blood of five healthy individuals using Ficoll-Paque
(GE Healthcare, Little Chalfont, UK) gradient centrifugation.
RNA was extracted using TRIzol® (Invitrogen, Carlsbad, CA,
USA). Three samples were used to capture TRB, and two samples
were used for IGH. We used a Rapid Amplification of cDNA Ends
(5 RACE) kit (v2.0, Invitrogen) to amplify the target region with
primers at a C region. TRB primers were used based on the study
by Warren and colleagues (19). PCR products were sheared using
a Covaris S2 system (Applied Biosystems, Foster City, CA, USA).
Biotinylated fragments were purified and excised in 100-200 frag-
ments to prepare a library. Samples were sequenced using a HiSeq
2000 system (Illumina, San Diego, CA, USA) with a paired-end
(PE) 100 bp (Table S1 in Supplementary Material). An additional
human sample was collected. Multiplex PCR was used to amplify
IGH with BIOMED-2 primers (20) at the FR1 region and C
region. We undertook sequencing with MiSeq and PE 300 bp kits
(Table S1 in Supplementary Material). Data of two healthy Indian
rhesus monkeys were collected [we adhered to the Guidelines for
the Care and use of Animals for Scientific Purposes (November
2004) established by the Singapore National Advisory Committee
for Laboratory Animal Research]. TRB samples were sequenced
using HiSeq 2000 with PE 150 bp kits (Table S1 in Supplementary
Material). All sequence preprocessing was done and PE reads
merged using IMonitor (14).

Raw deep-sequencing data of human samples are available at
the NCBI Short Read Archive’ under the accession numbers
SRA339484 and RJNA309577.

RESULTS

Training Parameters of Software Using

Human Samples

Currently, there are relatively complete germline sequences for
humans in the IMGT database. If we align the TRB or IGH
repertoires to the human known germline sequences, and we
can identify which gene and allele exists in the TRB and IGH
samples. Therefore, rearranged repertoire data for humans were
adopted to train IMPre. Two TRB (S01-R and S03-R) samples and
another IGH (H09, of which the mutation rate is 5.36% per base
and 72.25% sequences contain error bases) sample from healthy
humans (Table SI in Supplementary Material), amplified by 5’
RACE and sequenced using the Illumina platform, were used as
the training dataset. The assembly step used Ar and Ur to judge
whether a sequence extension should continue or terminate. To
train these two parameters, we calculated the Ar and Ur for the
true germline sequence (T'GS) and error germline sequence (EGS)
in each cluster outputted by the clustering step of IMPre. After
clustering, if the sequence contained the V or J germline allele

*http://www.ncbi.nlm.nih.gov/Traces/sra/.

Frontiers in Immunology | www.frontiersin.org

November 2016 | Volume 7 | Article 457


http://www.ncbi.nlm.nih.gov/Traces/sra/
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Zhang et al.

Prediction of TCR/BCR Genes and Alleles

without mismatch and <3 bp deletion at the junction region, we
defined it as the TGS, otherwise it was defined as an EGS. Human
germline sequences from the IMGT database were trimmed 3 bp
at the 3’ end for the V gene (or trimmed 3 bp at the 5’ end for the
gene) for use as the reference database. Sequences after clustering
were aligned to the reference database using a global-alignment
strategy. TGSs and EGSs were determined using the criteria stated
above, and the Ar and Ur for them calculated (Figure 4A). Ar
and Ur values for TGSs are shown in red, and EGSs are shown
in black, in Figure 4A. Remarkably, TGSs exhibited much higher
values than EGSs for Ur and Ar. Hence, we could use Ar and Ur (V:
Ar>0.15, Ur > 0.12; J: Ar > 0.12, Ur > 0.10) to distinguish most
TGSs from EGSs.

For the optimization step, we used five parameters (Trim5
Ratiol, Trim5 Ratio2, Trim5 Ratel, Trim5 Ratiol, and More5 Rate)
to filter FP sequences. We observed four types of sequences from
the assembly step (Figure 2B). Herein, we define the extended
sequences of the “right” type as “true positive” (TP) and the other
three types as FP. We aligned the extended sequences to known
germline sequences in humans (as reference, from the IMGT
database). If the identity was >90%, missed nucleotides at the
terminus (compared with the reference) were <20bp and extra
nucleotides at the terminus were <5bp, the extended sequence
was regarded to be a TP, otherwise it was defined as a FP. Then,

we calculated the values of five parameters for TPs and FPs
(Figures 4B,C). As expected, TPs exhibited higher values for all
parameters than FPs, which demonstrated their discriminatory
power on TPs and FPs for TRB and IGH samples [Trim5 Ratio
>1.5, Trim5 Rate >2 (for TRB-J >0.5), and More5 Rate >5].

Evaluation of IMPre Accuracy Using

Human Samples

A TRB sample (S02-R) and IGH sample (H08) from healthy
humans were used to evaluate the accuracy of IMPre. Predicted
germline sequences were aligned to known human germline
genes and alleles, and the nearest allele was determined for each
sequence to calculate the mismatch number, identity, and devi-
ated bases (Figure 5). Deviating bases were the number of missed
nucleotides (—) or extra nucleotides (+) at the 3’ end of V (and 5’
end of J) compared with the nearest allele. Currently, 48 V and 13
J TCR-P functional human genes as well as 53 V and 6 ] IGH func-
tional human genes have been reported in the IMGT database.
For these samples, most V] genes could be predicted with at least
one allele using this method. All 13 J genes, 42 of 48 V genes for
TRB, all 6 ] genes and 36 of 53 V genes for IGH were observed in
addition to 2 pseudogenes per sample. Compared with the nearest
allele, the mismatch number, deviated bases, and identity were
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FIGURE 4 | Training IMPre parameters using human samples. (A) Two human TRB samples and an IGH sample are used for training parameters, Ar and Ur,
used in the assembly step. Red triangle: TGSs; black triangle: EGSs. The dashed line for TRB indicates the following: Ar(V) =0.15, Ur(V) =0.12, Ar(J)=0.12, and
Ur(J)=0.10. The dashed line for IGH indicates the following: Ar(V) =0.15, Ur(V) =0.12, Ar (J)=0.12, and Ur(J) = 0.10. (B) Two human TRB samples are used for
training five parameters (Trim5 Ratio1, Trim5 Ratio2, Trim5 Rate1, Trim5 Rate2, and Moreb Rate) used in the optimization step. The Trim5 Ratio includes Trim5 Ratio1
and Trim5 Ratio2 (solid), and the Trim5 Rate includes Trim5 Rate1 (hollow) and Trim5 Rate2 (solid). Red: TP; black: FP. The dashed line denotes the following: Trim5
Ratio = 1.5, Trim5 Rate =2, Trim5 Rate(J) = 0.5, and More5 Rate = 5. (C) A human IGH sample is used for training five parameters (Trim5 Ratio1, Trim5 Ratio2,
Trim5 Rate, Trim5 Rate2, and More5 Rate) used in the optimization step. Red: TP; black: FP. The dashed line denotes the following: Trim5 Ratio = 1.5, Trim5
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FIGURE 5 | Detailed evaluation of the predicted sequences for human samples. Predicted sequences were aligned to known human germline genes to
determine the nearest alleles and calculate the mismatch number, deviated base, and identity. A “+” for the nearest alleles indicates that the sequence has multiple
nearest genes. A “+/—"in deviated bases indicates that it includes extra nucleotides/missed nucleotides at the terminus. F, functional; P, pseudogene; ORF, open
reading frame (definition from the IMGT). (A) TRB S02-R sample. (B) IGH HO8 sample.

used to assess the quality of the predicted sequence. The sequence
was considered to be correct if the identity was >90%, and the
absolute deviated base was <5. Accuracies for TRBV, TRBJ, IGHV
and IGH] were 97.7, 100, 92.9, and 100%, respectively (Table 1),
which showed that IMPre is highly accurate for TRB and IGH.

samples were *01 fo
is the major allele in

Average identity, average deviated base, and average mismatch

were, respectively, 99.7%, 1.1, and 0.3 for TRBV; 100%, 1.1, and
0 for TRBJ; 99.1%, 1.7, and 0.6 for IGHV; and 98.9%, 1.1, and 0.6
for IGH]J. High identity, few deviated bases, and fewer mismatches
suggest that IMPre could predict human germline genes/alleles

Evaluation of
Immune Germline

reduce memory use

accurately and precisely. Furthermore, most nearest alleles for

r TRB and IGH samples, suggesting that *01
the population. The few heterozygous alleles

observed in the present study are comparable to those noted by
Boyd and coworkers (7).

Efficiency and Robustness
Prediction was implemented using Perl and

C programs. We optimized the programs multiple times to

and increase the efficiency of clustering and
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TABLE 1 | Evaluation of the predicted V/J germline sequences of humans and rhesus monkey.

Sample  Species-chain Predicted V germline genes/alleles® Predicted J germline genes/alleles®
Number  Accuracy AVE AVE AVE Number  Accuracy AVE AVE AVE
(%)? identity |deviated mismatch (%)? identity |deviated mismatch
(%) bases (bp)|° (bp) (%) bases (bp)|° (bp)
S02-R Human-TRB 44 43 (97.7) 99.7 1.1 0.3 13 13 (100.0) 100.0 1.1 0
HO8 Human-IGH 42 39 (92.9) 99.1 1.7 0.6 8 8(100.0) 98.9 1.1 0.6
05D328  Monkey-TRB 46 44 (95.7) 99.0 1.3 1.6 15 15 (100.0) 99.0 1.1 0.5
A8LO87 Monkey-TRB 46 43 (93.5) 98.9 1.3 1.8 14 14 (100.0) 99.2 0.9 0.4
AVE1d Monkey-TRB 46 44 (94.6) 99.0 1.3 1.7 15 15 (100.0) 99.1 1.0 0.5
H88-LS Human-IGH 35 34 (97.1) 100.0 1.1 0 6 6 (100.0) 100.0 1.2 0
ldentity >90% and |deviated bases| <5 were defined as correct and used to calculate accuracy.
b AVE, average; absolute values of deviated bases were used to calculate average values.
CIdentity >90% and |deviated bases| <5 were defined as correct and used to calculate the average identity, deviated bases, and mismatches.
dAverage of 05D328 and A8L0O87 samples.
o
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FIGURE 6 | Performance assessment. (A) Time and memory test. The following parameters were used: “—v_seed 40, —v_min_e 1, —j_min_e 1” and default for
the remaining parameters. (B) Subsampling from five human samples. Predicted allele number, high identity, and deviated bases were used to assess the accuracy
of predicted sequences.

assembly. One million subsequences were extracted at random
from TRB and IGH samples, which were used to test IMPre per-
formance. IMPre used 38 min and 41 s and 1.63 Gb peak memory
for the entire TRB analysis, whereas 25 min and 17 s and 1.11 Gb
peak memory were used for the IGH analysis (Figure 6A).
Immune Germline Prediction exhibited good accuracy for
human deep-sequencing data. However, we did not know if the
method was stable for lower throughput data or for optimal and
minimal data requirements. Random sampling was done using
five samples at a sequence interval of 1 million from 1 million to 15
million sequences. For each subsample, germline sequences were
predicted using IMPre and aligned to human known germline
genes for assessment. The predicted allele number, high iden-
tity (>90%) rate, and deviated base (<5) rate were calculated

(Figure 6B). Predicted numbers were fairly stable with a change
in data size for TRB and IGH]J. Certain fluctuations were observed
for IGHV, and the number tended to decrease with increase in
data size. Similarly, the high identity and deviated base rate for
TRB and IGHJ presented an almost flat line for most samples
except for one TRBV sample (which produced lower values for
both measures). IGHV exhibited a slight fluctuation for both
measures, but they tended to have slightly high rates with increas-
ing data size. In summary, the predicted accuracy was relatively
stable for various subsamplings and demonstrated that IMPre is
robust and reliable. Furthermore, accuracies between 1 million
and 15 million sequences were similar, so 1 million sequences
were sufficient for this analysis. The data size for IGH could be
larger for greater accuracy.
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Evaluation of TRB Samples from Monkeys

Immune Germline Prediction performed well using human sam-
ples, so the next step was to test its performance with non-human
species. TCR-3 germline alleles are incomplete, but the germline
genes for rhesus monkeys are relatively complete in the IMGT
database, thereby providing positive controls for our evaluation.
Two rhesus monkeys (Table S1 in Supplementary Material) were
sequenced for TCR-P using a 5 RACE approach, and these data
were used to predict TRB germline genes. IMPre parameters were
the same as for human samples, and the predicted sequences were
aligned to the known germline genes for rhesus monkeys (see text
footnote 1). Assessment details are provided in Figure 7, Figure
S3 in Supplementary Material, and Table 1. Accuracy was 94.6%
for V genes and 100% for J genes, values which were similar to
the human results. Most V/] genes were predicted for at least
one allele. All J genes and, on average, 39 of 59 V genes, were
observed per sample. The inferred V sequences exhibited, on
average, 99% identity, 1.3 deviated bases, and 1.7 mismatches
per sample, whereas the ] sequences exhibited 99.1% identity,

1.0% deviated bases, and 0.5% mismatches per sample (Table 1).
We also observed two V pseudogenes for each sample; only two
predicted identities for sequences were <90% for each sample;
four deviated bases of sequences (absolute value) were >5Dbp
(Figure 7B). However, compared with human samples, slightly
more mismatches were observed (Figure 7B), which was probably
due to incomplete alleles in the database. These data showed
that IMPre and the parameters it employs can infer high-quality
germline sequences for non-human samples precisely.

Evaluation Using Long-Sequence
Human Samples

The analyses carried out above were based on prevalent short-
sequence data (Illumina Hiseq). To ascertain if all IMPre param-
eters were suitable for long sequences (the entire V region was
sequenced using MiSeq), a human IGH sample (Table S1 in
Supplementary Material) with primers designed at FR1 and C
regions were used to test IMPre. The parameters applied were the
same as those mentioned above except for the changed seed length
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1% of

(200 bp). Assessment results showed that IMPre performed well
using a long sequence (Table 1; Figure 8). The assessment detail
for each sequence is displayed in Figure S4 in Supplementary
Material. We predicted 27 V genes and most V3 genes were lost
(Figure S4 in Supplementary Material) due to V3 accounting for
only 3.7% of the raw sample sequences; all 6 ] genes were identified
(Figure 8A). Except for two sequences containing a mismatch,
predicted V sequences were completely consistent with known
germline gene/alleles in the IMGT database (Figure 8D), and
the identities were 100% (Figure 8B); all predicted ] germline
sequences were consistent with known germline gene/alleles
(Figures 8B,D). All deviated bases of predicted V/J sequences
(absolute values) were between —2 and 3bp (Figure 8C). All
predicted V sequences were >224bp after trimming of the V
primer (Figure 8E). Overall, this surprising accuracy showed that
IMPre is suitable for long-sequence data. It was much better than
the results obtained from short sequences, suggesting that long
sequences are favorable for improved accuracy of prediction.

Somatic Hypermutation Analysis and
Novel Gene/Allele Effect

To evaluate the different SHM levels effects on IMPre, we gen-
erated 12 datasets by computer with 0.05% sequencing error rate
and different mutation rates, and 6 of datasets included different

hotspot levels. Surprisingly, the accuracy is not declined along
with the mutation (occur at random) rate increased (Figure 8F),
which proves the good stability and performance of IMPre. Fur-
thermore, for the dataset that 5% of simulated sequences of each
germline allele contain a specific hotspot mutation, 90.91% of the
germline sequences are inferred completely correct (Figure 8G).
However, 65% of them can be identified when the hotspot
rate reaches to 30% (Figure 8G). The decreasingly accuracy is
expectable because it is difficult to discriminate between the muta-
tion and real novel allele when 30% of sequences appear a same
mutation.

In our method, theoretically, we assemble the potential
germline sequence using the reads in an independent cluster,
where most of reads derive from the same V/J segments, so the
presence of one segment do not influence the processing of other
V/J segments inference. To test this speculation, the rearranged
sequences were simulated (with 0.5% sequencing error rate and
1% mutation rate) from two novel V genes and two novel V
alleles and then were spiked in the raw sequencing data of H-88
sample. As a result, the spiked-in 4 novel genes or alleles were
inferred successfully by IMPre, and 34 (97.14%) germline alleles
were repeated from the spiked-in data; however, 1 gene inferred
from H-88 sample was not detected anymore in the spiked-in data
(Figure 8H). The result demonstrates that the presence of one
segment has little effect on other segments’ inference.
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DISCUSSION

In the present study, we introduced a novel tool, IMPre, based
on rearranged repertoire data to predict novel genes and alle-
les. This method involves data processing, clustering, assembly,
and optimization (Figure 1). We developed a clustering algo-
rithm, Seed_Clust, to cluster sequences using the same seed k-
mer. Then, a multiway tree was put in place to store nucleotides
from a cluster, and a one-nucleotide extension strategy used
for sequence assembly beginning with the seed. Ur and Ar
values were applied further to determine where the extension
should stop, which could be used to discriminate between a
real gene segment and a FP sequence (Figure 4A). The three-
step optimization process was designed to filter out FPs, merge
redundant sequences, and remove SHM and PCR/sequencing
errors (Figures 4B,C). We first trained this method using human
samples and then assessed accuracy using additional samples
(Figure 5; Table 1).

This method is based on certain probabilities of occurrence,
including assembly and optimization parameters, so its stability
had to be validated. We tested stability using three approaches.
First, we selected data randomly from human samples at an inter-
val of 1 million sequences with sizes from 1 million to 15 million
sequences to evaluate the accuracy of the predicted sequences.
Second, two non-human samples (TRB of rhesus monkeys) were
used to test this method under the same key parameters. Third,
three human IGH samples with the entire V region were used to
ascertain iflong-sequence data were suitable for this method using
the same key parameters. The accuracy of all three tests was stable
and similar to the results from the original human samples. Most
parameters were derived from the characteristics of the V(D)]
combinatorial mechanism, and we used human samples to train
these parameters. Thus, if the V(D)] combinatorial mechanism of
other species was similar to those of humans, IMPre could predict
germline genes and alleles precisely. However, IMPre could miss
a gene if its frequency in a sample was very low. To improve
accuracy and infer all genes, more individuals are required. Also,
the predicted sequence observed in multiple individuals is more
credible and regarded to be the authentic germline gene or
allele.

Somatic hypermutation is one of the obstacles for inferring
BCR germline sequence. We utilized some strategies to process
this problem and proved it good (Figure 8). It was reported
that the SHM creates at random and at low rate (7, 16, 17).
Therefore, most of SHMs can be filtered in the assembly step,
because the two parameters Ar and Ur for extension used in
assembly step filter the low-frequency sequence in the cluster
group. We simulated six datasets with different SHM levels and
found our method can eliminate the SHM effect (Figure 8F).
However, some cells experiencing continuous antigen exposure
(such as HIV) or lymphocytes proliferating (such as leukemia)
result in high rate of SHM (hotspot). We also simulated six
datasets with different hotspot rates and found the accuracy
declined when the hotspot rate more than 10%. In this case,
we recommend using multiple individuals to infer the germline
genes/alleles and select the inferred sequence appeared in different
individuals.

For some species, the rearranged repertoire cannot be amplified
using multiplex PCR if the V/J germline genes are not known.
However, the repertoire can be amplified using the 5 RACE
method for almost all species because the C region is conservative
and it is easier to design the primer in this region. The arranged
repertoire data generated by 5 RACE provide an opportunity to
infer the germline gene using IMPre. Unlike conventional PCR-
based cloning strategies, we do not: (i) need to consider if the
species is homologous with humans; (ii) use the known germline
genes in a publically available database; or (iii) need the genome
sequence. Hence, this is a simpler and more direct method to
find germline genes. Unlike a method that infers the germline
gene from a species genome, we predicted genes more accurately
because exact and correct assembly for the highly homologous and
polymorphic region is difficult.

In the near future, there will be a rapid accumulation of high-
throughput sequence data for TCR and BCR repertoires, including
various large-scale disease studies and application projects. These
data can be used to infer novel alleles for humans and other species
using IMPre. Many novel V/J alleles could be identified from these
data. The rearranged repertoire data generated by multiplex PCR
are also available to infer novel alleles because the latter will be
included among them.

For future novel studies on prediction of germline genes, D
genes can also be added using deep sequencing of repertoire data
using the same strategy. Distributions of the length of 5’ and 3’
D deletions are similar to those in V genes (14). After the V and
] germline genes have been identified for a rearranged sequence,
the subsequence between V and ] segments can be extracted
and used to infer D germline segments. The IMPre tool that we
developed provides a comprehensive approach for identification
of novel BCR/TCR genes and alleles in certain species with greatly
improved speed, cost, and accuracy.

AUTHOR CONTRIBUTIONS

XL, WZ, and I-MW designed the project; WZ developed the
methodology and wrote the manuscript; LL and JW carried out
the experiments; WZ designed the bioinformatic workflow; WZ
and XC developed the code for bioinformatic processing; WZ
and CW analyzed the data; I-MW, AB, GD, and DC contributed
reagents/materials.

ACKNOWLEDGMENTS

We thank the donors who denoted samples.

FUNDING

This project was funded by the Beijing Genomics Institute. The
funder provided support in the form of salaries for WZ, CW, LL,
XC, JW, and XL.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at
http://journal.frontiersin.org/article/10.3389/fimmu.2016.00457.

Frontiers in Immunology | www.frontiersin.org

November 2016 | Volume 7 | Article 457


http://journal.frontiersin.org/article/10.3389/fimmu.2016.00457
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Zhang et al.

Prediction of TCR/BCR Genes and Alleles

REFERENCES

10.

11.

. Jackson KJ, Liu Y, Roskin KM, Glanville J, Hoh RA, Seo K, et al. Human

responses to influenza vaccination show seroconversion signatures and conver-
gent antibody rearrangements. Cell Host Microbe (2014) 16(1):105-14. doi:10.
1016/j.chom.2014.05.013

. Parameswaran P, Liu Y, Roskin KM, Jackson KK, Dixit VP, Lee JY, et al.

Convergent antibody signatures in human dengue. Cell Host Microbe (2013)
13(6):691-700. doi:10.1016/j.chom.2013.05.008

. Morris H, DeWolf S, Robins H, Sprangers B, LoCascio SA, Shonts BA, et al.

Tracking donor-reactive T cells: evidence for clonal deletion in tolerant kid-
ney transplant patients. Sci Transl Med (2015) 7(272):272ral0. doi:10.1126/
scitranslmed.3010760

. Jiang N, He J, Weinstein JA, Penland L, Sasaki S, He XS, et al. Lineage structure of

the human antibody repertoire in response to influenza vaccination. Sci Transl
Med (2013) 5(171):171ral9. doi:10.1126/scitranslmed.3004794

. Cheung WC, Beausoleil SA, Zhang X, Sato S, Schiefer] SM, Wieler JS, et al. A

proteomics approach for the identification and cloning of monoclonal antibod-
ies from serum. Nat Biotechnol (2012) 30(5):447-52. d0i:10.1038/nbt.2167

. Croce CM, Shander M, Martinis ], Cicurel L, D’Ancona GG, Dolby TW,

et al. Chromosomal location of the genes for human immunoglobulin heavy
chains. Proc Natl Acad Sci U S A (1979) 76(7):3416-9. doi:10.1073/pnas.76.7.
3416

. Boyd SD, Gaeta BA, Jackson K], Fire AZ, Marshall EL, Merker JD, et al.

Individual variation in the germline Ig gene repertoire inferred from variable
region gene rearrangements. J Immunol (2010) 184(12):6986-92. doi:10.4049/
jimmunol.1000445

. Gadala-Maria D, Yaari G, Uduman M, Kleinstein SH. Automated analysis

of high-throughput B-cell sequencing data reveals a high frequency of novel
immunoglobulin V gene segment alleles. Proc Natl Acad Sci U S A (2015)
112(8):E862-70. doi:10.1073/pnas.1417683112

. Xochelli A, Agathangelidis A, Kavakiotis I, Minga E, Sutton LA, Baliakas P, et al.

Immunoglobulin heavy variable (IGHV) genes and alleles: new entities, new
names and implications for research and prognostication in chronic lympho-
cytic leukaemia. Immunogenetics (2015) 67(1):61-6. doi:10.1007/s00251-014-
0812-3

Griffin LM, Snowden JR, Lawson AD, Wernery U, Kinne ], Baker TS. Analysis
of heavy and light chain sequences of conventional camelid antibodies from
Camelus dromedarius and Camelus bactrianus species. ] Immunol Methods
(2014) 405:35-46. doi:10.1016/j.jim.2014.01.003

Bible JM, Howard W, Robbins H, Dunn-Walters DK. IGHV1, IGHV5 and
IGHV7 subgroup genes in the rhesus macaque. Immunogenetics (2003)
54(12):867-73. d0i:10.1007/s00251-003-0536-2

12.

13.

14.

15.

16.

17.

18.

19.

20.

Howard WA, Bible JM, Finlay-Dijsselbloem E, Openshaw S, Dunn-Walters DK.
Immunoglobulin light-chain genes in the rhesus macaque I: kappa light-chain
germline sequences for subgroups IGKV1, IGKV and IGKV3. Immunogenetics
(2005) 57(3-4):210-8. d0i:10.1007/s00251-005-0794-2

Greenaway HY, Kurniawan M, Price DA, Douek DC, Davenport MP, Venturi
V. Extraction and characterization of the rhesus macaque T-cell receptor beta-
chain genes. Immunol Cell Biol (2009) 87(7):546-53. doi:10.1038/icb.2009.38
Zhang W, Du Y, Su Z, Wang C, Zeng X, Zhang R, et al. IMonitor: a robust
pipeline for TCR and BCR repertoire analysis. Genetics (2015) 201(2):459-72.
doi:10.1534/genetics.115.176735

Freeman JD, Warren RL, Webb JR, Nelson BH, Holt RA. Profiling the T-cell
receptor beta-chain repertoire by massively parallel sequencing. Genome Res
(2009) 19(10):1817-24. doi:10.1101/gr.092924.109

Papavasiliou FN, Schatz DG. Somatic hypermutation of immunoglobulin genes:
merging mechanisms for genetic diversity. Cell (2002) 109(Suppl):535-44. doi:
10.1016/S0092-8674(02)00706-7

Muramatsu M, Kinoshita K, Fagarasan S, Yamada S, Shinkai Y, Honjo T. Class
switch recombination and hypermutation require activation-induced cytidine
deaminase (AID), a potential RNA editing enzyme. Cell (2000) 102(5):553-63.
doi:10.1016/S0092-8674(00)00078-7

Heyer L], Kruglyak S, Yooseph S. Exploring expression data: identification and
analysis of coexpressed genes. Genome Res (1999) 9(11):1106-15. doi:10.1101/
gr.9.11.1106

Warren RL, Freeman JD, Zeng T, Choe G, Munro S, Moore R, et al. Exhaustive
T-cell repertoire sequencing of human peripheral blood samples reveals signa-
tures of antigen selection and a directly measured repertoire size of at least 1
million clonotypes. Genome Res (2011) 21(5):790-7. doi:10.1101/gr.115428.110
van Dongen JJ, Langerak AW, Bruggemann M, Evans PA, Hummel M, Lavender
FL, et al. Design and standardization of PCR primers and protocols for detection
of clonal immunoglobulin and T-cell receptor gene recombinations in suspect
lymphoproliferations: report of the BIOMED-2 Concerted Action BMH4-
CT98-3936. Leukemia (2003) 17(12):2257-317. doi:10.1038/sj.1eu.2403202

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2016 Zhang, Wang, Wang, Lin, Chai, Wu, Bett, Dhanasekaran, Casimiro
and Liu. 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) or licensor 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

46

November 2016 | Volume 7 | Article 457


http://dx.doi.org/10.1016/j.chom.2014.05.013
http://dx.doi.org/10.1016/j.chom.2014.05.013
http://dx.doi.org/10.1016/j.chom.2013.05.008
http://dx.doi.org/10.1126/scitranslmed.3010760
http://dx.doi.org/10.1126/scitranslmed.3010760
http://dx.doi.org/10.1126/scitranslmed.3004794
http://dx.doi.org/10.1038/nbt.2167
http://dx.doi.org/10.1073/pnas.76.7.3416
http://dx.doi.org/10.1073/pnas.76.7.3416
http://dx.doi.org/10.4049/jimmunol.1000445
http://dx.doi.org/10.4049/jimmunol.1000445
http://dx.doi.org/10.1073/pnas.1417683112
http://dx.doi.org/10.1007/s00251-014-0812-3
http://dx.doi.org/10.1007/s00251-014-0812-3
http://dx.doi.org/10.1016/j.jim.2014.01.003
http://dx.doi.org/10.1007/s00251-003-0536-2
http://dx.doi.org/10.1007/s00251-005-0794-2
http://dx.doi.org/10.1038/icb.2009.38
http://dx.doi.org/10.1534/genetics.115.176735
http://dx.doi.org/10.1101/gr.092924.109
http://dx.doi.org/10.1016/S0092-8674(02)00706-7
http://dx.doi.org/10.1016/S0092-8674(00)00078-7
http://dx.doi.org/10.1101/gr.9.11.1106
http://dx.doi.org/10.1101/gr.9.11.1106
http://dx.doi.org/10.1101/gr.115428.110
http://dx.doi.org/10.1038/sj.leu.2403202
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

',\' frontiers
in Immunology

ORIGINAL RESEARCH
published: 01 March 2016
doi: 10.3389/fimmu.2016.00065

OPEN ACCESS

Edited by:

Nichol E. Holodlick,

The Feinstein Institute for Medical
Research, USA

Reviewed by:

Ronald B. Corley,

Boston University School of
Medicine, USA

David Nemazee,

The Scripps Research Institute, USA

*Correspondence:

Gabriel K. Pedersen
gabriel.pedersen@ki.se;

Gunilla B. Karlsson Hedestam
gunilla.karlsson.hedestam@ki.se

tGabriel K. Pedersen and
Monika Adori contributed equally.

Specialty section:

This article was submitted to
B Cell Biology,

a section of the journal
Frontiers in Immunology

Received: 23 November 2015
Accepted: 12 February 2016
Published: 01 March 2016

Citation:

Pedersen GK, Adori M, Stark JM,
Khoenkhoen S, Arnold C, Beutler B
and Karlsson Hedestam GB (2016)
Heterozygous Mutation in IkBNS
Leads to Reduced Levels of Natural
IgM Antibodies and Impaired
Responses to T-Independent

Type 2 Antigens.

Front. Immunol. 7:65.

doi: 10.3389/fimmu.2016.00065

®

CrossMark

Heterozygous Mutation in IkBNS
Leads to Reduced Levels of Natural
IgM Antibodies and Impaired
Responses to T-Independent Type 2
Antigens

Gabriel K. Pedersen’*t, Monika Adori't, Julian M. Stark’, Sharesta Khoenkhoen’,
Carrie Arnold?, Bruce Beutler® and Gunilla B. Karlsson Hedestam™*
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Mice deficient in central components of classical NF-kB signaling have low levels of
circulating natural IgM antibodies and fail to respond to immunization with T-independent
type 2 (T1-2) antigens. A plausible explanation for these defects is the severely reduced
numbers of B-1 and marginal zone B (MZB) cells in such mice. By using an ethyl-N-
nitrosourea mutagenesis screen, we identified a role for the atypical IkB protein IkBNS
in humoral immunity. [kBNS-deficient mice lack B-1 cells and have severely reduced
numbers of MZB cells, and thus resemble several other strains with defects in classical
NF-kB signaling. We analyzed mice heterozygous for the identified IkBNS mutation
and demonstrate that these mice have an intermediary phenotype in terms of levels
of circulating IgM antibodies and responses to TI-2 antigens. However, in contrast to
mice that are homozygous for the [kBNS mutation, the heterozygous mice had normal
frequencies of B-1 and MZB cells. These results suggest that there is a requirement for
[kBNS expression from two functional alleles for maintaining normal levels of circulating
natural IgM antibodies and responses to TI-2 antigens.

Keywords: B-1 cells, transitional B cells, nfkbid, IkBNS, NF-xB

INTRODUCTION

Innate-like B cells play significant roles in the early defense against pathogens and, at steady state,
anti-inflammatory mediators, such as IL-10, and polyreactive IgM antibodies are secreted by these
cell subsets to help maintain homeostasis. There is a clear division of labor between the different
innate-like B cells. B-1a cells are thought to secrete most of the natural polyreactive antibodies found
in the serum (1). Innate response activator B cells exert protective effects against sepsis by secreting
GM-CSF (2). Marginal zone B (MZB) cells, through their location at the interface between the blood
and the immune system, help initiate responses against blood-borne antigens [reviewed in Ref. (3)]. B
cells regulate inflammation through various mechanisms, including production of anti-inflammatory
cytokines, such as IL-10 and IL-35 (4, 5). The main IL-10 producing innate-like B cells, collectively
named B10, are found within the MZB (5) and B-1a cell subsets (4, 6). Innate-like B cells are also

Frontiers in Immunology | www.frontiersin.org 47

March 2016 | Volume 7 | Article 65


http://www.frontiersin.org/Immunology/
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2016.00065&domain=pdf&date_stamp=2016-03-01
http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/Immunology/editorialboard
http://www.frontiersin.org/Immunology/editorialboard
http://dx.doi.org/10.3389/fimmu.2016.00065
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
https://creativecommons.org/licenses/by/4.0/
mailto:gabriel.pedersen@ki.se
mailto:gunilla.karlsson.hedestam@ki.se
http://dx.doi.org/10.3389/fimmu.2016.00065
http://www.frontiersin.org/Journal/10.3389/fimmu.2016.00065/abstract
http://www.frontiersin.org/Journal/10.3389/fimmu.2016.00065/abstract
http://www.frontiersin.org/Journal/10.3389/fimmu.2016.00065/abstract
http://www.frontiersin.org/Journal/10.3389/fimmu.2016.00065/abstract
http://www.frontiersin.org/Journal/10.3389/fimmu.2016.00065/abstract
http://loop.frontiersin.org/people/242609/overview
http://loop.frontiersin.org/people/306417/overview
http://loop.frontiersin.org/people/301425/overview
http://loop.frontiersin.org/people/320011/overview
http://loop.frontiersin.org/people/301391/overview

Pedersen et al.

Role of Heterozygous IkBNS Mutation

pivotal for the response against viral and bacterial infections (1).
Particularly, the innate-like B cell subsets B-1b and MZB cells
are the predominant responding B cells to T-independent type 2
(T1-2) antigens found on the surface of a number of pathogens,
such as Streptococcus pneumoniae, Haemophilus influenzae, and
Neisseria meningitides (3, 7, 8).

In addition to their distinct roles in homeostasis and response
to different stimuli, the innate-like B cell subsets also have distinct
developmental pathways. B-1 cells are generated readily from the
yolk salk, paraaortic splanchnopleura, and liver during early fetal
development (9, 10), while these organs are less effective at gener-
ating follicular B cells. In contrast, hematopoietic stem cells from
adult bone marrow predominantly generate follicular Band MZB
cells (9), collectively referred to as B-2 cells. Immature B cells
mature in the spleen and undergo selection at various transitional
stages before becoming naive B cells (11). B-2 cells are continu-
ously replenished from the adult bone marrow and diverge into
follicular B cells and MZB cells at the transitional B cell stage (12,
13). B-1 cells may develop from a separate progenitor population
(14) and mature via a phenotypically distinct B-1 transitional
B cell intermediate, which is found at high frequencies in the
spleen of neonatal mice (15). The different B cell subsets require
distinct stimuli for development and maintenance. For example,
MZB cells are dependent on Notch signaling, and therefore mice
with impaired Notch2 completely lack MZB cells. However, Notch
signaling is not required for B-1 or follicular B cell development
(12). The distinct B cell subsets also show different requirements
for NF-«B signaling (16).

The NF-xB transcription factors, p50 (NF-xB1), p52 (NF-
kB2), p65 (RelA), c-Rel (Rel), and RelB, regulate transcription
by binding to promoters of target genes. p50 and p52 induce
gene transcription by forming heterodimers with p65, c-Rel, or
RelB, all of which contain a transactivation domain. In contrast,
homodimers of p50 or p52 lack a transactivation domain and
thus generally function as repressors of transcription. In classical
NF-kB signaling, the NF-«B transcription factors are sequestered
in the cytoplasm as dimers of p50:p65 by a protein family known
as inhibitors of kB (IkB), including IkB-a, IkB-p, IkB-€, and the
p50 precursor p105. The IkB proteins are characterized by their
ankyrin repeat structure, which functions to mask nuclear localiza-
tion signals (17). IxB kinases (IKK), IKK-a (IKK1), IKK-f (IKK2),
and IKK-y (NF-kappa-B essential modulator, NEMO), target IxBs
for polyubiquitination and proteasomal degradation, thereby
releasing the sequestered NF-kB1 p50 to nuclear localization (18,
19). In lymphocytes, this requires the CARD11, BCL-10, MALT1
(CBM) complex. Through an alternative NF-«B signaling pathway,
NEF-kB-inducing kinase (NIK) can activate IKK-a, facilitating
proteasomal processing of NF-kB2 p100. This ultimately leads to
nuclear localization of NF-kB p52/RelB (20). A number of atypical
IkB proteins have recently been identified, defined by their ankyrin
repeat structure and comprise BCL-3, IkB(, IkBNS, and IxBn.
Atypical IkB proteins may either augment or repress transcription
depending on cell type, context, and timing. Recent studies have
revealed important roles of atypical IkB proteins in lymphopoiesis
and immunological responses [reviewed in Ref. (21)].

Classical NF-kB signaling is required for the generation of B-1
cells, particularly the B-1a subset, which is absent in a number

of mouse strains where this pathway has been ablated [reviewed
in Ref. (22)]. Reduction in MZB cell numbers is also seen in the
absence of classical NF-kB signaling, while follicular B cells are
less affected (23, 24). Although relatively little is known about
the function of atypical IkB proteins in B cell development, roles
for BCL-3 and IkBNS have recently been demonstrated. BCL-3
deficiency leads to increased numbers of MZB cells (25), while
decreased B-1 and MZB cellularity was observed upon overex-
pression of BCL-3 (26). Absence of functional IkBNS leads to
reductionsin B-1band MZB cell frequencies (27, 28) and complete
absence of B-1a cells, while follicular B cell frequencies are intact
(15, 28). In terms of B cell lymphopoiesis, IkBNS-deficient mice
thus resemble other mouse strains with impaired classical NF-xB
signaling. In addition to the role of classical NF-kB signaling in
B cell development, it is also required for normal function of
mature B cells. B cells from p50, BCL10, and CARMA1-deficient
mice display reduced proliferation and antibody production to
anti-IgM, anti-CD40, or LPS compared to wild-type (wt) cells
in vitro (29-31).

Mice with impaired classical NF-kB signaling have reduced
levels of circulating natural IgM and IgG3 antibodies and fail to
mount antibody responses to TI-2 antigens in vivo. We previ-
ously described that mice lacking functional IkBNS due to a
mutation in the nfkbid gene (bumble mice) also display reduced
IgM and IgG3 levels and fail to respond to immunization with
NP-ficoll (27, 28). Whether the impaired antibody response in
mice deficient in classical NF-kB pathway signaling is a con-
sequence of the reduced numbers of B-1 and MZB cells or is
due to defects in B cell function remains unknown. Here, we
demonstrate that the lack of IkBNS even at the heterozygous
state (IkBNS*/bmb) led to severely reduced antibody responses
against TI-2 antigens, suggesting haploinsufficiency for IkBNS
in the response to such antigens. Interestingly, unlike homozy-
gous bumble mice, the heterozygous mice displayed apparently
normal frequencies and numbers of MZB and B-1 cells. This
indicates that the reduced responses to TI-2 antigens in these
mice are due to a direct requirement of IkBNS in response to B
cell receptor engagement rather than a secondary effect due to
lack of responding cells.

MATERIALS AND METHODS

Mice

Mice were housed and bred at the animal research facility, MTC,
Karolinska Institutet. Bumble mice, generated by N-ethyl-N-
nitrosourea (ENU) mutagenesis of C57BL/6] mice, and their wt
C57BL/6] counterparts were described previously (28). Animal
studies were conducted with Committee for Animal Ethics
(Stockholms Norra Djurforsoksetiska ndmnd) approval.

Cell Preparation

Splenocytes were prepared as a single cell suspension using a
70-pm cell strainer. Peritoneal cells were isolated by flushing
with cold PBS/1% FBS (5-10 ml). Peritoneal cells were discarded
if contaminated with blood. Cell suspensions were diluted in
RPMI-1640 supplemented with 2 mM L-glutamine, penicillin
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(100 IU)-streptomycin (100 pg/ml), and 10% fetal bovine serum
(complete RPMI). Splenocyte cell suspensions were washed once
in Ca**-free Mg**-free PBS and treated with red blood cell lysis
buffer before further processing. B cells were isolated from the
spleen using the B cell isolation kit and from the peritoneal cavity
using the Pan-B cell isolation kit (Stemcell Technologies). The
purity of the isolated populations was >90%.

Immunization

Mice were immunized with 50-pug NP (40)-ficoll (Biosearch
Technologies) or a 1:10 dilution of Pneumovax® (Merck & Co.)
corresponding to 0.5 pg of each polysaccharide antigen. The anti-
gens were diluted in PBS and 100 pl was injected intraperitoneally

(i.p.)-

Adoptive Transfer

Isolated peritoneal B cells (2 X 10° cells) from wt or heterozygous
mice were mixed with 50 pg NP (40)-ficoll and injected i.p. into
bumble mice. Splenic B cells (30 x 10° cells) were injected i.v.

ELISA

ELISA was performed by coating ELISA plates (Nunc) with
polysaccharide antigens: 500 ng/well of NP (25) conjugated with
BSA (Biosearch Technologies) or the pneumococcal polysaccha-
ride antigens Type 1 161-X™ or Type 3 169-X™ (both ATCC)
or 1:100 dilution of Pneumovax (corresponding to 50 ng/well of
each antigen contained in the vaccine). To measure total IgM and
IgG3 levels, plates were coated with unconjugated anti-IgM or
anti-IgG3 (Southern Biotech). Plates were incubated overnight
(4°C). Following washing (PBS + 2% Tween20) and blocking for
1 h with PBS containing 2% dry milk, serum was added in three-
fold serial dilutions in blocking buffer and incubated for 1.5 h at
room temperature (RT) before addition of secondary antibody
HRP-coupled anti-IgM or IgG3 (Southern Biotech). The assay
was developed with TMB substrate (KPL) followed by 1M H,SO4
and the OD was read at 450 nm using an Asys Expert 96 ELISA
reader (Biochrom).

ELISpot Assay for Detection of Antibody-

Secreting Cells

Detection of total IgM and NP-specific IgM producing cells was
performed using enzyme-linked immunosorbent spot (ELISpot)
assay. MultiScreen-IP filter plates (Millipore) were pretreated
with 70% ethanol and washed in sterile PBS. Plates were coated
with 5 pg/ml anti-mouse IgM (Southern Biotech) or 5 pg/ml of
NP (25), conjugated with BSA (Biosearch Technologies), diluted
in PBS, and incubated overnight at 4°C. The following day,
plates were washed in sterile PBS, blocked in complete RPMI
medium with 50-pM 2-mercaptoethanol and 10-mM HEPES for
1 h at 37°C, and the indicated cell numbers added in triplicate.
Plates were incubated for 17 h at 37°C in 5% CO,. Cells were
then removed by washing in PBS and 0.1 pg/well of biotinylated
anti-mouse IgM (Mabtech) diluted in PBS was added to the wells.
After 2 h of incubation at RT, plates were washed and developed
with 100 pl of 5-bromo-4-chloro-3-indolyl phosphate/NBT-plus
substrate (Mabtech). The reaction was stopped when distinct

spots could be observed, by rinsing the plates extensively in tap
water. Spots were counted by ELISpot reader (CTL) and analyzed
using the Biospot suite (CTL).

Flow Cytometry

Cells were incubated with Fc block (anti-CD16/32, BD) and
stained with fluorochrome-conjugated monoclonal antibodies
in PBS/2% FBS using the following antibodies: CD5 Brilliant
Violet 421 ($3-7.3), CD19 PE (1D3), CD19 FITC (1D3), CD23
Brilliant Violet 421 (B3B4), CD21 APC (7G6), CD43 APC (S7)
(all BD), B220 APC-eFluor 780 (RA3-6B2), CD93 APC (AA4.1)
(all eBioscience), and IgM FITC (polyclonal) (Southern Biotech).
Data were analyzed in FlowJo v9.6.4 (Treestar).

Statistics
Differences between groups were analyzed by a Mann-Whitney
test (GraphPad Prism v6.0f).

RESULTS

Heterozygous Bumble Mice Have Reduced
Serum IgM Levels and Responses to the
TI-2 Antigen NP-Ficoll

In an ENU mutagenesis screen for antibody response defects, we
identified a role of IkBNS for B cell development and function. We
observed that mice homozygous for a specific mutation in nfkbid
lacked responses to the TI-2 antigen NP-ficoll and had reduced
levels of circulating IgM and IgG3 antibodies (28). These mice,
named bumble, were found to have a T — G transversion in the
conserved donor splice site in the fourth intron of nfkbid, the gene
encoding IkBNS. This mutation is predicted to prevent splicing
of the fourth intron from the nfkbid transcript, resulting in a
premature stop codon after exon 4. Such a transcript would likely
be targeted for nonsense-mediated decay or encode only 65 of
327 amino acids (aa) encoded by full-length nfkbid, and therefore
not be expected to retain any function. The phenotype for bumble
mice was copied in mice with a targeted mutation in the nfkbid
gene (28) and was similar in IkBNS knockout mice (27). Here, we
report that mice heterozygous for the bumble mutation displayed
reduced NP-specific IgM and IgG3 antibody responses after
NP-ficoll immunization (Figure 1A). Furthermore, when analyz-
ing isolated splenocytes for NP-specific IgM antibody-secreting
cells (ASC), we observed significantly (p < 0.001) lower numbers
in bumble heterozygous compared to wt mice (Figure 1B). To
test if the TI-2 antigen response defect in heterozygous bumble
mice was due to a B cell intrinsic defect, we transferred isolated
splenic and peritoneal B cells to bumble mice and immunized
them with NP-ficoll. Bumble mice that had not received isolated
B cells did not respond to immunization, whereas bumble mice
that had received wt B cells did. Bumble mice that had received
B cells from heterozygous bumble mice had an intermediate
response to NP-ficoll immunization, suggesting that the defective
antibody response to TI-2 antigens in heterozygous bumble mice
is due to a B cell intrinsic defect (Figure 1C). Similarly to bumble
homozygotes, mice with the heterozygous bumble mutation dis-
played significantly reduced total serum levels of IgM and IgG3
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FIGURE 1 | Heterozygous bumble mice have reduced serum IgM
levels and responses to TI-2 antigens. (A) Mice were immunized with
50 pg of NP-ficoll intraperitoneally and sacrificed after 6 days. NP-specific
serum IgM and 1gG3 were determined by ELISA. (B) NP-specific IgM
antibody-secreting cells were determined by ELISpot. Left panel displays
representative wells of wild-type (wt), heterozygous (hets), and bumble
(bmb). (C) Isolated peritoneal B cells (2 x 10° cells) from wild-type or
heterozygous bumble mice were mixed with 50-pg NP (40)-ficoll and
injected i.p. into bumble mice. The recipient bumble mice then received
splenic B cells (30 x 10° cells) from wild-type or heterozygous mice
injected i.v. NP-specific serum IgM and IgG3 were determined by ELISA
6 days later. (D) Total serum IgM and IgG3 were determined by ELISA.
Figures represent 8- to 16-week-old aged-matched mice with three to
eight per group and results are representative of three (A,B) or two

(C) independent experiments. Graphs display mean + SD. Statistically
significant differences between bumble, bumble heterozygotes, and wt
mice are indicated by *p < 0.05, **p < 0.01, and ***p < 0.001 by
Mann-Whitney test.
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B cells. Cell suspensions in serial dilutions were plated on ELISpot plates
coated with anti-IgM. IgM antibody-secreting cells (ASC) in (A) spleen and
(B) bone marrow. Upper panels display IgM ASCs per 10° cells and lower
panels indicate mean spot size. Spot size is influenced by the number of
spots per well. Therefore, wells containing similar numbers of spots across
groups were used to calculate spot size (range 10-30 spots for bone marrow
and 30-70 for spleen). Data were compiled from two experiments.

antibodies (p < 0.05) (Figure 1D). Thus, relative to homozygous
bumble mice and wt mice, heterozygous bumble mice presented
with an intermediary phenotype in terms of response to NP-ficoll
and levels of circulating IgM and IgG3 antibodies.

Fewer IgM Antibody-Secreting Cells in

Heterozygous Bumble Mice

We next asked if the reduced IgM levels in heterozygous bum-
ble mice were due to fewer IgM-secreting B cells or if less IgM
was produced per cell. To assess this, we performed ELISpot
for total IgM producing splenic and bone marrow B cells. The
same numbers of cells were plated from wt, heterozygous, and
homozygous bumble mice. As expected, no IgM ASCs were
detected from homozygous bumble mice. The fraction of splenic
B cells spontaneously secreting IgM in heterozygous bumble mice
was slightly lower than in wt mice, although this difference was
not statistically significant (p = 0.23) (Figure 2A). The frequency
of IgM ASCs in bone marrow was significantly lower in heterozy-
gous bumble mice than in wt mice (p < 0.01). As an indication
of the amount of IgM produced per IgM ASC, we evaluated the
mean spot size. We observed no measurable differences in mean
spot size between heterozygous and wt mice (Figure 2B). These
data indicate that the reduced levels of natural IgM antibodies in
the serum is due to fewer IgM ASCs in the heterozygous bumble
rather than less IgM secreted per ASC.

Heterozygous Bumble Mice Have Normal
Frequencies of the Major B Cell Subsets

The main responding B cell subsets against TI-2 antigens are
B-1b cells and MZB cells (3, 7, 8), while B-1a cells are believed
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to produce most of the natural IgM antibodies found in the
serum at steady state (1). Homozygous bumble mice had normal
numbers of follicular B cells, but completely lacked B-1a cells,
and displayed a severe reduction in the frequencies of B-1b and
MZB cells (15, 28). Transfer of wt peritoneal cells to bumble mice
completely restored serum natural IgM levels and partly restored
the antibody response to immunization with NP-ficoll (15). This
suggested that the lack of B-1b cells in homozygous bumble mice
formed the basis for the impaired response to T-independent
antigens. To investigate if heterozygous bumble mice have defects
in B cell development, we used the following strategy to pheno-
typically distinguish the major B cell subsets. B220 is expressed
by all B-2 cells (MZB and follicular B cells), but at lower levels on
most B-1 cells. CD11b and CD43 are expressed by B-1 cells, and
CD5 is expressed by the B-1a cell subset. CD23 is expressed by
B-2 cells, but not MZB cells, while MZB cells express high levels
of CD21. When analyzing the different B cell subsets in heterozy-
gous bumble mice, we found that neither overall splenic B cell nor
MZB cell numbers were significantly different between wt mice
and heterozygous bumble mice. In contrast, mice homozygous for
the bumble mutation had significantly reduced MZB cell numbers
as expected (p < 0.01) (Figure 3A). The increased surface IgM
level seen in homozygous bumble mice (28) was not observed in
the heterozygous state (Figure 3B). Furthermore, homozygous
bumble mice have decreased frequencies of transitional T3 B cells
(15), while in heterozygous mice, the T3 B cell frequencies were
similar to those of wt mice (Figure 3C). No differences in bone
marrow B cell progenitor populations were observed between
wt, homozygous, and heterozygous bumble mice (Figure 3D).
As we reported previously, homozygous bumble mice completely
lacked B-1a cells and had significantly reduced B-1b cell frequen-
cies (p < 0.01) (15). In contrast, peritoneal B-1a and B-1b cell
frequencies were similar in wt and heterozygous bumble mice
(Figure 4A). Similarly, bone marrow B-1a cell and spleen B-1a
cell frequencies were indifferent between heterozygous bumble
and wt mice (Figures 4B,C). Overall, these data indicate that
the development and maintenance of all the major B cell subsets
occur normally in heterozygous bumble mice.

Impaired Antibody Response to the TI-2
Vaccine Pneumovax in Heterozygous
Bumble Mice

We next investigated if the impaired response to TI-2 antigens in
heterozygous bumble mice would extend to the clinically relevant
human polysaccharide vaccine Pneumovax. To this end, wt, het-
erozygous, and homozygous bumble mice were immunized with
Pneumovax intraperitoneally. By 6 days post-immunization, wt
mice mounted a strong antibody response against the Pneumovax
vaccine antigens. No response was observed in homozygous
bumble mice, while heterozygous bumble mice displayed an
intermediary response (Figure 5A). We also investigated the
Pneumovax-elicited responses to the polysaccharide antigens type
1 161-X (Figure 5B) and type 3 169-X (Figure 5C). Similarly to
total Pneumovax-specific antibodies, the responses against both
polysaccharides were significantly diminished in heterozygous
bumble mice compared to in wt mice (p < 0.01).

DISCUSSION

The data presented here demonstrate that a heterozygous muta-
tion in IkBNS causes a significant impairment of B cell function.
Mice that express one wt allele and one allele containing the
bumble mutation in nfkbid had diminished antibody responses to
T-independent type II antigens and reduced levels of circulating
natural IgM and IgG3 antibodies. The bumble mutation causes
a premature stop codon after exon 4 in the nfkbid gene and the
resulting transcript encodes only 65 of the 327 aa of the full-length
IkBNS (28). The resulting mRNA transcript is likely targeted for
degradation by nonsense-mediated decay. Thus, the spontaneous
secretion of natural antibodies and responses to TI-2 antigens in
bumble heterozygotes are likely impaired as a result of haploinsuf-
ficiency for the nfkbid gene.

Previous work has shown that p50~-, BCL10™-, and IxBa
hypermorphic mice fail to respond to immunization with TI-2
antigens (32, 33), illustrating that this defect is a general feature
of deficiency in the classical NF-kB signaling pathway. Similar to
other proteins of the classical NF-kB pathway, IkBNS also plays
an important role for maintaining normal levels of serum natural
antibodies and for the antibody response against TI-2 antigens
(27, 28). Notably, the major B cell subsets responsible for natural
antibody production and response to TI-2 antigens, B-1 and MZB
cells are lacking in mice with impaired classical NF-kB signaling,
which is also similar for mice with non-functional IkBNS (15, 27,
28). It was therefore interesting that heterozygous bumble mice
had decreased serum IgM and IgG3 levels and defective responses
to TI-2 antigens, despite having apparently normal numbers and
frequencies of B-1 and MZB cells. This suggested that the lack of
specific B cell subsets is not the sole reason for the reduced levels
of natural antibodies and response to TI-2 antigens in IkBNS-
deficient mice. Rather, this indicated a more direct role of IkBNS
for these aspects of immunity downstream of B cell receptor
signaling. Particularly, the lack of response to TI-2 antigens of
heterozygous bumble mice may be due to a B cell intrinsic defect
in activation or ASC differentiation, although it is also possible
that the BCR repertoire may be altered when IkBNS is only
expressed from one allele. We did not observe any reduction in
B-1a, MZB, or follicular B cell numbers in heterozygous bumble
mice, suggesting that one functioning allele of nfkbid is enough to
facilitate normal B cell development. However, we cannot rule out
the possibility that a modest impairment of B cell development is
masked by homeostatic proliferative mechanisms or altered bone
marrow output to control distribution of immune cells (34).

There are only few reports of heterozygous mutations in the
NEF-kB pathways leading to loss of B cell function. Hypermorphic
heterozygous mutations in IkBa cause impaired antibody
responses (33) and CARMAI1-deficient mice lacking CARD
(ACARD) showed defective B cell proliferationat the heterozygous
state (35). Since ACARD was found to act as a dominant-negative
inhibitor of TCR-induced NF-kB activation, the impaired B cell
function in heterozygous ACARD-deficient mice may be due to
the truncated CARMAL1 protein interfering with function of the
wt protein (36). Protein kinase C-f (PKCp) initiates a phospho-
rylation cascade that activates the CBM complex downstream
BCR signaling. Heterozygous missense mutations in the gene
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FIGURE 3 | Heterozygous bumble mice have normal frequencies of the major B cell subsets. Total B cells, marginal zone B cells (MZB), and transitional B
cells were stained by FACS in wild-type (wt), heterozygous (hets), and bumble (bmb) mice. (A) Left panel: representative staining of marginal zone B cells (MZB,
B220+, CD23-, and CD21") and follicular B cells (B220*, CD23*, and CD21+). Right panel: total B cell (B220*) and MZB cell numbers. (B) Representative staining of
surface IgM (slgM) on wt (black), heterozygous (blue), and bumble (blue) follicular B cells. (C) Splenic transitional B cells (B220+ and CD93%), further subdivided into
T1 (CD23-IgM*), T2 (CD23*IgM*), and T3 (CD23*IgM®). (D) Bone marrow B cell progenitors, pro B (B220+*CD43+*CD19+CD93%), pre B (B220*CD43-IgM~-CD93%),
immature B (B220*CD43-IgM+*CD93"), and mature B cells (B220+*CD43-IgM*CD93"). For transitional and progenitor B cell gating strategy, see Figure S1 in
Supplementary Material. Figures represent 8- to 16-week-old mice with four to seven mice per group, and results are representative of at least two independent
experiments. Graphs display mean + SD. Statistically significant differences between bumble, bumble heterozygotes, and wt mice are indicated by *p < 0.05 by
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Graphs display mean + SD. Statistically significant differences between bumble, bumble heterozygotes, and wt mice are indicated by *p < 0.05 and **p < 0.01 by

Mann-Whitney test.

encoding PKCP were found to lead to impaired antipolysac-
charide antibody responses and reduced natural antibody levels,
despite apparently normal B cell development (37).

Several clinical cases with mutations in NF-xB proteins have
demonstrated important roles of both the classical and alternative
NEF-kB signaling pathways for B cell development and function
in humans. Hypermorphic mutations in the gene encoding
IkBa lead to impaired phosphorylation-driven degradation of
the mutant protein and thereby reduced NF-kB signaling (38).
Hypermorphic heterozygous mutations in IkBa cause ectoder-
mal dysplasia with immunodeficiency as evidenced by recurrent
severe infections (38, 39). These patients have increased numbers
of B and T cells, but display both B and T cell functional defects
(39). Notably, the patient symptoms and lymphocyte functional

defects could to a large extent be reproduced when introducing
one of the hypermorphic IkBa mutations (S32I) to mice (33).
Similar symptoms to IkBa hypermorphs are evident in patients
with NEMO deficiency and B cells from these patients do not
respond to CD40ligation (40). More recently, several patients with
mutations in the CBM complex have been described. Combined
immunodeficiency (CID) resulting from impaired classical
NF-«B signaling due to CARMAL deficiency was associated with
hypogammaglobulinaemia, impaired BAFF-R expression and a
block of B cell maturation at the transitional B cell stage (41, 42).
Human MALT1 deficiency, also manifested by CID, was associ-
ated with lack of MZB cells and failure to respond to Pneumovax
vaccination (43, 44), a phenotype that is very similar to that
seen in the corresponding mouse model (45). Rapid advances

Frontiers in Immunology | www.frontiersin.org

March 2016 | Volume 7 | Article 65


http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org

Pedersen et al.

Role of Heterozygous IkBNS Mutation

Pneumovax
O wtnaive
@ wtPneumovax
O hets naive
@ hets Pneumovax
O bmb naive
@ bmb Pneumovax

0.0
10”1 102 102 10 105 106
Serum dilutions

Type 3 (169)

Type 1 (161)

*%

FIGURE 5 | Heterozygous bumble mice have reduced antibody
responses to immunization with pneumococcal polysaccharide
vaccine. Wild-type (wt), heterozygous bumble (hets), and bumble (bmb)
mice were immunized with Pneumovax pneumococcal polysaccharide
vaccine and sacrificed after 6 days. Serum antibody responses were
analyzed by ELISA against (A) Pneumovax, (B) type 1 polysaccharide antigen
161-X, and (C) type 3 polysaccharide antigen 169-X. Figures represent 14-
to 16-week-old mice with five mice per immunized group, and results are
representative of two independent experiments. Graphs display mean + SD.
Statistically significant differences between bumble, bumble heterozygotes,
and wt mice are indicated by “*p < 0.01 by Mann-Whitney test.

in identifying genes underlying human immunodeficiencies will
reveal if also IkBNS plays a role in this disease group.

So far, there are few reports of heterozygous mutations in
the NF-kB pathway leading to immunodeficiency in humans.
Heterozygous gain-of-function mutations in the gene encoding
CARMAL1 were shown to result in constitutive NF-«B activity and
are manifested by lymphocytosis but impaired memory B cells
and low TI-2 responses (46, 47). It is interesting to speculate if

REFERENCES

1. Baumgarth N. The double life of a B-1 cell: self-reactivity selects for protective
effector functions. Nat Rev Immunol (2011) 11:34-46. d0i:10.1038/nri2901

2. Rauch PJ, Chudnovskiy A, Robbins CS, Weber GE, Etzrodt M, Hilgendorf I,
et al. Innate response activator B cells protect against microbial sepsis. Science
(2012) 335:597-601. doi:10.1126/science.1215173

3. Cerutti A, Cols M, Puga I. Marginal zone B cells: virtues of innate-like antibody-
producing lymphocytes. Nat Rev Immunol (2013) 13:118-32. doi:10.1038/nri3383

4. O'Garra A, Chang R, Go N, Hastings R, Haughton G, Howard M. Ly-1 B
(B-1) cells are the main source of B cell-derived interleukin 10. Eur ] Immunol
(1992) 22:711-7. doi:10.1002/eji.1830220314

5. Rosser EC, Mauri C. Regulatory B cells: origin, phenotype, and function.
Immunity (2015) 42:607-12. doi:10.1016/j.immuni.2015.04.005

6. Maseda D, Candando KM, Smith SH, Kalampokis I, Weaver CT, Plevy SE, etal.
Peritoneal cavity regulatory B cells (B10 cells) modulate IFN-gamma+CD4+
T cell numbers during colitis development in mice. JImmunol (2013)
191:2780-95. doi:10.4049/jimmunol.1300649

heterozygous mutations in genes encoding components of BCR
signaling, including classical NF-kB pathway mediators, may con-
tribute to the observed variability in antipolysaccharide immune
responses in the human population (48, 49). We describe here thata
heterozygous mutation in the nfkbid gene encoding the atypical IkB
protein IkBNS led to reduced steady state IgM and IgG3 antibody
levels and impaired response to vaccination with TI-2 antigens in
mice. Heterozygous mutations in genes of the NF-kB pathway could
potentially lead to haploinsufficiency for B cell function, resulting in
lower antibody responses to vaccination and increased susceptibil-
ity to infection, which should be considered in future studies.

AUTHOR CONTRIBUTIONS

GKP designed and performed the experiments and wrote the
manuscript. MA, JS, and SK performed the experiments. CA and
BB designed the experiments. GKH designed the experiments and
wrote the manuscript. All authors have approved the manuscript.

ACKNOWLEDGMENTS

We are grateful to the personnel at the animal facility at the
Department of Microbiology, Tumor and Cell Biology at the
Karolinska Institutet. This work was supported by grants from the Bill
& Melinda Gates Foundation (GKH and BB), the Swedish Research
Council (GKH), and David och Astrid Hageléns stiftelse (GKP).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at
http://journal.frontiersin.org/article/10.3389/fimmu.2016.00065

FIGURE S1 | Gating strategy for identifying transitional and progenitor
B cells. (A) Representative staining of wild type splenocytes for transitional B
cells (CD93*B220*) and the transitional B cell populations gated as indicated.
(B) Representative staining of wild type bone marrow for progenitor and mature B
cellpopulations. Pro B (B220*CD43+*CD19+*CD93*), pre B (B220*CD43 IgM-CD93"),
immature B (B220*CD431gM+CD93+), and mature B cells (B220*CD43IgM*CD93").

FIGURE S2 | Representative stainings of bone marrow and spleen B-1a
cells. B-1a cells were identified as CD93-IgM+CD19hiB220loCD5+ in (A)
bone marrow and (B) spleen.

7. Martin F, Oliver AM, Kearney JE. Marginal zone and B1 B cells unite in the
early response against T-independent blood-borne particulate antigens.
Immunity (2001) 14:617-29. doi:10.1016/S1074-7613(01)00129-7

8. HsuMC, Toellner KM, Vinuesa CG, Maclennan IC. B cell clones that sustain long-
term plasmablast growth in T-independent extrafollicular antibody responses.
Proc Natl Acad Sci U S A (2006) 103:5905-10. doi:10.1073/pnas.0601502103

9. Hayakawa K, Hardy RR, Herzenberg LA, Herzenberg LA. Progenitors for

Ly-1 B cells are distinct from progenitors for other B cells. ] Exp Med (1985)

161:1554-68. doi:10.1084/jem.161.6.1554

Yoshimoto M, Montecino-Rodriguez E, Ferkowicz M], Porayette P, Shelley

WC, Conway §J, et al. Embryonic day 9 yolk sac and intra-embryonic

hemogenic endothelium independently generate a B-1 and marginal zone

progenitor lacking B-2 potential. Proc Natl Acad Sci US A (2011) 108:1468-73.

doi:10.1073/pnas.1015841108

Allman D, Lindsley RC, Demuth W, Rudd K, Shinton SA, Hardy RR.

Resolution of three nonproliferative immature splenic B cell subsets reveals

multiple selection points during peripheral B cell maturation. ] Immunol

(2001) 167:6834-40. doi:10.4049/jimmunol.167.12.6834

10.

11.

Frontiers in Immunology | www.frontiersin.org

54

March 2016 | Volume 7 | Article 65


http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://journal.frontiersin.org/article/10.3389/fimmu.2016.00065
http://dx.doi.org/10.1038/nri2901
http://dx.doi.org/10.1126/science.1215173
http://dx.doi.org/10.1038/nri3383
http://dx.doi.org/10.1002/eji.1830220314
http://dx.doi.org/10.1016/j.immuni.2015.04.005
http://dx.doi.org/10.4049/jimmunol.1300649
http://dx.doi.org/10.1016/S1074-7613(01)00129-7
http://dx.doi.org/10.1073/pnas.0601502103
http://dx.doi.org/10.1084/jem.161.6.1554
http://dx.doi.org/10.1073/pnas.1015841108
http://dx.doi.org/10.4049/jimmunol.167.12.6834

Pedersen et al.

Role of Heterozygous IkBNS Mutation

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Saito T, Chiba S, Ichikawa M, Kunisato A, Asai T, Shimizu K, et al. Notch2
is preferentially expressed in mature B cells and indispensable for marginal
zone B lineage development. Immunity (2003) 18:675-85. doi:10.1016/
$1074-7613(03)00111-0

Srivastava B, Quinn W] III, Hazard K, Erikson J, Allman D. Characterization of
marginal zone B cell precursors. ] Exp Med (2005) 202:1225-34. doi:10.1084/
jem.20051038

Montecino-Rodriguez E, Leathers H, Dorshkind K. Identification of a B-1
B cell-specified progenitor. Nat Immunol (2006) 7:293-301. d0i:10.1038/ni1301
Pedersen GK, Adori M, Khoenkhoen S, Dosenovic P, Beutler B, Karlsson
Hedestam GB. B-1la transitional cells are phenotypically distinct and are
lacking in mice deficient in IkappaBNS. Proc Natl Acad Sci U S A (2014)
111(39):E4119-26. doi:10.1073/pnas.1415866111

Gerondakis S, Siebenlist U. Roles of the NF-kappaB pathway in lymphocyte
development and function. Cold Spring Harb Perspect Biol (2010) 2:a000182.
doi:10.1101/cshperspect.a000182

Li Q Verma IM. NF-kappaB regulation in the immune system. Nat Rev
Immunol (2002) 2:725-34. doi:10.1038/nri968

Didonato JA, Hayakawa M, Rothwarf DM, Zandi E, Karin M. A cytokine-
responsive TkappaB kinase that activates the transcription factor NF-kappaB.
Nature (1997) 388:548-54. doi:10.1038/41493

Hoffmann A, Baltimore D. Circuitry of nuclear factor kappaB signaling.
Immunol Rev (2006) 210:171-86. doi:10.1111/j.0105-2896.2006.00375.x
Bonizzi G, Karin M. The two NF-kappaB activation pathways and their
role in innate and adaptive immunity. Trends Immunol (2004) 25:280-8.
doi:10.1016/.it.2004.03.008

Schuster M, Annemann M, Plaza-Sirvent C, Schmitz I. Atypical IkappaB
proteins — nuclear modulators of NF-kappaB signaling. Cell Commun Signal
(2013) 11:23. doi:10.1186/1478-811X-11-23

Pedersen GK, Adori M, Karlsson Hedestam GB. NF-kappaB signaling in
B-1 cell development. Ann N'Y Acad Sci (2015) 1362(1):39-47. doi:10.1111/
nyas.12800

Cariappa A, Liou HC, Horwitz BH, Pillai S. Nuclear factor kappa B is required
for the development of marginal zone B lymphocytes. ] Exp Med (2000)
192:1175-82. doi:10.1084/jem.192.8.1175

Tusche MW, Ward LA, Vu F, McCarthy D, Quintela-Fandino M, Ruland J,
etal. Differential requirement of MALT'1 for BAFF-induced outcomes in B cell
subsets. ] Exp Med (2009) 206:2671-83. doi:10.1084/jem.20091802

Zhang X, Paun A, Claudio E, Wang H, Siebenlist U. The tumor promoter and
NF-kappaB modulator Bcl-3 regulates splenic B cell development. ] Immunol
(2013) 191:5984-92. d0i:10.4049/jimmunol.1300611

Hovelmeyer N, Worns MA, Reissig S, Adams-Quack P, Leclaire J, Hahn M,
et al. Overexpression of Bcl-3 inhibits the development of marginal zone
B cells. Eur ] Immunol (2014) 44:545-52. doi:10.1002/¢ji.201343655

Touma M, Keskin DB, Shiroki E, Saito I, Koyasu S, Reinherz EL, et al. Impaired
B cell development and function in the absence of IkappaBNS. J Immunol
(2011) 187:3942-52. doi:10.4049/jimmunol.1002109

Arnold CN, Pirie E, Dosenovic P, McInerney GM, Xia Y, Wang N, et al.
A forward genetic screen reveals roles for Nfkbid, Zeb1, and Ruvbl2 in humoral
immunity. Proc Natl Acad Sci U S A (2012) 109:12286-93. doi:10.1073/
pnas.1209134109

Sha WC, Liou HC, Tuomanen EI, Baltimore D. Targeted disruption of the p50
subunit of NF-kappa B leads to multifocal defects in immune responses. Cell
(1995) 80:321-30. doi:10.1016/0092-8674(95)90415-8

Ruland J, Duncan GS, Elia A, Del Barco Barrantes I, Nguyen L, Plyte S,
et al. Bcll0 is a positive regulator of antigen receptor-induced activation of
NF-kappaB and neural tube closure. Cell (2001) 104:33-42. doi:10.1016/
$0092-8674(01)00189-1

Egawa T, Albrecht B, Favier B, Sunshine MJ, Mirchandani K, O’brien W, et al.
Requirement for CARMAL1 in antigen receptor-induced NF-kappa B activa-
tion and lymphocyte proliferation. Curr Biol (2003) 13:1252-8. doi:10.1016/
S0960-9822(03)00491-3

Xue L, Morris SW, Orihuela C, Tuomanen E, Cui X, Wen R, et al. Defective
development and function of Bcl10-deficient follicular, marginal zone and B1
B cells. Nat Immunol (2003) 4:857-65. d0i:10.1038/ni963

Mooster JL, Le Bras S, Massaad MJ, Jabara H, Yoon J, Galand C, et al. Defective
lymphoid organogenesis underlies the immune deficiency caused by a het-
erozygous S$32I mutation in IkappaBalpha. ] Exp Med (2015) 212:185-202.
doi:10.1084/jem.20140979

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Woodland RT, Schmidt MR. Homeostatic proliferation of B cells. Semin
Immunol (2005) 17:209-17. doi:10.1016/j.smim.2005.02.006

Newton K, Dixit VM. Mice lacking the CARD of CARMAI exhibit
defective B lymphocyte development and impaired proliferation of
their B and T lymphocytes. Curr Biol (2003) 13:1247-51. doi:10.1016/
$0960-9822(03)00458-5

Gaide O, Favier B, Legler DE, Bonnet D, Brissoni B, Valitutti S, et al. CARMA1
is a critical lipid raft-associated regulator of TCR-induced NF-kappa B activa-
tion. Nat Immunol (2002) 3:836-43. d0i:10.1038/ni830

Teh CE, Horikawa K, Arnold CN, Beutler B, Kucharska EM, Vinuesa CG,
et al. Heterozygous mis-sense mutations in Prkcb as a critical determinant
of anti-polysaccharide antibody formation. Genes Immun (2013) 14:223-33.
doi:10.1038/gene.2013.11

Courtois G, Smahi A, Reichenbach J, Doffinger R, Cancrini C, Bonnet M,
et al. A hypermorphic IkappaBalpha mutation is associated with autosomal
dominant anhidrotic ectodermal dysplasia and T cell immunodeficiency.
] Clin Invest (2003) 112:1108-15. doi:10.1172/JCI18714

Janssen R, Van Wengen A, Hoeve MA, Ten Dam M, Van Der Burg M, Van
Dongen J, et al. The same IkappaBalpha mutation in two related individuals
leads to completely different clinical syndromes. ] Exp Med (2004) 200:559-68.
doi:10.1084/jem.20040773

Jain A, Ma CA, Liu S, Brown M, Cohen J, Strober W. Specific missense muta-
tions in NEMO result in hyper-IgM syndrome with hypohydrotic ectodermal
dysplasia. Nat Immunol (2001) 2:223-8. doi:10.1038/85277

Greil ], Rausch T, Giese T, Bandapalli OR, Daniel V, Bekeredjian-Ding I, et al.
Whole-exome sequencing links caspase recruitment domain 11 (CARDI11)
inactivation to severe combined immunodeficiency. J Allergy Clin Immunol
(2013) 131:1376-83.e1373. doi:10.1016/j.jaci.2013.02.012

Stepensky P, Keller B, Buchta M, Kienzler AK, Elpeleg O, Somech R, et al.
Deficiency of caspase recruitment domain family, member 11 (CARDI11),
causes profound combined immunodeficiency in human subjects. ] Allergy
Clin Immunol (2013) 131:477-485.e471. d0i:10.1016/j.jaci.2012.11.050
Jabara HH, Ohsumi T, Chou J, Massaad MJ, Benson H, Megarbane A, et al.
A homozygous mucosa-associated lymphoid tissue 1 (MALT1) mutation in
a family with combined immunodeficiency. ] Allergy Clin Immunol (2013)
132:151-8. doi:10.1016/j.jaci.2013.04.047

McKinnon ML, Rozmus J, Fung SY, Hirschfeld AF, Del Bel KL, Thomas L, etal.
Combined immunodeficiency associated with homozygous MALT1 muta-
tions. J Allergy Clin Immunol (2014) 133:1458-62, 1462.e1451. doi:10.1016/j.
jaci.2013.10.045

Ruefli-Brasse AA, French DM, Dixit VM. Regulation of NF-kappaB-
dependent lymphocyte activation and development by paracaspase. Science
(2003) 302:1581-4. doi:10.1126/science.1090769

Snow AL, Xiao W, Stinson JR, Lu W, Chaigne-Delalande B, Zheng L, et al.
Congenital B cell lymphocytosis explained by novel germline CARD11 muta-
tions. J Exp Med (2012) 209:2247-61. doi:10.1084/jem.20120831

Brohl AS, Stinson JR, Su HC, Badgett T, Jennings CD, Sukumar G, et al.
Germline CARD11 mutation in a patient with severe congenital B cell lym-
phocytosis. ] Clin Immunol (2015) 35:32-46. doi:10.1007/s10875-014-0106-4
Konradsen HB, Henrichsen J, Wachmann H, Holm N. The influence of genetic
factors on the immune response as judged by pneumococcal vaccination of
mono- and dizygotic Caucasian twins. Clin Exp Immunol (1993) 92:532-6.
doi:10.1111/j.1365-2249.1993.tb03433.x

Schutz K, Hughes RG, Parker A, Quinti I, Thon V, Cavaliere M, et al. Kinetics
of IgM and IgA antibody response to 23-valent pneumococcal polysaccharide
vaccination in healthy subjects. J Clin Immunol (2013) 33:288-96. doi:10.1007/
$10875-012-9792-y

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2016 Pedersen, Adori, Stark, Khoenkhoen, Arnold, Beutler and Karlsson
Hedestam. 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) or licensor 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

March 2016 | Volume 7 | Article 65


http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://dx.doi.org/10.1016/S1074-7613(03)00111-0
http://dx.doi.org/10.1016/S1074-7613(03)00111-0
http://dx.doi.org/10.1084/jem.20051038
http://dx.doi.org/10.1084/jem.20051038
http://dx.doi.org/10.1038/ni1301
http://dx.doi.org/10.1073/pnas.1415866111
http://dx.doi.org/10.1101/cshperspect.a000182
http://dx.doi.org/10.1038/nri968
http://dx.doi.org/10.1038/41493
http://dx.doi.org/10.1111/j.0105-2896.2006.00375.x
http://dx.doi.org/10.1016/j.it.2004.03.008
http://dx.doi.org/10.1186/1478-811X-11-23
http://dx.doi.org/10.1111/nyas.12800
http://dx.doi.org/10.1111/nyas.12800
http://dx.doi.org/10.1084/jem.192.8.1175
http://dx.doi.org/10.1084/jem.20091802
http://dx.doi.org/10.4049/jimmunol.1300611
http://dx.doi.org/10.1002/eji.201343655
http://dx.doi.org/10.4049/jimmunol.1002109
http://dx.doi.org/10.1073/pnas.1209134109
http://dx.doi.org/10.1073/pnas.1209134109
http://dx.doi.org/10.1016/0092-8674(95)90415-8
http://dx.doi.org/10.1016/S0092-8674(01)00189-1
http://dx.doi.org/10.1016/S0092-8674(01)00189-1
http://dx.doi.org/10.1016/S0960-9822(03)00491-3
http://dx.doi.org/10.1016/S0960-9822(03)00491-3
http://dx.doi.org/10.1038/ni963
http://dx.doi.org/10.1084/jem.20140979
http://dx.doi.org/10.1016/j.smim.2005.02.006
http://dx.doi.org/10.1016/S0960-9822(03)00458-5
http://dx.doi.org/10.1016/S0960-9822(03)00458-5
http://dx.doi.org/10.1038/ni830
http://dx.doi.org/10.1038/gene.2013.11
http://dx.doi.org/10.1172/JCI18714
http://dx.doi.org/10.1084/jem.20040773
http://dx.doi.org/10.1038/85277
http://dx.doi.org/10.1016/j.jaci.2013.02.012
http://dx.doi.org/10.1016/j.jaci.2012.11.050
http://dx.doi.org/10.1016/j.jaci.2013.04.047
http://dx.doi.org/10.1016/j.jaci.2013.10.045
http://dx.doi.org/10.1016/j.jaci.2013.10.045
http://dx.doi.org/10.1126/science.1090769
http://dx.doi.org/10.1084/jem.20120831
http://dx.doi.org/10.1007/s10875-014-0106-4
http://dx.doi.org/10.1111/j.1365-2249.1993.tb03433.x
http://dx.doi.org/10.1007/s10875-012-9792-y
http://dx.doi.org/10.1007/s10875-012-9792-y
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

',\' frontiers
in Immunology

MINI REVIEW
published: 21 March 2016
doi: 10.3389/fimmu.2016.00106

OPEN ACCESS

Edited by:

Ana Maria Hernandez,

Center of Molecular Immunology,
Cuba

Reviewed by:

Mepur Hanumantha-Rao
Ravindranath,

Terasaki Foundation Laboratory, USA
Ronald B. Corley,

Boston University School of
Medicine, USA

*Correspondence:
Heinz Kohler
heinz.kohler@uky.edu;,
Srinivas V. Kaveri
srini.kaveri@Qcrc.jussieu.fr

Specialty section:

This article was submitted to
B Cell Biology,

a section of the journal
Frontiers in Immunology

Received: 08 February 2016
Accepted: 07 March 2016
Published: 21 March 2016

Citation:

Kohler H, Bayry J and Kaveri SV
(2016) The Homophilic Domain — An
Immunological Archetype.

Front. Immunol. 7:106.

doi: 10.3389/fimmu.2016.00106

®

CrossMark

The Homophilic Domain - An
Immunological Archetype

Heinz Kohler'*, Jagadeesh Bayry?3+® and Srinivas V. Kaveri®345*

" Department of Microbiology Immunology, University of Kentucky, Lexington, KY, USA, ?Institut National de la Santé et de la
Recherche Médicale Unité 1138, Paris, France, °Centre de Recherche des Cordeliers, Equipe — Immunopathologie et
immuno-intervention thérapeutique, Paris, France, *Sorbonne Universités, UPMC Univ Paris 06, UMR S 1138, Paris, France,
SUniversité Paris Descartes, Sorbonne Paris Cité, UMR S 1138, Paris, France

The homophilic potential emerges as an important biological principle to boost the
potency of immunoglobulins. Since homophilic antibodies in human and mouse sera
exist prior environmental exposure, they are part of the natural antibody repertoire.
Nevertheless, hemophilic properties are also identified in induced antibody repertoire.
The use of homophilicity of antibodies in the adaptive immunity signifies an archetypic
antibody structure. The unique feature of homophilicity in the antibody repertoire also
highlights an important mechanism to boost the antibody potency to protect against
infection and atherosclerosis as well to treat cancer patients.

Keywords: natural antibodies, homophilic, immunoglobulins, idiotype, induced antibodies, T15, 1F7

NATURAL ANTIBODIES - THE VIRGIN IMMUNE RESPONSE

Natural antibodies are immunoglobulins in sera of mammalians that are neither immunologically
challenged nor responding. For example, natural antibodies are in sera of neonatal or germ-free
mice. Natural antibodies are of IgM, IgG, and IgA isotypes and play an important role in the immune
homeostasis and protection against pathogens (1-6). B1 cells in mice produce natural antibod-
ies (7, 8). In human, CD20*CD27*CD43* memory B cells were recently identified as murine B1
counterpart (9). Natural antibodies are the important components of the therapeutic intravenous
immunoglobulin (IVIG) (10-12) that is widely used in the therapy of autoimmune and inflamma-
tory diseases (13-17). These functions of natural antibodies also indicate diverse roles played by
B cells in the immune homeostasis (18-22).

THE IDIOTYPIC INTERACTIONS

Oudin and Jerne are the founders of the idiotype concept (23, 24). They “discovered” that one anti-
body could recognize another antibody as an individual and unique member of the immune system.
The uniqueness of an antibody lies in the variable region of heavy and light chains and has been
named idiotype. The idiotype antibody individuality is separated from the antigen-binding site, also
determined by unique sequence variability. However, both regions are linked by a unique variability
and have a functional relation. Identifying an antigen-binding site also reveals the linked idiotype
and vice versa, an idiotope reveals the associated antigen specificity. However, there are important
exceptions to this linkage rule: the so-called common idiotopes (IdX) are expressed on antibodies
with different antigen specificities (25). Furthermore, antigen-binding site and idiotype site can be
identical or overlapping.

Frontiers in Immunology | www.frontiersin.org 56

March 2016 | Volume 7 | Article 106


http://www.frontiersin.org/Immunology/
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2016.00106&domain=pdf&date_stamp=2016-03-21
http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/Immunology/editorialboard
http://www.frontiersin.org/Immunology/editorialboard
http://dx.doi.org/10.3389/fimmu.2016.00106
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
https://creativecommons.org/licenses/by/4.0/
mailto:heinz.kohler@uky.edu
mailto:srini.kaveri@crc.jussieu.fr
http://dx.doi.org/10.3389/fimmu.2016.00106
http://www.frontiersin.org/Journal/10.3389/fimmu.2016.00106/abstract
http://www.frontiersin.org/Journal/10.3389/fimmu.2016.00106/abstract
http://loop.frontiersin.org/people/192894/overview
http://loop.frontiersin.org/people/41982/overview
http://loop.frontiersin.org/people/41984/overview

Kohler et al.

The Homophilic Domain — An Immunological Archetype

Studies on the functional interactions of anti-idiotype
binding to antibodies have established a classification in the
idiotype field. Jerne termed anti-idiotypes that do not inter-
fere with the antigen-binding site as Ab2a and anti-idiotypes
that block the antigen binding as Ab2p (26). Ab2 was further
differentiated by adding the term Ab2y to describe Ab2 that
only partially inhibits antigen binding (27, 28). The Ab2p has
another unique functional feature. It mimics the antigen by its
perfect fit into another antigen-binding site. Ab2p has been
used as an antigen to induce a specific immune response (28).
Another shared idiotype has been discovered in HIV-infected
primates (29). This anti-idiotype antibody has been termed as
ADb23 (30).

In mice, “prime” antibodies lack the dominant expression of
certain shared idiotype, such as the so-called T15 idiotype, that
develops weeks after birth without environmental challenge (31,
32). Therefore, the T15 dominance can be considered a part of
the natural antibody repertoire. The T15 idiotype is also present
in primates, including man (33). Perhaps a review of the idi-
otypic circuits is helpful for the understanding of the biological
and immunological properties of the T15 archetypic idiotype.
A hallmark of the T15 antibody family is their ability to self
bind for producing homophilic complexes (34-36). The domain
responsible for antibody self-binding (homophilicity) has been
described as a region in VH of T15, extending from CDR2 to
Fr3 (35, 37). Because of their preimmune presence in normal
sera, homophilic antibodies are segment of the natural antibody
repertoire (33, 37).

THE BIOLOGY AND IMMUNOREGULATORY
FUNCTIONS OF HOMOPHILIC ANTIBODIES

The homophilic domain in antibodies was identified, and pep-
tides that can confer the homophilic effect to other antibodies
were made (38). Further studies showed that the homophilic
domain can be expressed independently from the specificity of
the antigen-binding site (39). This suggested that any antibody
could be made homophilic by attaching the homophilic domain.
In early experiments, a chemical affinity conjugation method was
introduced to make the homophilic Ig (40); later, recombinant
techniques were used to produce a homophilic antibody fusion
protein.

Human and mouse sera contain antibodies that express the
homophilic domain (33), confirming that homophilic antibodies
are part of the so-called natural antibodies (41). Homophilic anti-
bodies with specificity for phosphorylcholine (PC) are superior
in protecting against Streptococcus pneumoniae infection (42).
Homophilic anti-PC antibodies are also highly effective to reduce
atherosclerotic plaque formation (43, 44) and perhaps have other
housekeeping functions. Antigenicity of the homophilic domain
was tested in mice, rabbits, and non-human primates by inject-
ing the homophilic domain peptide and treating macaques with
a homophilic anti-CD20 antibody (45). No antibodies could be
detected against the homophilic domain. This finding suggests
that homophilic antibodies could be used as therapeutic drugs to
treat human diseases without allergic side effects (46).

Indeed, human natural antibodies with specificity for PC
protect against atherosclerotic plaque formation by binding
to oxidized LDL and inhibit macrophage activation (43, 47).
Immunizing atherosclerotic mice with PC antigen reduces
plaque formation (44). Silverman and colleagues showed that SLE
patients with low natural antibodies develop more serious disease
(48). Emerging evidence suggested that natural antibodies could
control transplant rejection (49).

Another “natural” antibody in normal human sera has been
described with specificity for HLA (50). This anti-HLA is not
detectable in sera but is revealed after IgG purification. The
homophilic T15 peptide from the complementarity-determining
region/framework masked the HLA recognition of non-purified
IgG. Since the T15 homophilic peptide dissociate the homophilic
Ig complex, thereby reducing the polyvalency and binding
potency, one can conclude that in sera, auto-anti-HLA antibodies
are bound to corresponding HLA and are not detected. It follows
that natural auto-anti-HLA antibodies are homophilic. Thus, the
homophilic property of antibodies plays a role in the functional
regulation of antibodies either by masking them or by exposing
them under appropriate conditions.

A homophilic state of the Ig B-cell receptor (BCR) has been
described in chronic lymphocytic leukemia (51, 52). Peptides
from the VH Ig BCR bind to the BCR providing the basis for self-
recognition of the BCR. Recently, we used the T15 homophilic
peptide to inhibit proliferation of murine human B-cell lines (46).

THE UNIQUE BIOPHYSICAL PROPERTIES
OF HOMOPHILIC ANTIBODIES

Working with homophilic-converted Trastuzumab (Herceptin),
we discovered that the dose-response in inducing apoptosis in a
Her2/neu-expressing human cell line was not linear but was bell
shaped (53). The highest concentration tested did not induce the
highest amount of apoptosis, but a lower concentration produced
the most apoptosis. Similar non-linear dose effects were observed
in fluorescence staining of tumor cells. This paradoxical dose
effect was also observed in xenograft experiment (54).

This non-linear dose affecting the potency of homophilic
Herceptin could be due to the inherent mechanic of self-binding
that was observed in 1986 (37, 55). Here, self-binding of the T15
antibody decreases as the concentration of homophilic antibody
increases, producing a bell-shaped pattern. This indicates that the
equilibrium of self-bound antibody and free antibody is controlled
by the concentration of homophilic antibody. Thus, the lattice of
build up of homophilic antibodies at the tumor target cell would
decrease at a higher concentration, thereby reducing apoptosis.
This paradoxical effect has been observed with homophilic anti-
Her2/neu (Herceptin) (54). In this study, we showed that the
viscosity of homophilic antibodies increases with temperature
and decreases at lower temperature, an effect not observed with
the most other proteins or organic compounds. Furthermore,
the binding to antigen by a homophilic antibody is also higher at
physiological temperature than by the non-homophilic parental
antibody. Lastly, the binding of homophilic Herceptin to tumor
cells is concentration dependent, whereby a lower concentration
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targets better than a higher concentration. The unique biophysi-
cal properties of homophilic antibodies represent another aspect
in the natural antibody repertoire.

HOMOPHILICITY IN SHARED IDIOTYPES

We believe that we are only at the beginning to discover networks
of shared idiotypes. By using polyclonal anti-idiotype antibodies,
Urbain and colleagues have observed shared idiotypes expressed
on antibodies with different antigen specificity in rabbits and mice
(26, 56). The monoclonal 1F7 anti-idiotype recognizes antibodies
against viral antigens and is first described in humans (29, 57, 58).
The T15 and 1F7 idiotypic networks harbor important biological
and medical properties: dominant T15 antibodies protect against
pneumococcal infection (59) and perform a housekeeping
function to reduce atherosclerotic plaque formation (43); the
1F7 idiotope is expressed on antibodies against HIV-1 (57, 60)
and hepatitis C (61, 62) (see also contribution by Muller et al.).
Furthermore, 1F7-positive human anti-HIV-1 antibodies carry
the homophilic domain (Veljkovic and Kohler, unpublished).
These studies on homophilic antibodies show that homophilicity
is utilized in the innate immunity (natural antibodies) and by the
adaptive immune response.

HOMOPHILICITY AS A GENERAL
CONCEPT IN SYSTEM BIOLOGY OF
NATURAL ANTIBODIES

The data on homophilic natural antibodies point to a general
strategy of enhancing potency not only of antibodies but also
other biological systems (63). This finding can be viewed as a
paradigm in System Biology in the T15 and 1F7 idiotypic net-
works. Both systems utilize the antibody homophilicity. Both
systems also use this property to achieve a high level of antibody
potency. Antibodies with T15 expression in normal sera are
close to germline encoding: (i) the T15 dominance develops
late in ontogeny (31), (ii) the homophilic domain contains H2
mutations, (iii) analysis of the neonatal repertoire by Coutinho
(64) shows only evidence for extensive idiotypic network and for
homophilic binding, and (iv) homophilic antibodies have been
detected after stimulation (38, 46). Furthermore, in support of
the adaptive creation of the homophilic domain, the sequence
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of homophilic domains is found different (51, 52). Thus, certain
homophilic antibodies are not part of the so-called natural anti-
bodies but are induced by antigenic stimulation.

The homophilic antibody enhancement and therapeutic
potential have been already demonstrated (38, 46). The native
dominant expression of 1F7 idiotype on anti-HIV-1 antibodies
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difference between the T15 and the 1F7 system: T15 antibod-
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SUMMARY

The discussion of the unique feature of homophilicity as a part of
the natural and induced antibody repertoires (65) highlights an
important mechanism to boost the antibody potency to protect
against infection and atherosclerosis (44) as well to treat cancer
patients (46). The concept of homophilicity is introduced here
to describe the unique coexistence and synergism of acquired
immunity with innate immunity. The homophilicity of antibodies
in the natural and acquired repertoires emerges as an archetypic
principle in the immune system.
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Natural antibodies are spontaneously produced in the absence of infection or immuni-
zation, and are both anti-microbial and autoreactive. Autoreactive natural antibodies can
bind noxious molecules, such as those involved in clinical situations of atherosclerosis
(oxLDL), malignancy (NGcGM3), and neurodegeneration (amyloid, tau) and can affect
the fate of their targets or the cells bearing them to maintain homeostasis. Clinically
relevant natural antibodies have been shown to decline with advancing age in those few
situations where measurements have been made. Consistent with this, human B-1 cells
that are thought to be responsible for generating natural antibodies also decline with
advancing age. These findings together suggest that an age-related decline in amount
or efficacy of homeostatic natural antibodies is associated with relative loss of protection
against molecules involved in several diseases whose incidence rises in the older age
population, and that those individuals experiencing greatest loss are at greatest risk.
In this view, natural antibodies act as rheostats for susceptibility to several age-related
diseases. These considerations suggest that administration of natural antibodies, or of
factors that maintain B-1 cells and/or enhance production of natural antibodies by B-1
cells, may serve to counteract the onset or progression of age-related chronic illness.

Keywords: human B cells, B-1 cells, natural antibody

INTRODUCTION

Natural antibody represents immunoglobulin that is spontaneously and constitutively secreted in the
absence of infection or immunization. Natural antibody is present in animals and humans, and is
thought to comprise the bulk of resting IgM, along with portions of isotype-switched IgA and IgG.
Natural antibody differs from adaptive antibody in many ways, importantly including repertoire and
function. Much natural antibody is anti-microbial and forms a preexisting shield against infection
that provides a primary layer of protection during the lag period required for germinal center forma-
tion and adaptive antibody production (1-5). Natural antibody also tends to be autoreactive (6-9)
and performs a second beneficial function in housekeeping and homeostatic activity that speeds
elimination of dying cell debris and noxious molecular species (4, 10-17). In this way, potentially
inflammatory and/or toxic agents are removed before direct tissue injury can occur.

Natural antibody is generated for the most part by a relatively small but unique subpopulation
of B cells termed B-1 cells, first recognized in 1982, that is developmentally distinct (18-20). The
origin and function of B-1 cells have been most extensively studied in mice, where B-1 cells are
readily identified by a clear set of phenotypic markers (B220loCD5+*CD23-CD43*IgMhilgDlo).
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For some time, the status of human B-1 cells has been uncertain,
and the existence of human B-1 cells has been debated. However,
a new phenotypic profile for B-1 cells in human peripheral blood
was recently reported (CD19*CD20*CD27+*CD38modCD43*
CD707) (21-23) and, despite some controversy (24-27), this
profile has gained acceptance and has been utilized by a number
of investigators in translational studies of specific disease states
(25, 26, 28-31).

The natural antibodies produced by B-1 cells differ in sequence
from adaptive antibodies produced by conventional B (B-2) cells,
which in turn dictates repertoire and function. Mouse B-1 cell
antibodies are more germ line-like in comparison to mouse B-2
cell antibodies by virtue of containing little or no somatic hyper-
mutation and much reduced, or non-existent, N-region addition
(15, 32-34) both of which affect CDR3 domains that are major
contributors to antigen binding. The lack of N-addition appears
to derive from the absence of terminal deoxynucleotidyl trans-
ferase (TdT) during mouse hematopoietic development early
in life when the bulk of B-1 cells are generated (35). However,
human B-1 cell antibodies often contain N-addition, which likely
reflects the presence of TdT throughout ontogeny in Homo sapi-
ens (35). Like mouse B-1 cell antibodies, human B-1 cell antibod-
ies contain little or no somatic hypermutation early in life (21),
but acquire somatic mutation as time goes on, although some
difference in this measure between B-1 and B-2 cell antibodies
continues into adulthood (23). Because B-1 cell antibodies tend
to reflect sequences delineated in the genome with little altera-
tion, especially in mice, it has been suggested that the B-1 cell
repertoire is “tuned” over evolutionary time, obeying Darwinian
precepts such that sequences functioning to promote survival are
retained (10). In this view, B-1 cell antibodies represent the best
functioning antibodies for the roles that they fulfill.

HUMAN NATURAL ANTIBODIES
RECOGNIZE MOLECULES ASSOCIATED
WITH DISEASES OF AGING

Human natural antibodies directed against a variety of molecules
with clinical significance have been identified. Three specific
disease areas are illustrative, and these are three of the most com-
mon, distressing, and burdensome diseases associated with aging.
(1) Atherosclerosis : healthy individuals commonly express IgM
antibodies that bind oxidized low-density lipoproteins (oxLDL)
(36). Oxidized LDLs arise from non-enzymatic processes, accu-
mulate within vessel walls, and contribute to plaque formation
and inflammation that together drive the disease process of
atherosclerosis, resulting in cardiovascular events that can be
lethal (37). One type of anti-oxLDL natural antibody binds an
oxidized form of the major lipoprotein, apolipoprotein B100
(38-40). (2) Malignancy: healthy individuals commonly express
antibodies that bind N-glycolylneuraminyl-lactosylceramide
(NGcGM3) (41). NGcGM3 is not thought to be produced in
human tissues due to an inactivating insertional mutation of
cytidine monophosphate-N-acetylneuraminic acid hydroxylase
(CMAH) that occurred evolutionarily after divergence of
humankind from great apes, about 2.8 million years ago (42, 43).

However, NGcGM3 is present in humans, presumably acquired
exogenously by dietary intake, and for reasons that are as yet
unclear is concentrated many fold in the membranes of some
tumors, prominently including the malignant cells of lung cancer
(44). (3) Neurodegeneration: healthy individuals commonly
express antibodies that bind amyloid and tau proteins (45-48).
Abnormal plaques (amyloid) and tangles (tau) of these proteins
have been implicated in the pathogenesis of Alzheimer’s Disease,
in which protein aggregates result in neuronal dysfunction, and
enhanced phosphorylation may play a role in this abnormal
protein behavior and disease pathogenesis (49).

DISEASE-ASSOCIATED NATURAL
ANTIBODIES ARE FUNCTIONAL

Natural antibodies directed against antigens associated with these
three classes of disease appear to be functional. (1) In mice, a
number of adoptive transfer experiments with Apoe™~ recipients
have led to the generally accepted paradigm that B-1 cells and
the IgM antibodies they produce are atheroprotective, whereas
B-2 cells and the IgG antibodies they produce are atherogenic
(50, 51). Less invasive studies have been carried out with people,
and it has been shown that human IgM anti-oxLDL is inversely
correlated with cardiovascular and carotid disease (12, 38, 39,
52-54), whereas IgG has been found to be positively correlated
with atherosclerosis (12, 52, 55-60) or not correlated at all with
vessel pathology (40, 61-64). The mechanism appears to involve
inhibition of oxLDL uptake by macrophages (65, 66). In a recent
study, human serum antibodies directed against a methylglyoxal
(MGO) modified apolipoprotein B100 peptide were examined.
The levels of IgM antibodies in healthy individuals aged 63-68
were found to be inversely correlated with cardiovascular events
occurring during the subsequent 15 years; in contrast, the levels
of IgG antibodies were not correlated with subsequent cardiovas-
cular events (67). Thus, in both mouse and human, natural IgM
antibodies against oxLDL, appear to counteract the development
of atherosclerosis. (2) Human natural anti-NGcGM3 antibodies
have been shown to specifically bind and eliminate malignant cells
bearing NGcGM3. This tumor cell destruction by anti-NGcGM3
antibodies occurs through both acomplement-dependent mecha-
nism and an oncosis-like, complement-independent mechanism
(41, 68, 69). Somewhat akin to the correlative results noted
above with respect to MGO-modified apoB100 peptide, patients
with lung cancer lack or have very low levels of anti-NGcGM3
antibodies (41). Separately, an anti-idiotypic antibody vaccine
(racotumomab) that displays the “internal image” of NGcGM3
has been developed to stimulate production of anti-NGcGM3
antibodies (69-71). In a recent clinical trial for maintenance
treatment after first line chemotherapy in non-small cell lung
cancer patients, racotumomab significantly prolonged overall
survival and progression free survival, and those patients expe-
riencing the greatest antibody response had the best outcomes
(69, 72). Thus, natural and elicited cytotoxic antibodies against
NGcGM3 appear to protect against the onset and/or ameliorate
the course of lung cancer. (3) Human natural antibodies against
amyloid and tau have been proposed as agents that might oppose
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and/or treat Alzheimer’s neurodegeneration. As with the inverse
correlation between serum levels of natural antibodies and the
disease states of atherosclerosis and malignancy discussed above,
natural anti-amyloid antibodies have been shown to be relatively
diminished in patients with Alzheimer’s Disease (46, 73-75).
These natural anti-amyloid antibodies have been shown to dimin-
ish the burden of aggregated proteins and improve cell viability
in vitro (45, 46, 76, 77). In animal studies, passive administration
of antibodies against amyloid and tau has in each case depleted
abnormal proteins from the brain and improved pathology and/
or behavioral parameters (76, 78-81). In recent clinical trials,
passive administration of monoclonal antibodies against amyloid
protein failed to produce improvement in cognition or function
(82-85). This failure of clinical improvement in anti-amyloid tri-
als to date, despite preclinical data showing diminished protein
aggregation, remains unexplained, but may suggest the utility of
alternative anti-tau treatment. Regardless, these results indicate
that circulating antibodies can affect aggregation and alter depos-
its of abnormal, pathological amyloid and tau proteins.

CLINICALLY RELEVANT NATURAL
ANTIBODIES ARE DIMINISHED OR LESS
EFFECTIVE WITH INCREASING AGE AND
DISEASE

In each of the three clinical entities discussed above, natural anti-
bodies that recognize disease-associated epitopes are diminished
in affected patients. There are several potential explanations for
these inverse correlations, among which is the possibility that the
absence of homeostatic antibodies increases the risk of developing
disease. This is perhaps most directly suggested by the prospec-
tive study of natural antibodies that recognize modified apoB100
and the associated subsequent risk of cardiovascular events, dis-
cussed above. These diseases of atherosclerosis, malignancy, and
neurodegeneration are all more common with increasing age. If
natural antibodies are involved in opposing disease pathogenesis
and/or disease progression, it would be expected that levels of
disease-related natural antibodies would be found to be dimin-
ished with advancing age. In fact, an age-related decline has been
documented for natural antibodies directed against NGcGM3
(41), and for natural antibodies directed against amyloid (46).
Thus far, the relationship between natural antibodies against
oxidized apoB100 and age has not been examined.

B-1 CELLS GENERATE HOMEOSTATIC
ANTIBODIES

In mice, natural antibodies are predominantly, if not exclusively,
generated by B-1 cells. The recent phenotypic identification of
human B-1 cells raises the question of whether this popula-
tion is responsible for producing human natural antibodies,
especially those related to disease. This has been evaluated for
atherosclerosis-predictive/-protective IgM antibodies against
MGO-modified apoB100. Among human B-1 cell, memory
B cell, preplasmablast and plasmablast culture supernantants,

natural IgM anti-MGO-apoB100 antibodies were generated
predominantly by human B-1 cells (67). Similarly, B-1 cells are
responsible for producing natural anti-NGcGM3 antibodies in
mice (44). However, human B-1 cells have not yet been tested for
production of antibodies neither against NGcGM3 nor against
amyloid and tau.

AGE-RELATED CHANGES IN NATURAL
ANTIBODIES LIKELY RELATE TO AGE-
RELATED CHANGES IN B-1 CELLS

To the extent that human B-1 cells are the origin of disease-
related homeostatic natural antibodies, then a change in B-1
cells may underlie the decline that occurs with advancing age.
To address this possibility, B-1 cell and other B cell popula-
tions were enumerated in peripheral blood of healthy adult
volunteers over a wide age range. This study showed an age-
related decline in B-1 cells (21). Other B cell populations did
not change with age. Thus, B-1 cell numbers are age-sensitive.
Although some investigators have reported an age-related
decline in memory B cells, others have not (86-89), but B-1
cells were not differentiated from CD27* memory B cells in
earlier studies.

Beyond numbers, there is some evidence in mouse studies
that the B-1 cell repertoire changes with age (90). In a careful
study involving deep sequencing, Ghosn et al. showed that
selection operates on the B-1 cell repertoire as mice mature
(91). Consistent with this, the avidity of natural anti-amyloid
antibodies is diminished in patients with Alzheimer’s Disease as
compared to healthy controls (75). Thus, as a result of declining
B-1 cell numbers, or a change in B-1 cell repertoire, or both,
natural antibody deteriorates, which appears to be accompanied
by a loss of the protection, especially homeostatic protection, that
natural antibody affords.

THE RHEOSTAT HYPOTHESIS FOR B-1
CELL NATURAL ANTIBODIES

Weaving these different strands of evidence together, there is rea-
son to hypothesize, as a general paradigm, that: (1) an age-related
decline in amount and/or efficacy of homeostatic natural anti-
bodies is in turn associated with relative loss of protection against
molecules involved in several diseases whose incidence rises in
the older age population; and, (2) those individuals experiencing
the greatest loss in amount and/or efficacy of homeostatic natural
antibodies are at greatest risk. In this view, natural antibodies act
as rheostats for susceptibility to several age-related diseases that
are associated with accumulation of noxious molecules or involve
unique molecular targets, or both. Extrapolation from this point
suggests the possibility that administration of disease-opposing
natural antibodies or of factors that maintain B-1 cells and/or
enhance production of disease-opposing natural antibodies by
B-1 cells could serve to counteract the onset or progression of
age-related chronic illness.
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WHY ARE NATURAL ANTIBODIES
RELEVANT TO DISEASES OF THE
ELDERLY PRESENT BEYOND THE AGE
OF REPRODUCTION?

According to Darwinian principles, there is no advantage to
counteracting diseases whose onset occurs after reproductive
age. In this sense, then, results in both the mouse and human
systems raise the question of why natural antibodies that protect
against age-associated diseases are retained in evolution. This
likely results from polyreactivity of B-1 cell natural antibodies,
and antigenic mimicry of B-1 cell natural antibody targets, as
illustrated graphically by mouse T15/E06 (11, 92). T15 is a com-
pletely germ-line antibody that arises in many mouse strains, first
identified by its recognition of phosphorylcholine, an antigenic
determinant found on pneumococci and other microbes. E06
is a completely germ-line antibody identified by its binding to
oxidized LDL. T15 and E06 are, in fact, one-and-the-same; they
are identical antibodies that protect against pneumococcal infec-
tion and affect the disposition of 0xLDL (93). Moreover, human
antibodies with these kinds of specificities appear early in life.
This is highlighted by reports that IgM anti-oxLDL antibodies are
found in umbilical cord blood samples and in blood samples from
preterm and full-term infants (94, 95). These antibodies block
the uptake of oxLDL by macrophages and are often germ line
in heavy chain sequence (95). So natural antibodies capable of
influencing atherosclerosis later in life appear early in ontogeny
and seem to exist by virtue of a combination of similarity between
antigens on bacteria and oxidized lipids and polyreactivity of B-1
cell-derived natural antibodies. The same is likely true of other
natural antibodies.

DO NATURAL ANTIBODIES ARISE
SPONTANEOUSLY OR ARE THEY
STIMULATED BY SELF-ANTIGENS?

Mature B-1 cells secrete antibody spontaneously and constitutively, in
the absence specific antigen engagement, which fails to generate typi-
cal signs of BCR signaling and activation in these cells (96). However,
the BCR may play a role early on. Studies in mice indicate that B-1
cell development is enhanced by antigen engagement, the inverse of
antigen-induced apoptosis in nascent B-2 cells (97, 98). The relevant
antigens may be self-antigens, inasmuch as B-1 cell development is not
disturbed in germ-free mice lacking foreign antigens (91). NGcGM3
would appear to contradict this paradigm because it cannot be a
self-antigen in the human species that lacks CMAH and is incapable
of generating this ganglioside. However, the germ-line antibody, 4ac,
which binds myelin oligodendrocyte glycoprotein (MOG), a central
nervous system target for EAE (experimental allergic encephalomy-
elitis), is identical to the germ-line anti-NGcGM3 antibody, P3, and
so cross-reactivity with self components may explain the existence of
natural antibodies against NGcGM3 (99). Further, potential transfer
of NGcGM3 across the placenta and in mother’s milk at early stages
of fetal/neonatal development is unknown. Overall, the degree to
which the B-1 cell repertoire is shaped by self-antigens as opposed
to “foreign” antigens remains a question yet to be fully resolved. In

light of the polyreactivity and antigen mimicry discussed above, the
determinants of the B-1 cell repertoire are likely to have an important
influence on the level of homeostatic protection provided by B-1 cell
natural antibody and may be responsible, at least in part, for the varia-
tion in protective antibody noted among older individuals.

OTHER QUESTIONS REMAIN

B-1 cells in mouse and human can isotype switch and secrete natural
antibodies that are IgA and IgG as well as IgM (23, 100, 101). The
degree to which this happens may be important in assessing the level
of homeostatic protection afforded by natural antibodies. For example,
IgM anti-oxLDL antibodies protect against atherosclerosis in mice and
correlate with protection against cardiovascular events in humans,
whereas IgG anti-oxLDL antibodies do not. However, it is unknown
at present whether IgG anti-oxLDL antibodies originate from B-1 cells
and whether, if they do, they can be as protective as IgM anti-oxLDL
antibodies.

In addition, other B cell populations, such as marginal zone B cells
and IgM memory B cells, have been proposed as contributors to the
pool of natural antibodies (102-106). At present it is unknown to what
extent, if any, protective homeostatic antibodies derive from these
populations but this could be relevant to the extent that enhancement
ofhomeostatic natural antibody producing B cell populations becomes
a prophylactic or therapeutic maneuver in the future.

CONCLUSION/RHEOSTAT REDUX

To summarize, it is proposed that many chronic diseases associated
with aging, including atherosclerosis, cancer, and neurodegeneration,
and possibly others, take place against a background of greater or
lesser homeostatic protection provided by B-1 cell-derived natural
antibodies that decline with advancing age due to a decrease in the B-1
cell population and/or an alteration in the B-1 cell repertoire. There is
much to be learned regarding the development and function of B-1
cells and the nature of homeostatic natural antibodies, and changes
that occur in both B-1 cells and natural antibodies with advancing age.
As this information is acquired, it is proposed that the onset and/or
course of several chronic diseases of aging might be favorably altered
by therapies that maintain or enhance the native B-1 cell population
and/or that replace or add exogenous natural antibodies.
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Circulating immunoglobulins including immunoglobulin G (IgG) and IgM play a critical
role in the immune homeostasis by modulating functions of immune cells. These func-
tions are mediated in part by natural antibodies. However, despite being second most
abundant antibody in the circulation, the immunoregulatory function of IgA is relatively
unexplored. As Th17 cells are the key mediators of a variety of autoimmune, inflamma-
tory, and allergic diseases, we investigated the ability of monomeric IgA (mIgA) isolated
from pooled plasma of healthy donors to modulate human Th17 cells. We show that
mIgA inhibits differentiation and ampilification of human Th17 cells and the production
of their effector cytokine IL-17A. mIgA also suppresses IFN-y responses under these
experimental conditions. Suppressive effect of migA on Th17 responses is associated
with reciprocal expansion of FoxP3-positive regulatory T cells. The effect of migA on
Th17 cells is dependent on F(ab’), fragments and independent of FcaRI (CD89) and
DC-SIGN. Mechanistically, the modulatory effect of mIgA on Th17 cells implicates
suppression of phosphorylation of signal transducer and activator of transcription
3. Furthermore, migA binds to CD4* T cells and recognizes in a dose-dependent
manner the receptors for cytokines (IL-6Ra and IL-1RI) that mediate Th17 responses.
Our findings thus reveal novel anti-inflammatory functions of IgA and suggest potential
therapeutic utility of migA in autoimmune and inflammatory diseases that implicate
Th17 cells.

Keywords: monomeric IgA, Th17, IL-17, natural antibodies, IVIG, FcaRIl, CD89, DC-SIGN, Treg

INTRODUCTION

CD4* T-helper (Th) cells play an important role in the immune responses against both pathogens
and self-antigens. Based on distinct cytokine and transcription factor profiles, several subsets of
CD4* Th cells have been elucidated. These include Thl, Th2, and CD4*CD25* regulatory T cells
(Tregs). In addition, Th17 cells that are characterized by lineage-specific transcription factor retinoic
acid-related orphan receptor C (RORC) and the secretion of signature cytokine IL-17A are also
identified (1). Phosphorylation of signal transducer and activator of transcription 3 (STAT3) is
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essential for the differentiation and amplification of Th17 cells.
Th17 cells have been shown to play an important role in the
defense against extracellular pathogens and in the pathogenesis
of a variety of autoimmune, inflammatory, and allergic diseases
(1, 2). Therefore, modulation of Th17 responses represents one of
the fast evolving therapeutic options for the treatment of autoim-
mune and systemic inflammatory diseases.

Immunoglobulin A (IgA) is the most prevalent antibody
at mucosal sites and the second most abundant antibody in
the circulation. Secretory IgA at mucosal sites is dimeric in
nature. It has been proposed that high affinity secretory IgA
prevents mucosal colonization of invading pathogens and low
affinity secretory IgA regulates commensal bacteria (3, 4). In the
circulation, IgA is mostly monomeric although nearly 10-20%
of circulating IgA are presented as dimeric or polymeric in
nature (5). Currently, three bona fide receptors have been
identified for IgA. FcaRI (CD89) expressed on various innate
cells such as monocytes, macrophages, dendritic cells (DCs),
and neutrophils is specific for IgA and mediates effector func-
tions of IgA. The other two receptors, polymeric Ig receptor
and Fco/pR recognize both IgA and IgM and are therefore not
specific for IgA. In addition to the aforementioned receptors, two
alternative IgA receptors have also been identified. They are the
asialoglycoprotein receptor that is implicated in the catabolism
of IgA, and the transferrin receptor that mediates deposition
of IgA in tissues (6).

Although triggering of FcaRI by IgA immune complexes or
polymers induces activation of immune cells (7-9) via com-
plete phosphorylation of tyrosine residues of immunoreceptor
tyrosine-based activation motif (ITAM) within the associated
FcRy adaptors, naturally occurring monomeric IgA (mIgA) in
the plasma was found to exert inhibitory effects on the activation
of immune cells by triggering inhibitory ITAM (ITAMi) signaling
through the associated FcRy chain and recruitment of tyrosine
phosphatase Src homology 2 domain-containing phosphatase-1
(SHP-1) (10-13). mIgA also induces death in activated neu-
trophils (14) and inhibits complement deposition mediated by
anti-ganglioside antibodies (15). The anti-inflammatory effects
of mIgA have been explored in various experimental models
(10-13, 16).

Thus, so far anti-inflammatory effects of mIgA have been elu-
cidated mainly in the context of innate immune cells and FcaRI. It
is not known whether anti-inflammatory effects of mIgA observed
in various experimental models are solely due to the modulation
of innate cells or also due to anti-inflammatory effects on the
cells of adaptive immune compartment and particularly CD4*
T cells that are critical players in the pathogenesis of autoimmune
and inflammatory diseases. Therefore, in view of emerging roles
of Th17 cells in the pathogenesis of autoimmune, allergy, and
inflammatory diseases, we explored the immunomodulatory role
of mIgA isolated from the pooled plasma of healthy donors on
the human Th17 cell differentiation, amplification, and secretion
of effector cytokine IL-17A. Our data indicate that mIgA binds
to CD4* T cells independent of FcaRI (CD89), and reciprocally
regulates human Th17 and FoxP3-positive Treg cells. The effect
of mIgA on Thl17 cells is dependent on F(ab’), fragments and
implicates suppression of phosphorylation of STAT3. Our data

thus reveal FcaRI-independent immunomodulatory functions
of naturally occurring mIgA and potential therapeutic utility of
mlgA in autoimmune and inflammatory diseases that implicate
Th17 cells.

MATERIALS AND METHODS

Cell-Culture Reagents and Antibodies

Anti-CD3 (clone UCHT1), anti-CD28 mAbs (clone 37407), and
TGEF-p1 were procured from R&D Systems (Lille, France). IL-1p,
IL-6, and IL-21 were purchased from Immuno Tools (Friesoythe,
Germany). Plasma-derived human serum albumin (HSA) was
from Laboratoire Frangaise de Biotechnologies (Les Ulis, France).

Immunoglobulins
Monomeric IgA and F(ab’), fragments of mIgA and IVIG
(Privigen®) were provided by CSLBehring AG (Bern, Switzerland).

Monomeric IgA was derived from the AIEX chromatographic
step of the IVIG manufacture process of CSL Behring AG.
Fraction F4 was obtained after a post-wash of the Macro-Prep
High Q (BioRad, Hercule, CA, USA) column with 10 mM
phosphate/30 mM acetate at pH 6.5 by elution with 55 mM
tartrate/5 mM acetate at pH 7.6. Fraction F4 was then brought
to approximately 1 mg/ml in PBS by ultra-/diafiltration and then
depleted of IgG by affinity chromatography using an IgSelect
resin (GE Healthcare, Glattbrugg, Switzerland). mIgA was
directly harvested from the flow through fraction of the IgSelect
chromatography and brought to its final formulation via ultra-/
diafiltration of 48.5 g/l in PBS.

F(ab’), fragments from IgA were generated by solid phase
pepsin digestion using pepsin-coupled beads (Thermo Fisher
Scientific, Allschwil, Switzerland). The F(ab’), fragments
were recovered by centrifugation. The supernatant was sterile
filtered (0.45 pm) and formulated in PBS using ultrafiltration
centrifugal devices (30,000 Da MWCO; Sartorius, Tagelswangen,
Switzerland). Purity and integrity were controlled by SDS-PAGE
and SE chromatography.

The labeling of mIgA and IVIG was done with the Lightning-
Link® Rapid DyLight® 650 kit (Innova Biosciences, Cambridge,
UK) according to manufacturer’s instructions.

Cell Purification
Buffy coats from the healthy donors were processed to purify
peripheral blood mononuclear cells (PBMCs). Ethics committee
approval for the use of such material (Institut National de la Santé
etdelaRecherche-EFS ethical committee convention 15/EFS/012)
was obtained and experiments were performed in accordance
with the approved guidelines of INSERM. The CD4* T cell isola-
tion kit-II (Miltenyi Biotec, Paris, France) was used to isolate
untouched total CD4* T cells by negative selection. Subsequently,
CD45RA* and CD45RO* CD4* T cells were separated by using
CD45RO microbeads (Miltenyi Biotec). Furthermore, CD25*
cells were depleted from the CD45RA™ fraction by using CD25
microbeads (Miltenyi Biotec) to obtain CD4*CD25-CD45RO~
naive T cells. The purity of all subpopulations was more than 96%.
Monocytes were isolated from PBMC by using CDI14
microbeads (Miltenyi Biotec) and were cultured for 5 days

Frontiers in Immunology | www.frontiersin.org

March 2017 | Volume 8 | Article 275


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Saha et al.

Modulation of Human Th17 Response by mIgA

with GM-CSF (1,000 IU/million cells) and IL-4 (500 IU/mil-
lion cells) (both from Miltenyi Biotec) for the differentiation
into DCs (17).

T-Cell Stimulation and Culture

Forty-eight well flat bottom plates were coated with 1.5 pg/ml
anti-CD3 mADb for at least 5 h at 37°C. At the end of incubation,
the wells were rinsed once with RPMI-1640 medium. A total of
5 X% 10* CD4" T cells/well/500 pl were stimulated in serum-free
X-VIVO 15 medium with soluble anti-CD28 mAb (1.0 pg/ml) in
presence of cytokines including acid-treated TGF-f1 (5 ng/ml),
IL-21 (25 ng/ml) for naive T cells, and IL-1p (12.5 ng/ml) and IL-6
(25 ng/ml) for memory T cells (18). Indicated concentrations of
IgA, F(ab’), fragments of IgA, IVIG, or HSA were added to the
cells 12 h after the initiation of culture. The cells were cultured for
6 days at 37°C in 5% CO,. The supernatants were collected at the
end of experiments for cytokine analysis and the cells were used
for intracellular staining.

Intracellular Staining for CD4+
T Cells and Cytokine Assays

Cells were stimulated with phorbol 12-myristate 13-acetate
(50 ng/ml, Sigma-Aldrich, Saint Quentin Fallavier, France) and
ionomycin (500 ng/ml, Sigma-Aldrich) at 37°C for 6 h with
GolgiStop (BD Biosciences Le Pont de Claix, France) for the last
3 h. Cells were surface stained with BV421-conjugated CD4 mAb
(clone RPA-T4, BD Biosciences). Cells were fixed, permeabilized
(Fix/Perm, eBioscience, Paris, France), and incubated with
APC-conjugated anti-human Foxp3 (clone 236A/E7, eBiosci-
ence), PE-conjugated anti-human IL-17A (clone eBio64CAP17,
eBioscience), and FITC-conjugated anti-human IFN-y (Clone
4S.B3, BD Biosciences) at 4°C. Ten thousand cells were acquired
for each sample and data were analyzed by using FACS DIVA and
Flowjo softwares.

Intracellular staining for the phosphorylated STAT3 (pSTAT?3)
was carried out on stimulated CD4* T cells at indicated time
points. Cells were harvested and fixed in pre-warmed BD
Cytofix buffer by incubation for 10 min at 37°C. The cells were
washed twice with staining buffer (1% fetal calf serum/PBS),
permeabilized with chilled BD Phosflow Perm Buffer III on ice
for 30 min. At the end of incubation, the cells were washed twice
with staining buffer, incubated with PE-conjugated anti-STAT3
pY705 (clone 4/P-STAT3, BD Biosciences) at room temperature
for 45-60 min. Cells were washed and resuspended in staining
buffer before acquisition.

Amounts of IL-17A in the cell-free supernatants were quanti-
fied by ELISA (DuoSet ELISA kit, R&D Systems).

Analysis of Expression of CD89

and DC-SIGN

CD4" T cells were stimulated with anti-CD3 and anti-CD28
mADbs for 24 h. Cells were surface stained with BV421-conjugated
CD4 mAb and APC-conjugated CD89 (clone A59, BioLegend,
London, UK) or FITC-conjugated DC-SIGN (clone DCN46, BD
Biosciences) mAbs for 30 min at 4°C. Monocytes were stained
with FITC-conjugated HLA-DR (clone TU36, BD Biosciences)
and APC-conjugated CD89, while DCs were stained with

APC-conjugated HLA-DR (clone G46-6, BD Biosciences) and
FITC-conjugated DC-SIGN mAbs. The expression of markers
was analyzed by flow cytometry.

IgA- and IgG (IVIG)-Binding Assay

Total CD4* T cells were stimulated with anti-CD3/CD28
mAbs for 24 hrs. To analyze the binding of IgA or IgG (IVIG)
to CD4" T cells, either resting or anti-CD3, anti-CD28-
stimulated T cells were incubated with BV421-conjugated
anti-human CD4, FITC-conjugated CD45RA (clone HI100, BD
Biosciences), and BV510-conjugated CD45RO (clone UCHLI,
BD Biosciences) antibodies and DyLight 650-conjugated-IgA
or IgG (IVIG) (3 pg/10° cells) for 30 min. Cells were analyzed
by flow cytometry.

Immunoglobulin A and IgG binding to IL-1RI and IL-6Ra was
measured by ELISA. ELISA plates were coated with recombinant
IL-1RI (human IL-1Ra, expressed in 293E cells) and IL-6Ra
(human IL-6Ra, expressed in insect cells) (1 pg/ml) (BioLegend)
overnight at 4°C. After blocking with 5% BSA in PBS, 0.02%
Tween 20 for 1 h at 37°C, wells were incubated with different con-
centrations of IgA, or IVIG for 2 h at 37°C. Following washings,
the plates were incubated with horseradish peroxidase-labeled
anti-human IgA or IgG for 2 h, followed by development with
3,3',5,5'-tetramethylbenzidine. The absorbance was measured
at 450 and 570 nm. The data were analyzed by subtracting the
absorbance of 570 nm from those of 450 nm.

Statistical Analysis

The data were analyzed by one-way ANOVA (repeated measures
with Tukey’s multiple comparison test) or two-tailed Student’s
t-test using GraphPad Prism software.

RESULTS

migA Inhibits Differentiation of Human

Th17 Cells
CD45RA*CD25™ naive CD4* T cells were stimulated with anti-
CD3 and anti-CD28 mAbs in the presence TGF-} and IL-21 for
6 days to differentiate Th17 cells. TGF-p is required to induce
both FoxP3 and RORC in naive T cells and to inhibit IFN-y
while IL-21 relives RORC from the FoxP3 by inducing STAT3
activation (2, 18). Twelve hours after the initiation of culture,
mIgA was added to the cells at various concentrations (5, 15,
and 25 mg/ml). We observed that mIgA significantly inhibits the
differentiation of human Th17 cells (Figures 1A,B) as analyzed
by intracellular staining for IL-17A. Significant inhibitory effect
was observed even at low concentrations (5 mg/ml) of mIgA.
In addition, mIgA also inhibited the production of IL-17A, the
signature cytokine of Th17 cells (Figure 1C). The suppressive
effect of mIgA was similar to that of therapeutic intravenous
immunoglobulin IgG (IVIG) (Figures 1A-C) that is used in the
therapy of various autoimmune, inflammatory, and infectious
diseases (19-23) and was previously shown to inhibit Th17
responses both in experimental models and in patients with
autoimmune diseases (24-29).

The effect of mIgA on the inhibition of Thl7 differen-
tiation was specific, as equimolar concentration of HSA (10 mg,
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FIGURE 1 | Monomeric IgA (mlgA) inhibits differentiation of human Th17 cells and affects the generation of IFN-y*CD4* T cells under Th17
differentiation conditions without modulating FoxP3+ T cells. (A) Flow cytometry analysis of intracellular IL-17A in the naive CD4+ T cells cultured in
serum-free X-vivo medium in the presence of anti-CD3 and anti-CD28 mAbs alone (medium) or stimulated with TGFp and IL-21 for 6 days. mIgA (25 mg/ml),
IVIG (25 mg/ml), or human serum albumin (HSA) (10 mg/ml) (0.15mM) were added to the T cell cultures after 12 h of cytokine stimulation. Data from one of five
independent experiments are presented. (B) Percentage of IL-17A*CD4+ T cells (mean + SEM, n = 5 donors) and (C) amount of secreted IL-17A (mean + SEM,
n =9 donors) in T cell cultures differentiated under above conditions. mIgA was added at three different concentrations (5, 15, and 25 mg/ml). (D) Flow
cytometry analysis of intracellular IFN-y in the naive CD4* T cells under Th17 differentiation conditions. Data from one of five independent experiments are
presented. (E) Percentage of IFN-y*CD4+ T cells and (F) CD4*CD25+FoxP3* T cells (mean + SEM, n = 5 donors) among CD4+ T cells cultured under above
conditions. Statistical significance as determined by one-way ANOVA is indicated (*P < 0.05; ***P < 0.001; ns, not significant).
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0.15 mM), used as protein control, did not alter Th17 differentia-
tion (Figures 1A-C). Also, the inhibitory effect of mIgA on Th17
responses was not due to toxic effects of the immunoglobulins
as we did not observe differences in the yield of cells in mIgA-
treated conditions as compared to cytokine-treated control cells
or HSA-treated cells.

We also analyzed the effect of mIgA on frequency of IFN-
y-secreting CD4* T cells in the culture. We found that mIgA
was equally effective to inhibit IFN-y responses under Th17
differentiation conditions (Figures 1D,E). Further, similar to our
previous report on IVIG (24), inhibition of Th17 differentiation
by mIgA was not associated with the reciprocal enhancement
of CD4*CD25"¢" FoxP3* Tregs (Figure 1F). Thus, these results
demonstrate that mIgA exhibits inhibitory effects on the differ-
entiation of human Th17 cells.

migA Suppresses Amplification

of Human Th17 Cells

For the amplification of human Th17 cells, CD45RO* memory
CD4* T cells were stimulated with anti-CD3 and anti-CD28
mAbs in the presence of IL-1p and IL-6 for 6 days. By sign-
aling through corresponding cytokine receptors, IL-1p and
IL-6 induce phosphorylation of STAT3 and amplify Th17 cells
in the memory CD4* T cell pool (2, 18). Similar to Th17 cell
differentiation conditions, various concentrations of mIgA (5,
15, and 25 mg/ml) were added to the cells 12 h post initiation
of culture. The pro-inflammatory cytokines IL-1f and IL-6
significantly enhanced the frequency of IL-17A-producing cells
as compared to memory CD4* T cells stimulated with anti-
CD3 and anti-CD28 mAbs alone (Figures 2A,B). Remarkably,
mlgA significantly suppressed the amplification of Th17 cells
(Figures 2A,B) and the amount of IL-17A (Figure 2C) pro-
duced by these cells. Its inhibitory effect was similar to that
of high-dose IVIG (Figures 2A-C). Of note, the inhibitory
effect of mIgA on IFN-y responses under Th17 amplification
conditions was observed only at the highest immunoglobulin
concentration (Figure 2D).

Under Th17 amplification conditions, the inhibitory effect of
mlIgA on Th17 cells was associated with a reciprocal enhancement
of FoxP3* Tregs (Figure 2E). The effect of mIgA on Tregs was
prominent at the highest concentration (25 mg/ml). These results
thus suggest that both mIgA and IVIG exert similar modulatory
effects on Th17 amplification.

FcaRl (CD89) and DC-SIGN Are
Dispensable for the Inhibition of

Th17 Response by migA

Recent reports have indicated that FcaRI (CD89) plays a major
role in mediating anti-inflammatory effects of mIgA on innate
immune cells (10-13, 16). In addition, SIGN-R1 on DCs was
also implicated in the immunoregulatory functions of secretory
IgA (30). To explore if FcaRI and DC-SIGN (human counterpart
of SIGN-R1) receptors are implicated in the inhibitory effect of
mlgA, we investigated the expression of these two receptors on
activated CD4* T cells. We found that human CD4* T cells were
negative for both, FcaRI and DC-SIGN (Figures 3A,B), thus

ruling out their implication in the inhibition of Th17 responses by
mIgA. Importantly, monocytes and DCs that were used as posi-
tive controls stained with specific anti-FcaRI and anti-DC-SIGN
fluorescent antibodies, respectively (Figures 3A,B).

Inhibition of Th17 Response by migA

Implicates F(ab’). Fragments

Lack of expression of FcaRI and DC-SIGN on CD4" T cells
raised an important prospect that suppressive effects of mIgA
on Th17 cell responses might be mediated via F(ab’), fragments.
Indeed, we found that F(ab’), fragments of mIgA significantly
inhibited the frequency of IL-17A-positive T cells under Th17
differentiation conditions (Figure 3C). This effect was also
associated with significant downregulation of IFN-y-secreting
CDA4'T cells in the culture (Figure 3D).

migA Binds to CD4* T Cells

Natural antibodies that recognize various self-motifs have
been identified (31-34). Therefore, to further understand the
mechanisms underlying the inhibitory effect of IgA on Th17
responses, we analyzed the binding of mIgA to CD4* T cells
by flow cytometry. We found that nearly 45% of the stimulated
CD4* T cells (n = 9 donors) were positive for mIgA binding
(Figures 4A,B). mIgA however did not bind to resting CD4*
T cells (n = 3 donors) suggesting that activation signals license
T cells for immunoglobulin binding. Further, the extent of
binding of mIgA was similar for CD45RA* naive and CD45RO*
memory CD4" T cells (Figures 4C,D). This finding indicates that
naturally occurring mIgA exerts its immunomodulatory effects
by binding to CD4* T cells.

migA and IVIG Recognize CD4* T Cells to

a Similar Extent

As both mIgA and IVIG reciprocally regulated Th17 and Tregs
at equivalent concentration, rises the possibility that they
recognize CD4" T cells to a similar extent. Confirming our
proposition, we observed that both immunoglobulin fractions
bind CD4* T cells to a similar magnitude (Figures 5A-C). To
further substantiate these results, we investigated the surface
molecules on CD4" T cells that could be recognized by mIgA
and IVIG. As mIgA and IVIG inhibited cytokine-mediated
Th17 differentiation and amplification, we hypothesized that
the corresponding cytokine receptors on CD4* T cells are
the targets for these immunoglobulin fractions. Therefore, we
analyzed binding of mIgA and IVIG to IL-6Ra and IL-1RI, the
receptors for IL-6 and IL-1p that are implicated in the amplifica-
tion of Th17 cells (1, 2, 18, 35). mIgA recognized both IL-6Ra
and IL-1RI in a dose-dependent manner (Figures 5D,E). The
binding of mIgA was however stronger for IL-6Ra. Importantly,
IVIG and mIgA showed similar pattern of recognition of IL-6Ra
and IL-1RI (Figures 5D,E).

migA Interferes with STAT3 Activation

STAT3 has a key role in the Th17 cell programming by reliev-
ing RORC from FoxP3-mediated inhibition. Together with
RORG, it facilitates the secretion of effector cytokines of
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T cell cultures after 12 h of cytokine stimulation. Data from one of five independent experiments are presented. (B) Percentage of IL-17A*CD4+ T cells
(mean + SEM, n = 5 donors) and (C) amount of secreted IL-17A (mean + SEM, n = 9 donors) in T cells cultured under above conditions. migA was added at
three different concentrations (5, 15, and 25 mg/ml). (D) Percentage of IFN-y*CD4* T cells (mean + SEM, n = 5 donors) and (E) CD4*CD25*FoxP3* T cells
(mean + SEM, n = 5 donors) among CD4+ T cells cultured under above conditions. Statistical significance as determined by one-way ANOVA is indicated
(*P < 0.05, *P < 0.01, **P < 0.001).

Th17 cells. STAT3 is activated by Th17-polarizing cytokines
(1, 2). As we found that mIgA recognizes cytokine receptors
implicated in Th17 responses, we aimed at exploring if this
binding of mIgA on CD4* T cells has a repercussion on STAT3
phosphorylation and hence interferes with early signaling
events of Th17 cells. In line with our proposition, we uncov-
ered that mIgA significantly suppresses the phosphorylation of

STAT3 at Y705 both in Th17 differentiation and amplification
conditions (Figures 6A-E).

DISCUSSION

Patients with selective IgA deficiency not only exhibit
enhanced predisposition to mucosal infections but also to
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FIGURE 3 | Inhibition of Th17 response by monomeric IgA (mlgA) implicates F(ab’), fragments while CD89 and DC-SIGN are dispensable. (A,B)
Flow cytometric analysis human CD4+ T cells, monocytes, and dendritic cells for the expression of CD89 and DC-SIGN. (C,D) Percentage of (C) IL-17A*CD4+
T cells and (D) IFN-y*CD4* T cells (mean + SEM, n = 4 donors) in T cells cultured in serum-free X-vivo medium in the presence of anti-CD3 and anti-CD28
mAbs alone (Medium) or stimulated with TGFp and IL-21 for 6 days. mIgA (25 mg/ml), F(ab’). fragments of mIgA (15 mg/ml), or human serum albumin (HSA)
(10 mg/ml) (0.15mM) were added to the T cell cultures after 12 h of cytokine stimulation. Statistical significance as determined by one-way ANOVA is indicated
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several autoimmune and allergic conditions including arthritis,
autoimmune endocrinopathies, and intestinal inflammatory
diseases such as ulcerative colitis and Crohn’s disease (36).
These observations support the role of IgA in the immune
regulation and homeostasis. The immunoregulatory functions
of IgA are mediated mainly via FcaRI, expressed on various

innate immune cells. Whether such an interaction is inflamma-
tory or anti-inflammatory is determined by nature of the IgA.
Thus, IgA immune complexes and polymeric IgA were reported
to induce activation of innate immune cells while mIgA was
found to be anti-inflammatory. The anti-inflammatory effects of
mlgA include its inhibitory effect on the chemotaxis of immune
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FIGURE 4 | Monomeric IgA (mligA) binds to CD4+ T cells. (A,B) Representative dot plots and percentage (mean + SEM, n = 3-9 donors) of binding of
DyLight650-conjugated mIgA to CD4+ T cells. Statistical significance as determined by two-tailed Student’s t-test is indicated (**P < 0.01). (C,D) Representative dot
plots and percentage (mean + SEM, n = 4) of binding of DyLight650-conjugated mIgA to CD4+ T cells, CD4*CD45RA* naive T cells, and CD4*CD45RO* memory
T cells. Statistical significance as determined by one-way ANOVA is indicated (**P < 0.01; **P < 0.001; ns, not significant).

cells, IgG-mediated phagocytosis and bactericidal activity = data thus further expand the landscape of immunoregulatory
of polymorphonuclear cells, and secretion of inflammatory  functions of IgA and of natural immunoglobulins.

cytokines such as TNF and IL-6 (37-43). Furthermore, mIgA Aberrant activation of Th17 cells and their effector cytokines
also induces the production of IL-10 by human monocytes and ~ IL-17Aand GM-CSFareimplicatedin the pathogenesis of various
monocyte-derived DCs (44). Of note, recognition of secretory  autoimmune and inflammatory diseases such as systemic lupus
IgA via carbohydrate-recognizing receptors on innate cells such ~ erythematosus, rheumatoid arthritis, psoriasis, dermatomyosi-
as SIGN-R1 has also been suggested (30, 45, 46). This interaction  tis, allergy, asthma, and others (2). Importantly, targeting Th17
rendered DC tolerogenic characterized by the secretion of IL-10 ~ responses have given promising results in experimental models
and gaining the ability to expand Tregs. Our current results show of autoimmune diseases and in patients (47). Recent data from
that mIgA exerts direct anti-inflammatory functions on effector ~ ours and others show that beneficial effects of therapeutic IVIG
T cells, independent of FcaRI, DC-SIGN, and innate cells. These ~ containing IgG from pooled plasma of thousands of healthy
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FIGURE 5 | Monomeric IgA (mligA) and IVIG recognize CD4+ T cells and cytokine receptors to a similar extent. (A-C) Representative dot plots,
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and IVIG to CD4+ T cells. (D,E) Binding of mIgA and IVIG to recombinant IL-6Ra and IL-1RI as analyzed by ELISA. Immunoglobulins were tested at serial
concentrations (1-0.002 mg/ml). Statistical significance as determined by one-way ANOVA is indicated (***P < 0.001; ns, not significant).

donors is associated with inhibition of Th17 responses (24-29,
48-50), indicating that immunoglobulins have regulatory func-
tions on Th17 cells. The data from current report show that in
addition to IgG, mIgA also exerts modulatory effects on Th17
responses. In fact, mIgA was recently demonstrated to attenuate
experimental arthritis in human CD89 transgenic mice (11), a
disease where Th17 cells have a key role in the pathogenesis. It
should be noted that the serum levels of IgA ranges from 2 to
3 mg/ml, but we observed consistent inhibitory effect of mIgA
both on differentiation and amplification of Th17 cells at higher

doses (25 mg) and was analogous to what is observed with IVIG
(24). The lower concentration of mIgA (5 mg) although shown
inhibitory effects on Th17 differentiation, significant effects
were not observed on all parameters of Th17 amplification.
Immunoglobulins exert their anti-inflammatory effects via
several mutually non-excusive mechanisms and it might explain
requisite of higher concentrations of immunoglobulins for the
therapeutic purposes to inhibit inflammation.

Recent reports show that Th17 cells are required for the
production of high affinity secretory IgA at intestinal mucosal
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FIGURE 6 | Monomeric IgA (mlgA) interferes with signal transducer and activator of transcription 3 (STAT3) activation. CD4* T cells were cultured in
serum-free X-vivo medium in the presence of anti-CD3 and anti-CD28 mAbs alone (medium) or stimulated with cytokines for the differentiation of Th17 cells
[TGFB and IL-21, panels (A-C)] or for the amplification of Th17 cells [IL-1p and IL-6, panels (D,E)]. mIgA (25 mg/ml) or human serum albumin (HSA) (10 mg/ml)
(0.15 mM) were added to the T cell cultures. Phosphorylation of STAT3 was analyzed after 72 h. (A) Representative histograms showing pSTAT3 in different
experimental conditions for differentiating Th17 cells. (B-E) Percentage of pSTAT3*CD4+* T cells (B,D) and median fluorescence intensity (MFI) of pSTAT3 (C,E)
under Th17 differentiation (B,C) (mean + SEM, n = 5 donors) and amplification (D,E) (mean + SEM, n = 5 donors) conditions. Statistical significance as
determined by one-way ANOVA is indicated (*P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant).
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surfaces (51, 52). Payer patch-homing Th17 cells induce IgA-
producing germinal center B cells by acquiring the phenotype
of follicular T cells and producing IL-21. A similar mechanism
was also reported for the promotion of local IgA responses in
lungs by vaccine-induced Th17 cells (53). Thus, Th17 cells and
secretory IgA work in cooperation to protect mucosal surfaces
against microbial invasion and regulating the microbiota.
Although Th17 cells were reported to provide help for B cells to
produce systemic IgG response via IL-21 and IL-17 (54), their
role for circulating IgA response is not known. As we uncovered
that mIgA inhibits Th17 responses, these data together suggest
that under the conditions where Th17 cells are hyperactivated,
IgA has the ability to control its own helpers to keep the immune
response at check.

Natural antibodies (immunoglobulins) that are produced
in the absence of deliberate immunization and independent of
external antigens constitute an integral part of immunoglobulin
repertoire (55-64). A major fraction of these natural antibodies
recognize self-motifs and are termed as natural autoantibodies.
These natural autoantibodies have important role in the therapeu-
tic benefits of IVIG in autoimmune and inflammatory conditions
(23,31, 65). Our results indicate that inhibitory effect of mIgA on
Th17 cells is mediated in part via natural IgA autoantibodies that
recognize cytokine receptors on CD4" T cells and interfere with
Th17 programming. In fact, we found that both mIgA and IVIG
recognize CD4* T cells as well as IL-6Ra and IL-1RI to a similar
extent. Also, significant downregulation of STAT3 phosphoryla-
tion by mIgA support our proposition.

Although we found that mIgA directly inhibits Th17 responses
independent of FcaRI and DC-SIGN, we believe that the effect
of mIgA on Th17 cells in vivo also implicates innate cells such as
DCs, monocytes, and macrophages, which are known to provide
signals for Th17 responses (2). In fact, several reports have now
shown that mIgA exerts FcaRI-mediated anti-inflammatory
effects on innate cells by prompting ITAMi configuration (10-13,
16). It should be noted that IVIG (IgG) and IgA display distinct
differences in their glycosylation pattern. IgG is glycosylated at
Asn297 of the Fc-fragment and about 15-25% of IgG are gly-
cosylated at the Fab region (66). IgA on the other hand is the
most glycosylated form of immunoglobulin and over 6% of IgA
content are represented by sugars (67). In addition to N-linked
glycans at asparagine 263 and asparagine 459 of Fc region, up to
five O-linked glycan chains containing of N-acetylgalactosamine
with f1,3-linked galactose and sialic acids can be found at the
hinge region serine and threonine residues of IgAl, the pre-
dominant IgA subclass in the circulation (68, 69). Similar to
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The role of B cells as antigen-presenting cells (APCs) has been extensively studied,
mainly in relation to the activation of memory T cells. Considering the B cell subtypes,
the role of B-1 cells as APCs is beginning to be explored. Initially, it was described that
B-1 cells are activated preferentially by T-independent antigens. However, some reports
demonstrated that these cells are also involved in a T-dependent response. The aim
of this review is to summarize information about the ability of B-1 cells to play a role
as APCs and to briefly discuss the role of the BCR and toll-like receptor signals in this
process. Furthermore, some characteristics of B-1 cells, such as natural IgM production
and phagocytic ability, could interfere in the participation of these cells in the onset of an
adaptive response.

Keywords: B-1 cells, APCs, BCR, TLR, autoimmune diseases

INTRODUCTION

Murine B-1 cells are known as innate B lymphocytes. However, the classification of these cells as
B cells raised many questions, including whether this B cell subtype works in a similar or different
way than its counterpart, conventional B-2 cells. Several reviews discuss differences between these
two cell populations, regarding to their ontogeny, anatomical localization, antibody repertoire,
antigen stimulus, and role in the immune response (1-6). The two major subsets of B cells, B-2 and
B-1 cells, are defined by the differential expression of CD5 (7). Along with the presence of CD5
on their surface, B-1 cells are further differentiated from B-2 cells by the expression of CD11b,
IgMPieh, TgD'v, and the absence of CD23 (8). Furthermore, CD5 expression also subdivides the
B-1 cells into two different subsets, B-1a cells, which are CD5*, and B-1b cells, which are CD5~
(2, 8). B-2 cells are produced in the bone marrow from hematopoietic stem cells and migrate to
the secondary lymphoid organs as immature B cells. In these organs, they differentiate into fol-
licular and marginal zone B cells (9, 10). B-1 cells are mainly present in the peritoneal and pleural
cavities and constitute only a small fraction of the B cells in the spleen (11). B-1 cell origin and
development occur primarily during the fetal stage from distinct precursors from B-2 cells (12, 13).
Recently, Ghosn et al. (14) described that HSCs sorted from adult bone marrow and transferred to
lethally irradiated recipients clearly give rise to B-2 and B-1b cells but do not detectably reconstitute
B-1a cells (14). Furthermore, it has been postulated that the B-1a lineage derives independently
from a hematopoietic stem cell (14). These B cell subsets specialize in the recognition of diverse
antigens; consequently, they provide distinct immune effector functions. B-1a cells play a role in
innate immunity via their contribution to natural antibodies, whereas B-1b cells are critical in the
development of IgM memory cells (1). B-1a cells respond rapidly to T-cell-independent antigen
(15). B-1a cells are also known to produce most of the natural antibodies in the serum (16, 17).
Despite this, B-1 cell antibodies have been found to be reactive to self-antigens, and hyperplasia
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of the B-1 cell population has been found in some autoimmune
diseases (18, 19). The antibody production by B-1b cells has been
poorly investigated. By contrast, the B-2 cell response to protein
antigens is well described and elicits a T-cell-dependent immune
response.

There are few reports about the possible roles each B cell
subtype exerts in the immune response by acting as APCs.
Although the majority of articles indicate the participation of
B-1 cells in recognizing the T-cell-independent antigen, some
reports demonstrate their role as antigen-presenting cells
(APCs) (20-25). This role is extremely important because it
could be one of the functions that have allowed the maintenance
of B-1 cells through phylogenetic evolution. Furthermore,
a more comprehensive status regarding this function could
provide explanations concerning the role of B-1 cells in the
immune response and in some diseases, such as autoimmune
diseases.

ANTIGEN-PRESENTING B-1 CELLS

Ron et al. (26) first demonstrated evidence of the role of B-2 cells
in the CD4* T cell response by showing a failure of proliferative
T cell responses to protein antigens in B cell-depleted mice. To
determine whether B cell deficiency caused the T cell response
impairment in these mice, the authors showed that splenic cells
and peritoneal macrophages were able to stimulate T cell response
in vitro. Although the first description of this occurred in the
beginning of the 80s, the priming of T cells by B lymphocytes
remains controversial (26-30), and scarce information exists
about the role of other B cell subtypes. It has been postulated that
the antigen-presentation capacity of antigen-specific B-2 cells is
reserved for the re-activation of memory T cells (29, 31, 32). This
could be, in part, attributed to the kinetics of the response of B-2
cells, considering that the activation of these cells by a specific
antigen takes several days. In this case, activated B-2 cells might
encounter their cognate primed T cell and then play a role in their
function as APCs (33-35). In this condition, activated B-2 cells
are optimal APCs because they drive the T lymphocyte response
to specific antigens (36, 37) and are able to modulate the polariza-
tion of T cells by cytokines.

As mentioned before, B-1 cells respond to T-independent
antigens and are responsible for the production of natural
antibodies, mostly IgM. These cells do not effectively participate
in T-dependent responses [reviewed by Berland and Wortis
(1)]. Despite this, some reports provide evidence that B-1 cells
also stimulate T cells and respond to T-dependent antigens
(20). Combined adoptive transfer experiments of OVA-pulsed
peritoneal-derived B-1 cells and CFSE-labeled T cells demon-
strated that B-1 cells are able to stimulate T cell proliferation.
Furthermore, antigen presentation by B-1 cells to OVA-specific T
cells was also demonstrated in vitro (20). Constitutive expression
of MHC class-II, CD80,and CD86 by B-1 cells validated these find-
ings (22). Furthermore, the presence of an inflammatory stimulus
or a specific antigen augments these molecules on the surface of
B-1 cells (22, 38, 39). Zimecki and Kapp (24) and Zimecki et al.
(25) showed that B-1 cells present Ags to Ag-specific T cells and
induced more efficient proliferation than conventional B cells.

BCR AND TLR AS ANTIGEN UPTAKE
PLAYERS ON B-1 CELLS

B cells have two primary pathways for their activation as APCs,
which occurs through BCR or the germline-encoded PAMP
receptors (40-42). BCR plays a dual role in B-2 cell activation:
(1) the ligation of specific antigens in the BCR induces a signaling
cascade that leads to the activation and proliferation of B-2 cells
(43) and (2) the BCR-antigen interaction results in internalization
and processing of the antigen. Although they are not completely
elucidated, the BCR signals in B-1 cells are quite different than in
B-2 cells (44-46). B-1 cells show a failure to be activated after BCR
engagement, and multiple mechanisms appear to be involved in
maintaining B-1 cells in an anergic state. One such mechanism
involves Lyn, which acts by phosphorylating ITIMs on inhibitory
receptors, leading to the recruitment of PTPs that antagonize the
BCR-mediated activation of PTKs. IL-10 also plays a key role
in controlling the expansion of self-reactive B-1 cells. CD5 was
also indicated as a negative regulator of BCR signals in B-1 cells.
Defects in the negative regulatory mechanisms may account for
the accumulation of B-1 cells and autoantibodies in autoimmune
diseases. However, in an infectious disease, signals from CD40
and high-dose TLR ligands can overcome the anergic state of B-1
cells, enabling their activation during infection (44-46).

Interestingly, in addition to the fact that a non-functional BCR
results in a defect in the activation of B-2 cells, it also causes a
failure in the T cell response (26). This information supports the
idea that internalization of the antigen by the BCR is important
to the APC function of B-2 cells. It has been demonstrated that
the absence of B cell antigen presentation, due to the lack of MHC
expression or a non-functional BCR, results in a defect in the
memory CD4 response. Barr et al. (40) demonstrated that the
TLR activation of B-2 cells is important for the generation of the
primary Thl response in an antigen presentation-independent
process. However, BCR recognition and B cell antigen presenta-
tion are absolutely required for the development of Th1 memory
cells and hence confer protective immunity to Salmonella. With
respect to B-1 cells, Gao et al. (47) demonstrated that the antigen
specificity of the BCR was involved in the uptake of Salmonella by
B-1 cells, and the number of phagocytic peritoneal B-1 cells from
TgVH3B4 mice was almost threefold higher than that observed
in the littermate control mice. Based on these results, it could
be suggested that the BCR is essential for the phagocytosis of
bacteria by B-1 cells and is also important for enabling these cells
to exert APC functions.

Conversely, specific antigen uptake by the BCR and the activa-
tion of B cells by the TLRs connect them to an innate phase of the
immune response. B-2 cells express many of the TLRs (42, 48, 49),
and TLR4 and TLRY are the most studied. TLR expression is quite
different among the B cells subsets. B-2 cells express less TLR2, 6,
and 7 and equal amounts of TLR1, 4, 5, and 9 compared to other
B cell subsets. Interestingly, MZ B cells and B-1 cells show a clear
similarity in TLR expression, displaying increased levels of TLR2,
6, and 7, along with decreased levels of TLR8 (50).

Intriguingly, differences regarding their response to TLR ago-
nists were found between naive murine B cell subsets. Triggering
of the TLR induces B-1, but not B-2, cells to differentiate into
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fully mature plasma cells (51). Based on these data, the authors
proposed that during a natural infection, the TLR stimulation
leads to the production of protective natural antibodies by the B-1
cells, which could control the microbial load until the adaptive
arm of the immune response becomes fully functional.

It is well known that LPS functions as a B-2 cell mitogen,
leading to the activation and polyclonal expansion of these cells,
independent of BCR reactivity. In vitro, B-1 cells proliferate and
produce antibodies in response to TLR engagement. Certain
TLR ligands, including Pam3CSK (TLR1/TLR2), MALP2 (TLR2/
TLR6), LPS (TLR4), and R848 (TLR7/TLRS), are able to induce
B-1 cell proliferation, whereas others, including flagellin (TLR5)
and polyIC (TLR3), are not (51). The proliferation of B-1 cells in
response to LPS is stronger than in B-2 cells; however, it is less
intense in response to CpG.

Some reports show evidence that stimulation of the TLRs in
B cells impacts in the T cell response via not only the secretion
of diverse cytokines but also the increased expression of several
costimulatory molecules involved in the T:B cell interaction,
such as MHC-II, CD40, CD80, CD86, and others (42, 49, 52-54).
Interestingly, our group has described the adjuvant effect of
Propionibacterium acnes on the expression of the TLR by B-1
cells (39) (Gambero et al., submitted). P. acnes, a Gram-positive
bacillus, is the major constituent of the normal human adult
skin microflora (55). As already demonstrated in clinical and
experimental models, a dead P. acnes suspension modulates the
innate and acquired immune responses, including an increase in
antibody responses and phagocytic and tumoricidal macrophage
functions (56-63). An important effect of P. acnes is its capacity
to direct the immune response toward a Th1 or Th2 response (64,
65). P. acnes interferes in the B-1 cell APC activity through the
toll-like receptors (TLRs), principally TLR2 and TLR9 (66-68).
Interestingly, the bacterium increased the expression of MHC-II,
CD80, CD86, CD40, TLR2, TLR4, and TLR9 by the B-1 cells (39).
It was also confirmed that the adjuvant effect induced by P. acnes
on the B-1 cells is mediated by TLR2 (Gambero et al., submitted).
P acnes increases the number of B-1 cells in vitro and in vivo,
induces their early differentiation into phagocytes in vitro, and
increases the phagocytic ability of these cells (39) (Gambero
et al., submitted). The direct influence of P. acnes on antigen
presentation by B-1 cells is under investigation. Furthermore,
LPS stimulus also increases the differentiation of B-1 cells into
phagocytes in vitro and in vivo (69, 70); however, whether the
stimulus increases the APC activity is not yet clear.

Another important point in TLR signaling in B cells is cytokine
production. Barr et al. (41) demonstrated that the binding of
TLR2, TLR4, and TLRY in B cells induces B-2 cells to secrete
IFN-gamma and IL-6. Interestingly, TLR engagement in B-1
cells augmented the secretion of the proinflammatory cytokine
IL-6 and the anti-inflammatory cytokine IL-10 (71), which
have antagonistic effects in the course of the immune response.
However, both cytokines are important to B-1 cell proliferation
and viability. IL-6 is related to antibody production by B-1 cells
in autoimmune disease, and IL-10 plays a negative role in the
activation of the BCR. It could be speculated that the secretion
of both cytokines after TLR signals could be important in the
control of the B-1 cell response in the onset of inflammation and

could prevent the development of an exacerbated response to
self-antigens.

THE ROLE OF CD80/CD86 IN B-1 CELLS

Some studies point to the role of certain molecules in the induc-
tion of CD4* T cell polarization by B-1 cells. B-1 cells express
elevated levels of CD80 and CD86 in comparison to B-2 cells
(72). Zhong et al. (73) demonstrated that CD86 blockage mark-
edly reduced the capacity of B-1 cells to stimulate alloreactive T
cells. Interestingly, the same treatment increased the generation
of Treg cells after antigen presentation by B-1 cells. However,
anti-CD80 antibody treatment had much less of an effect on the
capacity of B-1 cells to stimulate alloreactive T cells and on the
generation of Treg cells than did anti-CD86 antibody treatment
(73). Anti-CD86 treatment also partially inhibited the induction
of Th17 cells (23). In agreement with these findings, De Lorenzo
et al. (38) demonstrated that OVA-presensitized B-1 cells were
less able to induce T cell proliferation than naive B-1 cells.
Additionally, these authors described that OVA-presensitized B-1
cells express high levels of MHC-II molecules compared to naive
B-1 cells and that the expression of CD86 was lower.

Interestingly, the CD86 molecule may also provide the
costimulatory signal in fish B cell, similar to B-1 cells (74). These
results indicate that even in primitive vertebrates, B cells may
act as pivotal initiating APCs in priming naive T cells, similar
to DCs and macrophages in mammals. Elucidating how antigen
presentation occurs in ancient vertebrates and in different B cell
subtypes in mammals may contribute to the understanding of
the evolutionary history of B cell populations, such as the origin
of the B-1 subset, and of the evolution of the adaptive immune
response.

T CELL POLARIZATION BY B-1 CELLS

Although some authors have described the production of
cytokines by B-1 cells, scarce literature exists about the polariza-
tion of T cells by them. Some reports about this pointed out that
B-1 cells favor Th17 polarization (23, 73).

Comparing the APC activity of B-2 cells and peritoneal B-1
cells, Margry et al. (20) demonstrated that peritoneal B-1a cells
increase the percentage of IL-10-, IFN-y-, and IL-4-producing
T cells. Furthermore, peritoneal B-1a cells present antigens to
CD4* T cells in the peritoneal cavity, which is totally distinct
from the milieu, where antigen presentation by conventional B
cells occurs. The authors also show that the activation of CD4*
T cells by peritoneal B-1a cells promotes a more intense prolif-
eration compared to conventional B cells. Although peritoneal
B-1a cells induce activated T cells to produce larger amounts
of IL-10, IFN-y, and IL-4 in vitro (20), B-1a cells derived from
the spleen preferentially induce IL-17 production by T cells. In
agreement with this, other authors also demonstrated that B-1
cells preferentially induce Th1 and Th17 differentiation in vivo
(73). This strong inflammatory response elicited by the B-1 cells
could be related to their role in the autoimmune diseases (21).
Interestingly, in cultures for the generation of Treg cells, when
B-1 cells were used as the APCs, fewer Foxp3* Treg cells were
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generated in comparison to cultures where splenic B-2 cells were
used (73). The failure to generate Treg cells, in addition to the
induction of a Th1/Th17 profile by the B-1 cells, could be one of
the mechanisms of the autoimmune profile of B-1 cells. However,
this hypothesis is only a speculation, because the induction of the
Th profile by the B-1 cells needs to be investigated in more detail
and in different infection/disease models.

Other important point to be discussed is about the localiza-
tion of antigen presentation by B-1 cells. Despite the migration
of B-1 cells to inflammatory milieu and other organs (75-77), it
was not well documented if it is necessary that these cells migrate
to secondary lymphoid organs to exert APC role. Interestingly,
Margry et al. (20) demonstrated that peripheral T cells visit the
peritoneal cavity and engage with antigen presented by B-1 cells
in this location. In this context, we could postulate that APC role
of B-1 cells could be more direct to reactivate memory T cells than
priming naive T cell since that the majority of T cells found in the
peritoneal cavity is memory T cells.

THE ROLE OF B-1 CELL ANTIGEN
PRESENTATION IN AUTOIMMUNE
DISEASES

As mentioned before and in the literature, the TLR and BCR
signals are important in the assembly of the adaptive response.
In an early stage, TLR signals drive the secretion of cytokines by
the APCs and contribute to the expression of some molecules
that are important in the antigen-presenting process. Later,
BCR-mediated uptake is important to the antigen presentation
by B cells and the maintenance of memory T cells. In addition
to its importance in the secondary response during an infection,
this also could be a mechanism that induces autoimmune disease.
In fact, the involvement of BCR/TLR signals in driving T cells in
lupus (78) and EAE has already been described (21, 79).

Sato etal. (21) described an increase in the B-1 cell population
in the disease target organs of a murine model of lupus. These
authors demonstrated that B-1 cells aberrantly migrate into
the thymus during the development of lupus nephritis and that
B-1, but not B-2, cells induce the activation and expansion of
thymic CD4* T cells in the presence of IL-2. Considering that
B-1 cells often recognize self-antigens and express higher levels of
costimulatory molecules, their role in activating the autoreactive
TCR should be considered. These findings may provide a novel
understanding of the mechanism for the loss of immunological
tolerance in the development of autoimmune disease.
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A small subset of B cells, termed B-1 cells, with developmental origins, phenotypes, and
functions that are distinct from those of conventional B cells exist in mice. It contributes
the vast majority of spontaneously produced “natural” IgM. Natural IgM is constitutively
produced, even in the absence of microbiota, and fulfills many distinct functions in tissue
homeostasis and host defense. B-1 cells also respond with IgM production to innate
signals and pathogen exposure, while maintaining steady-state levels natural IgM. Thus,
within the B-1 cell poal, cells of distinct and heterogeneous functionality must exist to
facilitate these different functions. This review considers three factors that may contrib-
ute to this heterogeneity: first, developmental differences regarding the origins of the
precursors, second, tissue-specific signals that may differentially affect B-1 cells in the
tissue compartments, and finally responsiveness to self-antigens as well as innate and
antigen-specific signals. All three are likely to shape the repertoire and responsiveness
of B-1 cells to homeostatic- and antigen-induced signals and thus contribute to the
functional heterogeneity among these innate-like B cells.

Keywords: natural IgM, B-1 cells, B cell development, immune regulation, innate-like lymphocytes

INTRODUCTION

The B cell compartment of all jawed vertebrates contains populations of spontaneous “natural”
Ig-secreting cells (1). These antibodies are broadly self-reactive and most are of the IgM isotype.
The best-studied natural antibody-producing cell population is that of mice, in which a subset of
CD5-expressing B cells, CD5 was thought of until then as a T cell-restricted surface receptor, was
linked to natural IgM production (2). Further studies showed differences in B-1 cell development
origins, tissue distribution, and responsiveness to antigens and mitogens compared with classical fol-
licular B cells and thus identified them as distinct from the majority “conventional” B cell population
[reviewed in Ref. (3, 4)]. Because these cells appear earlier in ontogeny than conventional B cells, they
were termed “B-1 cells” and conventional B cells “B-2 cells”; CD5 expression is used to differentiate
B-1 cells further into B-1a (CD5%) and B-1b (CD5").

Numerous groups demonstrated that in addition to generating natural antibodies, B-1 cells also
actively contribute to pathogen-induced immune responses (2). Explored have been responses to
Francisella spp (5, 6), Borrelia hermsii (7-9), Salmonella typhi (10, 11), Streptococcus pneumoniae
(12-14), and influenza virus (15-17). In each case, the response consisted of increased B-1 cell-
derived IgM production, measured in regional lymph nodes, the spleen, and/or in serum. This raises
important questions about the regulation of natural versus antigen-induced antibody production by
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B-1 cells. Studies on influenza virus infection showed that despite
an increased local production of B-1 cell-derived IgM, natural
serum IgM levels remained unaffected (15), suggesting the
presence of distinct subsets of B-1 cells that contribute systemic
natural and enhanced infection-induced local IgM production,
respectively.

Atleast two non-mutually exclusive models may explain these
observations: a “division of labor” model, as proposed (14), in
which distinct B-1 cell subsets exist, some responsible for natural
antibody production. In the studies by Haas et al., B-1b cells
responded to S. pneumoniae antigens by making antibodies,
whereas B-1a cells constitutively produced natural IgM antibod-
ies against other components of S. pneumoniae. However, given
that in other infections (see below), B-1a cells were also shown to
respond with increased antibody production, a simple division of
labor between B-1a and B-1b seems unlikely. Another model is
that the degree of self-antigen-mediated stimulation of the BCR
and/or additional costimulatory signals may support a certain
number of B-1 cells to differentiate to natural antibody-producing
cells, while others remain quiescent, until stimulation by innate
signals and/or antigen exposure activates these cells above a
certain threshold required for their differentiation. Common to
both models is the idea that the B-1 cell pool contains B-1 cells of
different functional properties.

The literature supports the notion of a heterogeneous B-1 cell
pool, but the causes for this heterogeneity are largely unknown
and little explored. Below, we consider three factors that may
modulate B-1 cell functions: (1) the multiple developmental
origins of B-1 cells, (2) tissue-specific signals, and (3) differences
in exposure to and responsiveness of B-1 cells to self- and foreign
antigens. Determining the relative impact of these signals on the
functionality of B-1 cells could clarify much of the biology of this
cell population and of one of its important products: natural IgM.

MULTIPLE DEVELOPMENTAL ORIGINS
CONTRIBUTE TO THE B-1 CELL POOL

Early studies demonstrated that B cell precursors exist in the
splanchnopleura of the developing mouse embryo, which give
rise only to B-1 but not B-2 cells, but the precursors were not
identified (18). More recent reports supported these findings by
showing that the earliest B-1 cells arise from extra-hematopoietic
sources, the blood island cells of the yolk sac (19, 20), similar to
the development of some macrophage populations (21). In 2006,
Montecino-Rodriguez et al. identified B cell precursors in fetal
liver and in small numbers also in the bone marrow of adult mice
that give rise only to B-1 cells (22). These B-1 cell-restricted pre-
cursors (pre-pro-B) among otherwise “lineage negative cells” were
differentiated from early conventional (B-2) cell precursors by
their lack of CD45R (B220) and strong expression of CD19. While
present also in the adult bone marrow; it was further reported that
by 3-6 weeks after birth, B-1 cell precursors are no longer contrib-
uting significantly to the adult B-1 cell pool (23), consistent with
a previous body of literature that showed B-1 cells to be a mainly
fetal- and neonatal-developed population that is maintained by
self-renewal rather than de novo development (24, 25).

It appears that the bone marrow precursors can be activated
in situations of severe lymphopenia, however, as occurs follow-
ing adoptive cell transfer of bone marrow into lethally irradiated
recipients (26, 27). In that situation, the emerging B-1 cell popu-
lations are much more heavily skewed toward CD5~ B-1b cell
development. The reasons for this remain to be explored. Thus,
existing data support the concept that the CD5* B-1a cell pool
is largely, albeit not exclusively, fetal and neonatal derived (28).
This conclusion was recently further underscored by the demon-
stration of a developmental switch between fetal and post-natal
development, regulated by the transcription factor Lin28b that
significantly affected B-1 cells (29, 30). The studies showed that
the expression of Lin28b induces a regulatory network of tran-
scriptional regulators that support the development of B-1a cells.
In its absence, B-1a cell populations are greatly reduced, while
forced overexpression of Lin28b in adult bone marrow precursors
enhances B-1a cell output in adulthood (29, 30). In the latter case,
BCR repertoire differences compared with B-1a cells generated
from fetal precursors were noted (30), however, suggesting that
other signals regulate development and/or selection of these cells.

The lack of sustained de novo B-1 cells development beginning
from a few weeks after birth was first demonstrated by Lalor et al.
(25). It can be exploited experimentally by transferring peritoneal
cavity-derived B-1 cells into neonatal mice rendered B cell-
deficient by allotype-specific anti-IgM antibody treatment (24,
31). Once recipient mice reach 6 weeks of age, discontinuation of
antibody treatment will lead to the reemergence of bone marrow-
derived B-2 cell populations, but only few B-1 cells. In that man-
ner, one can generate chimeras in which B-1 cells and their Ig are
marked by allotype, or lack or express certain genes only in one
of the B cell compartments. Given that B-1 cells are maintained
throughout life by self-renewal, i.e., continuous turnover, it will
be important to explore the effects of aging on their functionality.
Indeed, recent studies suggest alterations to these populations in
the aging animals (32). Whether this affects primarily the pro-
duction of natural IgM, antigen-induced responses of B-1 cells,
or both will be an important future target for study.

Thus, the B-1 cell pool of adult mice is likely shaped by distinct
waves of B-1 cells that develop from distinct precursors: the first
wave of extra-hematopoietic yolk sac B-1 precursors that popu-
late the fetal liver until about E15.5; the second wave of fetal liver
precursors that presumably dominates the B-1 cell pool at birth;
and the third set in the bone marrow that gives rise to B-1 cells
developing during the first few weeks of life (33). All waves are
expected to modulate the B-1 cell pool. An unanswered question
is to what extent these distinct waves generate B-1 cells of differ-
ent repertoires, tissue distribution, functionality, and/or lifespan.

Natural IgM Regulates B Cell Development
Recently, we demonstrated that mice unable to generate secreted
(s)IgM contain few B-1 cells in the body cavities, while spleen and
bone marrow B-1 cell populations appeared largely unchanged
(34). B-2 cell development was also significantly affected. These
studies were in apparent contrast to earlier reports that suggested
the presence of increased B-1 cell frequencies in the peritoneal
cavity of sIgM~~ mice (35, 36), which usually make about
60% of B cells at that site. The discrepancy is explained by our
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findings that these mice harbor large numbers of anergic, CD5*
conventional B cells in both spleen and peritoneal cavity, which
due to their expression of CD5 were misidentified as B-1a cells.
These anergic CD5* B cells are distinct, however, in that they are
CD19™, B220", and CD43, in contrast to the CD19", B220", and
CD43* B-1a cells (34).

Approximately 1.5-2% of B cells in the spleen of commonly
used inbred mouse strains are B-1 cells (37). Interestingly, asplenic
Hox117"~ mice were shown previously to have reduced numbers
of peritoneal cavity B-1 cells (38) and splenectomy resulted in a
reduction of already established peritoneal cavity B-1a cell pools
over time (38, 39). Since the spleen is an important tissue source
of natural IgM (40, 41) and the Hox11~~ mice showed reductions
in serum IgM levels (38), it is unclear whether there is a precur-
sor-offspring relationship between spleen and peritoneal cavity
B-1 cells or whether the reductions in sIgM indirectly affected B-1
cell development/expansion.

Our findings, demonstrating alterations in B-2 cell develop-
ment as early as the bone marrow pre-B cell stage when mice lack
secreted IgM, are difficult to reconcile with previous suggestions
that the B cell defects seen in the absence of natural IgM are due
to lack of apoptotic cell clearance and other “housekeeping func-
tions” attributed to IgM (36, 42). While this could explain the
emergence of autoreactive, including anergic, B cells, it is hard to
see how this would affect pre-B cell selection. Furthermore, mice
that lack the Fc receptor for IgM (FcpR) have about twice the
amount of natural serum IgM, yet they develop autoantibodies
similar to sIgM~"~ mice (43). Based on these and other findings,
we suggest that natural IgM regulates B cell development by func-
tions that are independent of its role in the removal of cell debris
and autoantigens, but rather by yet to be discovered mechanisms
that directly regulate B cell development.

Irrespective of the mechanisms, the findings of a dependency
of normal B cell development on natural IgM indicates that the
earliest waves of B-1 cells produces the natural IgM that allows
normal B-1 and B-2 cell development to commence. The fact that
peritoneal cavity B-1 cells, but not splenic B-1 cells, are affected
by the lack of IgM further suggests that peritoneal cavity B-1 cells
development is dependent on distinct signals and may occur later,
after natural IgM production has been initiated in the murine
fetus, as IgM, in contrast to IgG, does not effectively cross the
placenta (44, 45). Indeed, while small numbers of B-1 cells,
including IgM-secreting cells, are detectable before birth in the
fetal liver and at birth in the mouse spleen, peritoneal cavity B-1
cells accumulate slowly and not until about 1-2 weeks after birth
and the accumulation of B-1 cells in peritoneal and pleural cavity,
but not the spleen, are dependent on secretion of the “follicular”
homing chemokine CXCL13 (46).

Repertoire Development of Spleen and
Body Cavity B-1 Cells

It is of note that the repertoire of B-1a cells in the peritoneal cavity
is distinct from that of the spleen. This is exemplified by measur-
ing frequencies of B-1a cells that bind to liposomes containing
phosphotidyl choline (PtC) by FACS, many of which are encoded
by IgHV11 (47). While the splenic compartment harbors only
about 1-2% of PtC binders among B-1a cells, that frequency is

approximately 10% in the peritoneal cavity (48). In mice lacking
sIgM, frequencies of PtC binders in the peritoneal cavity and
mRNA for IgHV11 are greatly diminished (34), suggesting that
B-1a cells with that specificity emerge (or expand) later and then
preferentially home to the body cavities.

A recent comprehensive RNA sequencing study on pooled
RNA from FACS-purified B-1a and B-2 cells in spleen and peri-
toneal cavity at various ages of mice further supported previous
findings of a B-1 cell B cell receptor (BCR) repertoire that is
clearly distinct from that of the B-2 cell pool (49). The B-1 cell
repertoire is enriched for self-reactivity, and there is a preponder-
ance of Ig-regions that lack N-region insertions, again supporting
the conclusion that B-1 cells are generated before birth, when the
enzyme TdT is not yet expressed, and thus does not facilitate
inclusions of N-regions during V-D-] recombination. However,
both earlier single-cell PCR experiments (50, 51) and the more
recent studies (32, 49) demonstrated that the repertoire of B-1a
cells is broader, more diverse and not as devoid of N-region inser-
tions as originally anticipated.

The recent B-1a cell repertoire studies support earlier conclu-
sions, which had suggested that the repertoire of the B-1a cell
pool is unaffected by foreign antigen exposure. Germ-free mice
were shown to have a similar B-1a cell repertoire than that of mice
held under SPF housing conditions (49). Similarly, germ-free
mice have similar levels of natural IgM and numbers of natural
IgM-producing cells in spleen and bone marrow than SPF mice
(40). This is not, however, because natural IgM production or the
B-1a cell pools are already fully developed at birth. Neonatal mice
have very few IgM-secreting cells, few B-1 cells and their serum
IgM levels increase dramatically during the first few weeks of life.
This was shown already in the 1970s, when early studies dem-
onstrated that antibody-producing cells specific for phosphoryl
choline encoded by the T15 idiotype, later found to be expressed
nearly exclusively by B-1a cells, did not appear in the spleen and
bone marrow until about 1 week after birth and were absent from
the fetal liver (52, 53). Frequencies of these antigen-specific cells,
while varying in size between individual mice, were present at
overall similar frequencies in germ-free and conventionally
housed animals, and the pool size was independent of the geno-
type of the mothers. Similarly, Yang and colleagues noted that the
repertoire of B-1a cells in fetal liver and at birth differed from that
of B-1a cells in both peritoneal cavity and spleen at weaning and
in adulthood (49). Thus, B-1a cells and natural IgM titers undergo
dramatic expansions and changes during the first few weeks after
birth. While this timing coincides with the first exposure to
microbiota and other environmental antigens, the similarities in
B-1a cell BCR repertoires between gnotobiotic and SPF-housed
mice suggest that this repertoire and the production of natural
IgM are regulated in ontogeny, at least in part, by age-specific
factors, which could include the emergence of, or exposure to,
other cell types, and/or self-antigens.

Modulating the Pool of Natural
IgM-Secreting Cells

In apparent contrast to these findings, early studies demonstrated
that B-1 cells can respond to al-3 dextran (54). More recent
studies by Kearney and colleagues have provided evidence that
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injection of polysaccharides found on the facultative pathogen,
Aspergillus fumigatus, as well as on house dust mites, permanently
altered the natural IgM repertoire when given during a brief win-
dow of development just after birth [summarized in Ref. (55)].
While they could not detect significant changes in serum IgM
levels, consistent with a body of work demonstrating the inability
of newborns to respond to T-independent antigens, their data
suggested instead that permanent changes occur affecting
the repertoire of polysaccharide-specific B cells. They further
demonstrated that this allowed mice to respond to subsequent
antigen exposure more robustly with antibody production and
a shift away from harmful allergic humoral responses to sup-
port immune protective responses (56, 57). These studies are of
significance as they further underscore the crucial effects of IgM
on the maintenance of tissue and immune homeostasis. They
also provide a potential link to and mechanism in support of the
“hygiene hypothesis,” which predicts that exposure to pathogens,
at an early age, may prime the immune system in such a way that
development of allergic reactions are less likely (55).

Apart from the semantic argument of whether IgM antibodies
induced in response to foreign antigen exposure/vaccination
should still be considered “natural antibodies,” the more impor-
tant question is why such foreign antigen-induced changes do not
seem to affect the BCR repertoire of B-1a cells. Potential explana-
tions are that these antigen-stimulated cells do not arise from the
stimulation of B-1 cells, or that following antigen exposure these
cells change their phenotype such that they are no longer detect-
able as part of the “B-1a cell pool” It will be of interest to study the
emerging antigen-specific B cells in greater detail.

TISSUE-SPECIFIC SIGNALS AS
MODULATORS OF B-1 CELL FUNCTIONS

Adoptive transfer of adult-derived peritoneal cavity B-1 cells into
newborn mice seeds all major B-1 cell niches in spleen, body
cavities, and bone marrow, such that frequencies of B-1 cells and
the antibody-producing cells, and natural serum IgM levels, are at
normal levels compared with non-manipulated mice (24, 41, 54).
This includes reconstitution of the recently described population
of IgM plasma cells in the bone marrow [Ref. (58); Savage et al.,
under review'], demonstrating their B-1 cell origins. This is quite
remarkable, given the functional differences of B-1 cells in perito-
neal and pleural cavity versus the spleen, as well as their extensive
gene expression differences. It is also in apparent contrast to the
above data regarding the differential developmental requirements
of spleen and body cavity B-1 cells.

It is possible that B-1 cell populations in the body cavities
are heterogeneous, containing distinct B-1 cell subsets that will
seed the spleen, bone marrow, or body cavities, respectively.
Alternatively, B-1 cells are homogenous but have the plasticity
to adapt to tissue-specific signals that induce the phenotypic
and functional alterations between B-1 cells in these different

'Savage, H.P, Yenson, V.M., and Baumgarth, N. (2016). Blimp-1 dependent and
independent production of natural Ig by B-1 cells and B-1-derived plasma cells.
submitted.

locations. Overall, scientific evidence to date seems to support the
latter. Weiss and colleagues attempted to address this question by
adoptively transferring peritoneal cavity B-1 cells and then meas-
uring expression of a handful of genes they had identified as being
differentially expressed by spleen and peritoneal cavity B-1 cells
(59). Their data showed that the gene expression profile of the
donor cells was dependent on their tissue location and not their
tissue of origin, thus supporting the idea of tissue-specific signals
modulating the gene expression profile of the transferred B-1
cells. However, single-cell transfer or fate-mapping approaches
would be necessary to formally rule out that this is due to cell
selection rather than tissue-induced changes.

One long known tissue-induced difference between B-1 cells
in body cavity and spleen is their differential expression of the -2
integrin CD11b. While most peritoneal cavity B-1 cells express
CD11b, the integrin appears to be lost rapidly after B-1 cell leave
the body cavities and enter lymphoid tissues. The small number
of CD11b™ B-1 cells in the body cavities appears to identify
recent arrivals to that site [reviewed in Ref. (4)]. While the tissue-
specific signals that induce expression of CD11b on B-1 cells in
the body cavities are unknown, we recently demonstrated one of
its functions. Specifically, we showed that CD11b was required
for effective homing of B-1a cells from body cavities to draining
lymph nodes after infection (60). The lack of CD11b did not affect
the emigration of B-1a cells from the body cavities. Instead, it
was required for the enhanced accumulation of B-1a cells to the
lymph nodes. Given that B-1a cells rapidly lose CD11b expres-
sion upon entering secondary lymphoid tissues, it appears that
the interaction of CD11b with its ligand enhances the entrance
of B-1a cells from the blood or lymphatic vessels into the lymph
tissue. Thus, CD11b expression by B-1 cells is actively modulated
by tissue-specific and/or inflammatory signals.

The abovementioned repertoire differences in BCR expression
between B-1 cells in spleen and body cavity may also suggest
the presence of tissue-specific factors that drive B-1 cell clonal
expansion and/or selection. In the absence of obvious effects of
the microbiota on these changes, tissue-restricted expression of
autoantigens may account for the distinct repertoires of B-1 cells
in different sites. However, this would then also suggest that the
B-1 cell compartments of spleen, bone marrow, and body cavity
do not usually interchange much. Yet, when we measured the
migration of B-1 cells from the body cavity to other tissues, we
found that labeled B-1 cells (labeled either with radioisotopes or
fluorescent dyes) rapidly disappeared from these sites and then be
found in the blood, indicating that there is continuous circulation
of body cavity B-1 cells (60).

Another well explored difference between B-1 cells in body
cavities and spleen/bone marrow is the fact that spontaneous
“natural” IgM production is largely restricted to cells in spleen
and bone marrow (41). An earlier study suggested that body
cavity macrophages suppress B-1 cell antibody production via
production of prostaglandin (61). Indeed, isolation of B-1 cells
often leads to a larger production of IgM in vitro, than culturing
cells in the context of the entire cell populations found in the cavi-
ties (41). That data fit well with the lack of spontaneous antibody
production by B-1 cells in the body cavities and the fact that in
response to stimulation, body cavity B-1 cells rapidly migrate to

Frontiers in Immunology | www.frontiersin.org

20

September 2016 | Volume 7 | Article 324


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Baumgarth

B-1 Cells and IgM Production

the environments of the spleen and lymph nodes, where they
begin to secrete antibodies in response to innate and possibly
antigen-specific stimulatory signals (5, 17, 60, 62-65).

Finally, early studies by Kroese and colleagues demonstrated
that nearly half of the IgA-secreting plasma cells in the gut are
B-1 cell derived (66, 67). Using allotype-chimeric mice similar
to studies described by Kroese et al., we found that in the lung of
young adult BALB/c mice about one-third of IgA-expressing cells
to be B-1 cells (Baumgarth, unpublished)?. Based on in vitro and
in vivo studies, it appears that B-1 cells like their B-2 counterparts
require TGFf-signaling for class-switch recombination to IgA, as
TGFp receptor-deficient mice are devoid of all IgA production
(68). It is possible that activation of CD11b on peritoneal cavity
B-1 cells drives their accumulation in the mesenteric lymph nodes
in a manner similar to the activation described by us for B-1 cells
from the pleural cavity and their migration to the mediastinal
lymph nodes of the lung (60).

While many questions remain, overall there is strong evidence
that the tissue environment contributes to the distinct phenotypes
and functions of B-1 cells in each tissue compartment.

B-1 CELL RESPONSIVENESS TO
SELF- AND FOREIGN ANTIGENS

B-1 Cell Responses to Foreign Antigens
The removal of tissue (body cavity)-specific inhibitory signals as
a mechanism of regulation for B-1 cell antibody production is an
attractive solution to the conundrum of B-1a cell response regula-
tion, a cell that appears unable to respond to anti-IgM induced
BCR cross-linking with proliferation or IgM production in vitro
(69), yet seems to undergo at least limited clonal expansion in
response to some antigen-specific signals in vivo (see above).
However, this unlikely comprises the entire regulatory network
controlling B-1 cell activation. Other signals that are known to
induce B-1 cell activation include cytokines, specifically IL-5 and
IL-10 (70). Lack of IL-5 or its receptor reduces B-1 cell numbers
and natural IgM levels in mice (71, 72), including the levels of
the classical T15 idiotype-expressing IgM, which binds oxidized
low-density lipoproteins and pneumococcal polysaccharides
(73). Overexpression of IL-5 in vivo (74, 75), exposure of B-1 cells
to IL-5 in vitro, and injection of IL-5 into the peritoneal cavity
in vivo induce secretion of IgM following the migration of B-1
cells to the spleen (70).

Consistent with the role of body cavity B-1 cells as surveyors
of organ system health and rapid responders to an infection,
injection of LPS (76), or bacteria (65) into the peritoneal cav-
ity induces their rapid migration to lymph tissues, where they
differentiate to antibody-producing cells. Activation of B-1 cells
in the latter case was shown to be dependent on the innate signal-
ing adaptor MyD88 (65) and thus appears mediated by innate
rather than antigen-specific B-1 cell stimuli. Similarly, following
respiratory tract infection of mice with influenza infection, we
noted a rapid drop of B-1a, but not B-1b cells, in the pleural
cavity and a concomitant accumulation of these cells in the

?Baumgarth, N. (2016). Unpublished observation.

regional lymph nodes of the respiratory tract (60). The enhanced
infection-induced accumulation, but not the migration itself,
was dependent on direct signaling via the type I IFNR by pleural
cavity B-1a cells. Type I IFNR signaling was shown to activate the
B-2 integrin CD11b to a high-affinity state, which can bind its
ligands and thereby mediate the transfer of B-1 cells across the
endothelium (60).

Importantly, in the latter case, the frequency of influenza-
binding B-1 cells among those accumulating in the lymph nodes
was not significantly different from those in the spleen before
influenza infection (17). Also, B-1a cells that accumulated in
the lymph nodes did not incorporate significant levels of BrDU,
suggesting that these cells responded to influenza infection by
relocation and IgM production in an antigen non-specific man-
ner, rather than clonal expansion (17). Yet, following application
of non-mitogenic LPS from Francisella tularensis, modest expan-
sion of antigen-specific B-1a cells and even formation of memory
B cells seemed to occur (5, 6), suggesting that the lack of B-1a cell
expansion is not absolute and also depend on the type of antigen.

While responses to both influenza virus infection and non-
mitogenic LPS from E tularensis were shown to primarily activate
B-1a cells (5), infections with B. hermsii (7), S. pneumonia (14),
and Salmonella (10, 11) were shown to stimulate predominantly
or exclusively B-1b. In response to infection with Borrelia burg-
dorferi, we found neither B-1a nor B-1b cells to respond in any
significant fashion (Hastey et al., in preparation)’. What deter-
mines this differential responsiveness to antigens and pathogens
is unexplored. Possible explanations include the BCR repertoire
(50,51, 77), i.e., differential antigen-specificity among each B cell
subset, the site of infection/injection, the quality of the induced
innate responses, or other factors. Addressing this question will
be important to gain a more complete understanding of the
signals that induce B-1 cell responses.

B-1 Cells and Self-Antigen Recognition

A final consideration for regulation of IgM production by B-1
cells is their responsiveness to self-antigens. Elegant studies by
Hayakawa and colleagues demonstrated that the lack of self-
antigen expression (in that case the T cell-expressed antigen
“Thy-1") caused a failure to develop self-reactive B-1a cells to
that specificity (78), usually a normal component of the B-1a cell
repertoire of wild-type mice (79). This data provided the strong-
est evidence to date that the B-1a cell repertoire is selected for
binding to self. Consistent with a positive selection event being
necessary for the development of B-1a cells are data indicating
that signals that enhance BCR-signaling usually cause increased
B-1 cell pools, while mutations reducing BCR-signaling reduce
such pools. Examples are deficiencies in the coreceptor CD19 or
signaling molecule Btk, causing reduction of B-1a cell numbers,
and deficiencies in coinhibitory molecules, such as CD72 increas-
ing these pools [summarized in Ref. (3)]. Thus, positive selection
and BCR-signaling appear to be critical elements of B-1a cell
development. This is consistent with the resulting B-1 repertoire,

*Hastey, C. ., Elsner, R. A., Olsen, K. J., Tunev, S. S., Escobar, E. D., Barthold, S. W,
et al. (2016). Borrelia burgdorferi infection induced-IgM controls bacteremia but
not bacterial dissemination or tissue burden. in preparation.
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which is clearly skewed toward the recognition of self-molecules;
particularly those expressed when tissues are altered, stressed,
or senescent. Examples are oxidized low-density lipoproteins
and antigens expressed by dead and dying cells. The binding of
natural IgM to such antigens is thought to fulfill “housekeeping”
functions by opsonizing these antigens for removal by phagocytic
cells, such as macrophages, while avoiding or actively inhibiting
inflammation (80). In certain disease states, however, the genera-
tion or accumulation of these antibodies correlates with disease.
A prominent example is reperfusion injury, where the binding of
natural IgM to tissues stressed or damaged by hypoxia following
blood flow disruption is thought to activate the complement
cascade and cause tissue injury (81-83).

The recently published comprehensive repertoire analysis
conducted on B-la cells confirmed and expanded previous
studies, which together showed differences in the B-1a repertoire
based on the age of the host (49). The study by Yang and col-
leagues reported quite dramatic alterations in the repertoire of
spleen and peritoneal cavity B-1a cells, driven by the strong and
unequal expansion of certain clones, right after weaning (3 weeks
of age) (49). Since alterations in the microbiota were excluded as
a potential cause, because similar changes were observed also in
gnotobiotic mice, the data might suggest that alterations in, or
exposure to certain self-antigens could be causing these repertoire
shifts. However, other causes cannot be ruled out, in particular
the potential influence of food antigens. The timing of these
repertoire changes appears to occur later than the time window
identified by Kearney and colleagues by which the B-1 repertoire
to certain polysaccharides is amenable to change (55). The fact
that B-1 cells have a phenotype similar to activated cells: they
express CD43, lack expression of CD23, and have low expression
of CD45R (B220) and IgD, could further support the idea that
their arrival in the peritoneal cavity and clonal outgrowth is the
result of encounter with self-antigens.

Natural IgM Production and B-1 Cell
Repertoires Are Independently Regulated

It is important to distinguish between changes in the repertoire
of the overall B-1 cell pool and the extent to which these changes
affect the repertoire of the natural IgM-producing cells and thus
the serum IgM specificities. Natural IgM-producing cells are dis-
tinct from peritoneal cavity B-1 cells and represent only a small
subset of B-1 cells in the spleen, currently not distinguishable
from non-secreting cells with surface markers. Although a small
subset of CD19* CD43" B-1 cells expresses CD138 (84), these
are not the major natural IgM producers in the spleen (Savage
et al., under review)!. Therefore, it should not be assumed that
the identified repertoire shifts within the B-1a cell pool neces-
sarily affect the specificity of the secreted natural IgM. It will
be important to identify and characterize the B-1 cell-derived
natural IgM-producing cells in ontogeny and to compare their
repertoire to that of the non-secreting B-1 cells.

The extent to which the secreted antibody repertoire is affected
by age and/or antigen exposure is an important question, as this
could have implication for immune defense and tissue homeosta-
sis. Indeed, Holodick and colleagues recently provided evidence

that IgG-depleted serum from very old mice lost its protective
capacity for protection from S. pneumoniae infection compared
with the same serum preparation from young mice (32). Thus,
indicating that both B-la cell repertoires and secreted IgM
repertoires, or their effector functions, can shift with age. What
underlies such shifts remains unresolved, given that much of the
B-1 cell pool is maintained mainly through self-renewal rather
than de novo development of B-1 cells, with bone marrow output
although not completely abrogated, rather greatly constrained
(23). Furthermore, although Patel and Kearney found that immu-
nization during the first few days after birth can alter B-1 cell
repertoires, they found no evidence for alterations in the natural
IgM serum pool (57), again suggesting that B-1 cell repertoires
and natural IgM production are independently regulated and
differentially affected by innate and antigen-induced signals.

CONCLUSION

The heterogeneity of the B-1 cell precursors, including extra-
hematopoietic origins, ontogenetic, and tissue-specific effects,
that seem to act on these cells and the high degree of functional
plasticity and ability to respond to self- and inflammatory
signals generates a diverse set of B-1 cells. Some have effector
functions such as IgM secretion or cytokine production. Others,
particularly those in the body cavities, appear to be poised to
function a natural memory compartment and rapid response
system that responds to innate signals with rapid relocation and
differentiation.

There are some striking similarities between B-1 cells and
macrophages in terms of their developmental origins and effec-
tor functions. Not because of a shared ontogeny or phenotype,
but rather because of their ontogenic and functional plasticity.
Macrophages and B-1 cells both develop in waves from extra-
hematopoietic and hematopoietic stem cell precursors (21). They
both seed various tissues and differentiate based, at least in part,
in response to tissue-specific signals (85). Whether some B-1 cells
may also differentiate to become tissue restricted, such as micro-
glia, alveolar macrophages, or other tissue-specific macrophages,
remains to be studied. Both cell types also respond rapidly to
innate signals with relocation and on-site differentiation. And
finally, both cell types fulfill important “housekeeping functions,”
in order to maintain tissue homeostasis and to facilitate tissue
repair (86). A better understanding of the plasticity and the het-
erogeneity among B-1 cells will be crucial to better understand
the principles underlying their functions and responses.
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B-1a cells are innate-like B-lymphocytes producing natural antibodies. Activation-
induced cytidine deaminase (AID), a product of the Aicda gene, plays a central role in
class-switch recombination and somatic hypermutation in B cells. Although a role for
Aicda in B-1a cells has been suggested on the basis of experiments with knock out
(KO) mice, whether B-1a cells express Aicda, and if so, which B-1a cell subpopulation
expresses Aicda, remains unknown. Here, we demonstrate that B-1 cells express
Aicda, but at a level below that expressed by germinal center (GC) B cells. We previously
reported that B-1a cells can be subdivided based on CD25 expression. We show here
that B-1a cell Aicda expression is concentrated in the CD25+* B-1a cell subpopulation.
These results suggest the possibility that previous studies of memory B cells identified on
the basis of Aicda expression may have inadvertently included an unknown number of
CD25* B-1a cells. Although B-1a cells develop normally in the absence of Aicda, a com-
petitive reconstitution assay reveals enhanced vigor for AID KO B-1a cell bone marrow
(BM) progenitors, as compared with wild-type BM B-1 cell progenitors. These results
suggest that AID inhibits the development of B-1a cells from BM B-1 cell progenitors in
a competitive environment.

Keywords: AID, B-1a cells, CD25, B-1 cell subset, peritoneal cavity

INTRODUCTION

B-1 cells are innate-like B-lymphocytes that spontaneously and constitutively produce natural
antibodies, which provide immediate protection against infection and rapid removal of dying cell
debris (1, 2). Mouse B-1 cells are distinguished from B-2 cells both by phenotype and by function (3).
Phenotypically, B-1 cells are characterized as IgM", IgD', B220", CD23-, and CD43* (and CD11b*
in the peritoneal cavity) (3). B-1 cells are either CD5* (B-1a) or CD5~ (B-1b). Recent studies have
shown B-1 cells can be further subdivided based on the expression of CD25 (4), CD73 (5), PD-L2
(CD273) (6-9), or ENPP1 (PC1) (10), suggesting different roles for each subpopulation.

Activation-induced cytidine deaminase (AID) plays a central role in class-switch recombination
and somatic hypermutation (11). AID is expressed abundantly in germinal center (GC) B cells (12)
and at a low level in immature B cells (13-15). It was recently reported that B-1 cells accumulate
immunoglobulin somatic hypermutation and increase class switching from 1 week of age up to
6 months of age, and these changes are diminished in the absence of AID (16). Nonetheless, AID
expression in B-1 cells has not been documented and is yet to be directly addressed, raising the
possibility that B-1 cell changes in AID KO mice may represent indirect effects.

We previously found that expression of CD25 on B-1la cells is activation dependent and these
CD25* B-1a cells express leukemia inhibitory factor receptor as well as increased levels of activated
STAT3 as compared to CD25 B-1a cells (4). We explored the possibility that B-1 cells express AID
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and found that AID is expressed in B-1a cells and that this expres-
sion is concentrated in the activated, CD25* B-1a cell pool.

MATERIALS AND METHODS

Mice

Male BALB/c-By] and C57BL/6 mice were obtained from The
Jackson Laboratory at 6-8 weeks of age. CB17-SCID or CB17
mice of 6-8 weeks of age were obtained from Taconic. AID KO
mice on a BALB/c background were obtained from Dr. Michel
Nussenzweig with Dr. Tasuku Honjo's permission. All mice were
used for experimentation at 8-14 weeks of age. All studies were
approved by the Institutional Animal Care and Use Committee at
the Feinstein Institute for Medical Research. Mice were cared for
and handled in accordance with the National Institutes of Health
and institutional guidelines.

Cell Purification and Flow Cytometry
Peritoneal washout cells and splenocytes were obtained from
8- to 14-week-old wild-type (WT) or AID knock out (KO)
mice and were stained with fluorescence-labeled antibodies to
B220, CD5, CD25, CD23, and GL-7 and with peanut aggluti-
nin (PNA). B-cell populations (peritoneal B-1a cells: B220"/
CD5*, peritoneal CD25% B-1a cells: B220"°/CD5*CD25*, peri-
toneal CD25- B-1a cells: B220"/CD5*CD25", splenic B2 cells:
B220"CD5-CD23*, or GC B cells: B220*/GL-7*/PNAMs") were
isolated using the Influx cell sorter (BD Biosciences). Post-sort,
reanalysis of the B-cell populations showed them to be >98%
pure. Cells were blocked with rat anti-mouse CD16/CD32 anti-
body (clone 2.4G2), stained with immunofluorescent antibod-
ies, and then analyzed on a FACSCalibur flow cytometer (BD
Biosciences) with appropriate gating. Images were constructed
with FlowJo 6.0 software (Tree Star). PE-conjugated rat anti-
mouse CD25 (clone PC61) was obtained from BD Pharmingen.
The following antibodies were obtained from Biolegend:
perCP-Cy5.5-conjugated rat anti-mouse CD45R/B220 (clone
RA3-6B2); Alexa 647-conjugated rat anti-mouse CD5 (clone
53-7.3); and Alexa 647-conjugated rat anti-mouse GL-7. FITC-
PNA was obtained from Sigma. CD23-PE-Cy7 (clone 2G8) was
obtained from Abcam.

Gene Expression

Gene expression was assayed by real-time PCR as previously
described (17). Briefly, RNA was prepared from B cells using
the RNeasy mini kit (Qiagen), according to the manufacturer’s
instructions. cDNA was prepared using avian myeloblastosis
virus reverse transcriptase (Bio-Rad). Gene expression was then
measured by real-time PCR using iTaq SYBR Green (Bio-Rad)
and normalized with f,-microglobulin. The following primer sets
were used: ,-microglobulin (F-CCCGCCTCACATTGAAATCC/
R-GCGTATGTATCAGTCTCAGTGG); AID (AGAAAGTCACG
CTGGAGACC/CTCCTCTTCACCACGTAGCA). Gene expres-
sion was also measured by real-time PCR using TagMan
chemistry. Primer and probe sets were obtained from Applied
Biosystems for Aicda (MmO01184115_m1) and B-actin, which
was used for normalization.

Adoptive Transfer

Bone marrow (BM) was obtained from 2-month-old BALB/c-
ByJ (IgM?) mice and 2-month-old CB17 mice (IgM"). BM B-1a
cell progenitors (lineage negative, CD19*B220"-AA4.1*) were
sort-purified using the Influx cell sorter (BD Biosciences),
washed twice in 1X PBS, resuspended in 1x PBS, and then
injected (i.v.) into recipient CB17-SCID mice at 0.6 X 10° cells
per mouse in 0.2 ml. Recipient mice were not irradiated prior to
transfer. Serum samples, spleens, and peritoneal washout cells
were collected from euthanized CB17-SCID recipients 6 weeks
post transfer.

Statistics

Comparisons were conducted between WT and AID KO mice
using Graphpad Prism 6.0 with two-tailed tests as indicated in
the figure legends.

RESULTS

B-1a Cells Express Aicda and Gene
Expression Is Restricted to the CD25+
B-1a Cell Subset

The expression level of Aicda was evaluated in sort-purified
peritoneal B-1a cells, peritoneal CD25" B-1a cells (4), peritoneal
CD25~ B-1a cells, splenic B2 cells, and GC B cells from unma-
nipulated mice. The sorting strategy for isolating these popula-
tions is shown in Figure 1A. GC B cells displayed a high level of
Aicda expression, which is consistent with previous reports (12),
in contrast to splenic B-2 cells that expressed very little Aicda. We
found that peritoneal B-1a cells expressed more Aicda than that
by splenic B-2 cells, but less than that by GC B cells (Figure 1B).
We then examined CD25% B-1a cells in comparison to CD25~
B-1a cells and found that CD25% B-la cells demonstrated a
higher level of Aicda expression than did CD25 B-1a cells, total
B-1a cells, and splenic B-2 cells, although this was still less than
the level expressed by GC B cells. These results were confirmed
using Tagman primers and probe (Figure S1 in Supplementary
Material). Peritoneal CD25" B-la cells from C57BL/6 mice
were also found to express Aicda in greater amounts than that
by CD25~ B-1a cells (Figure S2 in Supplementary Material). The
mean level of Aicda expression in BALB/c CD25* B-1a cells was
18-fold more than that of splenic B-2 cells but 40-fold less than
that of GC B cells. Thus, B-1a cells, especially CD25* B-1a cells,
express Aicda.

The Number of CD25+ B-1a Cells

Is Unchanged in AID KO

Mice lacking the AID gene on the BALB/c background were
assessed for numbers of total peritoneal cells, total peritoneal
lymphocytes, B-1a cells, CD25* B-1a cells, and CD25~ B-1a cells.
There was no significant difference in the total number of perito-
neal lymphocytes in AID KO mice (4.3 X 10° + 0.71) compared
to that in WT mice (3.0 X 10° + 0.17) (Figure 2A), although the
total number of cells in the peritoneal cavities of AID KO mice
was greater than the number in WT mice, presumably due to
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FIGURE 1 | Aicda gene expression in B cells. Peritoneal washout cells and spleen cells were obtained from 3-month-old BALB/c-ByJ mice, immunofluorescently
stained, and sorted for peritoneal B-1a (B220°CD5+), CD25* B-1a (B220°CD5*CD25"), CD25- B-1a (B220°CD5*CD25"), splenic B2 (B220*CD5-CD23*), and
germinal center (GC, B220*/GL-7+/PNA") cells. The sorting strategy for these populations is shown in (A). RNA was prepared from each sort-purified B cell subset
and reverse transcribed. (A) The level of Acida relative to B,-microglobulin was determined by real-time PCR (SYBR Green) with the primers described in Section
“Materials and Methods.” The means of three independent experiments are shown in (B), along with lines indicating SEMs.

differences in a non-lymphoid population, such as myeloid cells.
Next, the total numbers of B-1a, CD25* B-1a, and CD25~ B-1a
cells were assessed in WT and AID KO mice. The results demon-
strated that there is no significant difference in the total numbers
of peritoneal B-1a, CD25* B-1a, or CD25~ B-1a cells from AID
KO mice compared to those in WT controls (Figure 2B). Thus,
AID does not appear to be required for the development of early
appearing CD25% or CD25™ B-1a cells.

AID Impairs BM B-1a Cell Development

It has been previously shown that Aicda deficiency impairs B-cell
development (13); however, it is unknown whether this effect
extends to B-1a cell development. To directly test the extent to
which Aicda affects B-1a cell development, we set up a mixed
chimera system. Figure 3A illustrates the experimental design,
which involved adoptive transfer of B-1 cell-specific progenitors
(Lin"B220°~-CD19*AA4.1%) obtained from the BM of AID KO
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FIGURE 2 | Number of B-1a cells in activation-induced cytidine deaminase
(AID) knock out (KO) mice. Peritoneal washout cells were obtained from
3-month-old wild-type (WT) and AID KO mice on the BALB/c-ByJ
background. (A) The total number of peritoneal cells and the total number of
lymphocytes (based on the lymphocyte gate) are shown. (B) Peritoneal
washout cells were stained with anti-B220-pCP-Cy5.5, anti-CD5-Alexa 647,
anti-CD25-PE, and CD23-PE-Cy7. Based on staining for B-1a (B220°CD5"),
CD25* B-1a (B220°CD5+*CD25%), and CD25- B-1a (B220°CD5+*CD257), the
absolute number of each subset is shown. Results are shown as means of
five independent mice, along with lines indicating the SEMs.

mice and WT mice. Three groups of chimera mice were set up:
(1) SCID mice were injected with 600,000 B-1-specific progeni-
tors from the BM of BALB/c AID KO mice plus 600,000 B-1-
specific progenitors from the BM of CB17 WT mice; (2) SCID
mice were injected with 600,000 B-1-specific progenitors from
the BM of BALB/c AID KO mice; and (3) SCID mice were
injected with 600,000 B-1-specific progenitors from the BM
of CB17 WT mice. Allotypic differences between BALB/c-By]
(IgM?) and CB17 (IgM") mice were used to assess the indi-
vidual contributions of WT (IgM®)- and AID KO (IgM*)-derived
B-1a cells to the B-1a cell pool.

We first examined the percent of total lymphocytes in the peri-
toneal washouts that were either IgM** or IgM"*. Interestingly,
in the chimera mice receiving B-1 cell progenitors from both
AID KO and WT BM, there were more AID KO-derived (IgM**)
B cells than WT-derived (IgM"*) B cells (p = 0.01) (Figure 3A).
On the other hand, there was no difference in the percent of
IgM** or IgM"* lymphocytes that were peritoneal B-la cells
(Figure 3B) in mice receiving B-1 cell progenitors from both
AID KO and WT BM. Thus, the total number of peritoneal B-1a
cells derived from WT BM B-1 cell progenitors was significantly
lower than those derived from AID KO BM B-1 cell progenitors
(p = 0.01) (Figure 3C). As a control, BM B-1 cell progenitors

from WT mice or AID KO mice were transferred alone into
SCID recipients to detect any differences in reconstitution
when the progenitors from these two sources (BALB/c or CD17
mice) were transferred alone. The results of the single transfers
demonstrated no significant differences in the overall recon-
stitution of WT or AID KO mouse B-1 cell progenitors when
transferred individually (Figures 3A-C). Together, these results
demonstrate that Aicda inhibits the development of B-1a cells
from BM B-1 cell progenitors in a competitive environment.

DISCUSSION

We found that B-1a cells, particularly CD25* B-1a cells, express
Aicda. This Aicda expression occurs in the absence of intentional
stimulation and without participation in GCs. Our results sup-
port the findings of Herzenberg and colleagues regarding the
loss of somatic mutation and isotype switching from B-1 cell
immunoglobulin in the absence of AID (16). Thus, we have
extended previously reported functional results by directly dem-
onstrating that WT B-1a cells express Aicda, and we have shown
that Aicda expression is concentrated within the CD25* B-1a cell
subpopulation.

Recent studies have utilized AID reporter constructs to iden-
tify memory B cells that developed in GCs (18-20). Our results
inject a note of caution regarding the interpretation of these
kinds of experiments by showing that some mature B cells, spe-
cifically CD25* B-1a cells, express Aicda and thus could register
as reporter-positive despite not having resided in a GC. Further
complicating this issue is the recent evidence that some B-1 cells
may themselves be memory B cells (21). It is clear from the work
reported here and by others that further study will be needed to
tease out the extent to which Aicda expression marks naive B-1a
as well as memory B-2 cells and/or marks memory B cells regard-
less of whether they are B-1a or B-2.

We previously found that about 20% of peritoneal B-1a cells
express CD25, a component of the high-affinity IL-2 receptor,
and CD25" B-1a cells express increased levels of activated signal-
ing intermediates (4). However, these B-1a cells lack expression
of CD122 and are not responsive to IL-2 (4). In some systems,
AID expression appears to impact viability. Immature murine
B cells express AID and AID-deficient immature B cells are more
resistant to apoptosis than immature B cells that express AID
(15). Moreover, AID-deficient GC B cells are more resistant to
apoptosis (22). These data suggest a role for AID in regulating
cell viability. Along these lines, we found more B-1 cells in the
peritoneal cavities of SCID mice after reconstitution with AID
KO B-1 progenitor cells, and this was accentuated in BM chi-
meras wherein competition exists between WT and KO B-1 cell
progenitors. Thus, AID is likely involved in the development and/
or viability of B-1a cells.

The phenotype of mouse-like human B-1 cells has recently
been redefined (23) from its previous focus on CD5 (24), an
unreliable marker for B-1 cells in Homo sapiens and other species
(25-27). It has been reported that AID-deficient hyper IgM syn-
drome patients are prone to develop autoimmune or inflamma-
tory diseases such as diabetes mellitus, polyarthritis, autoimmune
hepatitis, hemolytic anemia, and immune thrombocytopenia
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FIGURE 3 | Aicda impairs B-1a cell development. Allotype mixed chimeras were set up by injecting (i.v.): (1) 600,000 B-1 cell-specific progenitors
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(28, 29). Our results suggest that B-1 cells should be considered
as the pathogenesis of AID-deficient autoimmunity is probed.
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FIGURE S1 | Aicda gene expression in B cells by Tagman assay. Peritoneal
washout cells and spleen cells were obtained from 3-month-old BALB/c-ByJ
mice, immunofluorescently stained, and sorted for peritoneal B-1a (B220°CD5%),
CD25* B-1a (B220°CD5*CD25%), CD25- B-1a (B220°CD5*CD25), splenic B2
(B220+CD5-CD23*), and GC (B220+/GL-7+/PNA"") cells, as shown in Figure 1.
RNA was prepared from each sort-purified B cell subset and reverse transcribed.
The level of Aicda relative to actin was determined by real-time PCR (Tagman)
with the primers described in Section “Materials and Methods.” The means of
three independent experiments are shown, along with lines indicating SEMs.

FIGURE S2 | Aicda gene expression in C57BL/6 B cells. Peritoneal washout
cells and spleen cells were obtained from 3-month-old C57BL/6J mice,
immunofluorescently stained, and sorted for peritoneal B-1a (B220°CD5%),
CD25* B-1a (B220°CD5*CD25*), CD25- B-1a (B220°CD5*CD25), splenic B2
(B220+CD5-CD23*), and GC (B220+/GL-7+/PNA"") cells, as shown in Figure 1.
RNA was prepared from each sort-purified B cell subset and reverse transcribed.
The level of Acida relative to B.-microglobulin was determined by real-time PCR
(SYBR Green) with the primers described in Section “Materials and Methods.”
The means of three independent experiments are shown in (A), along with lines
indicating SEMs. The level of Aicda relative to actin was determined by real-time
PCR (Tagman) with the primers described in Section “Materials and Methods.”
The means of three independent experiments are shown in (B), along with lines
indicating SEMs.
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Most natural IgM antibodies are encoded by germline Ig sequences and are produced
in large quantities by both mice and humans in the absence of intentional immuniza-
tion. Natural IgM are reactive with many conserved epitopes, including those shared
by microorganisms and autoantigens. As a result, these antibodies play important
roles in clearing intruding pathogens, as well as apoptotic/necrotic cells and otherwise
damaged tissues. While natural IgM binds to target structures with low affinity due to a
lack of significant selection by somatic hypermutation, its pentameric structure with 10
antigen-binding sites enables these antibodies to bind multivalent target antigens with
high avidity. Opsonization of antigen complexed with IgM is mediated by cell surface
Fc receptors. While the existence of Fc alpha/mu receptor has been known for some
time, only recently has the Fc receptor specific for IgM (FCMR) been identified. In this
review, we focus on our current understandings of how natural IgM and FCMR regulate
the immune system and maintain homeostasis under physiological and pathological
conditions.

Keywords: natural IgM, FCMR, autoimmunity, homeostasis, inflammation

INTRODUCTION

Studies of IgG antibodies produced in response to foreign antigens have provided a wealth of infor-
mation about the mechanisms involved in generating a seemingly limitless array of antigen-binding
specificities by diversification of their antigen-binding domains through somatic recombination and
mutation. In addition, a large number of investigations have shown that the effector functions of
these antibodies are mediated through the interactions of their Fc domains with a series of isotype-
restricted receptors expressed on a variety of hematopoietic cell types.

An Fcreceptor specific for IgM, now termed FCMR (1), was defined only 8 years ago. Importantly,
and in contrast to most secreted IgG antibodies, secreted IgM (sIgM) can be subdivided into natural
and immune IgM. Natural IgM is found at equivalent levels in sera of normal and germ-free mice,
and it is thought that exposure to natural antigens is responsible for its production. In addition,
natural IgM is often polyreactive, whereas immune IgM is selected for antigen-specificity and is
usually produced following exposure to pathogens. Because it is impossible to separate the effects of
natural IgM from immune IgM when we evaluate the consequences of interactions between FCMR
and an IgM molecule in non-immunized individuals; in this review, serum sIgM is taken to be
synonymous to natural IgM.
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Over the last several years, advances in understanding the
various functions of sIgM and its interactions with FCMR have
been accelerated by the generation of knockout mice that lack
sIgM or FCMR. The purpose of this review is to describe new
aspects of the nature and functions of the sigM-FCMR axis.

NATURAL IgM, AN OVERVIEW

sIgM exists in all vertebrate species including fishes, amphibians,
reptiles, birds, and mammals (2). Both mice and humans have
large quantities of circulating sIgM (300-800 pg/ml for mice
and 400-2300 pg/ml for humans). The serum levels of sIgM are
maintained similarly in mice that are raised in pathogen-free,
germ-free, or chemically defined antigen-free environments
indicating that endogenous stimuli are responsible for its pro-
duction (3, 4). The cellular origin of sIgM has been postulated
to be predominantly B-1 cells found in the peritoneal cavity (5).
However, this view has recently been revised by evidence that
B-1 cells residing in the spleen and bone marrow are significant
producers of sIgM (6). Other cell types including marginal zone
B cells have also been implicated in the production of natural
IgM (7). B-1 cells, particularly the CD5* B-1a subset, belong to a
stable population maintained by self-renewal independent of gut
microbiomes (8, 9). B-1a cells, especially the PC1" subset (10),
constantly migrate out of the peritoneum with some migrating
to the spleen where they undergo activation and secret sIgM. In
addition, the bone marrow is found to host a small number of
CD5™ plasma cells originating from the peritoneum that likely
contribute to long-term sIgM production (11). A thorough
discussion of natural antibody-producing cells can be found in a
recent elegant review (12).

Polyreactivity and autoreactivity are two prominent features
found within the sIgM population. Prior studies with monoclonal
natural antibodies including IgM and IgG isotypes demonstrated
that a single natural IgM or IgG is capable of binding more than
three apparently structurally unrelated antigens (13-15). Based
on immunoadsorption experiments or immunoblotting using
a panel of self-antigens, it has been estimated that 5-100% of
normal mouse or human sera is autoreactive [Reviewed in Ref.
(16)]. These properties of sigM have been attributed to the ger-
mline configuration of their V region structures, characterized by
enrichment of positively charged amino acids, especially arginine
(17, 18). Also, compared to induced IgM antibodies, the V regions
of sIgM have relatively higher frequencies of tyrosine and serine
residues, which bear side-chain hydroxyl groups, allowing sIgM
to bind various epitopes via ionic and hydrogen bonding (17,
18). These interactions, however, are usually of low affinity (19).
Nevertheless, the polymeric binding between pentameric sigM
and a target antigen reaches a functional affinity (avidity) much
higher than the intrinsic affinity (20, 21). By using the surface
plasmon resonance technique to determine binding avidities,
Diaw et al. analyzed five monoclonal sIgM against dissimilar
autoantigens including cytoskeletal antigens and DNA. The
kinetic binding constants of all five sigM were indistinguishable
from those observed for immune antibodies (22).

The biological functions of sIgM have been described to
include removal of apoptotic cells, protection from infection,

and tissue homeostasis (16, 23). The third function is attributed
to sigM-mediated clearance of tissue-breakdown molecules and
binding to cell surface molecules on B and T cells to inhibit cell
division and/or activation, thereby minimizing inflammation
(16). This immunomodulatory role of sIgM has been confirmed
by studies with two independently genetically engineered mouse
strains lacking serum IgM (Sp~") (24, 25). These mice exhibit
abnormal B cell development, impaired antibody responses, and
enhanced production of autoantibodies (see below).

THE IgM Fc RECEPTOR, FCMR

Originally identified and termed as TOSO [encoded by Fas
apoptosis inhibitory molecule 3 (FAIM3)] in 1998 (26), FCMR
was recently rediscovered and characterized as an IgM-specific
Fc receptor (27, 28). A consensus nomenclature for this molecule
has recently been proposed as FCMR (1). FCMR is a transmem-
brane protein with a predicted molecular weight of ~41 KDa, but
with heavily O-linked glycosylation in the extracellular domain, a
mature molecule can reach ~60 KDa (26, 27, 29). The extracellu-
lar domain contains a single Ig-like domain with binding activity
to the IgM Fc region, while the intracellular domain contains
tyrosine residues that serve as phosphorylation sites to initiate/
mediate signaling cascades. A thorough review of the molecular
features of FCMR has recently been published (30).

To date, most of our understanding of the functions of FCMR
comes from studies of FCMR-deficient mice. Natural mutations
of FCMR in humans have not been reported. There are three
independently generated Fcmr gene knockout strains have been
reported (31-34) and two of them were characterized in detail
(31, 32, 34) (Table 1). Clear differences exist among these mice,
possibly due to the nature of gene targeting strategies, differ-
ing involvement of 129/Sv ES cells, extent of backcrossing to
the B6 background, and husbandry environment. Readers are
reminded of a recent report that revealed an astonishing “side
effect” of passenger mutations of the 129 line that persists even
after extensive backcrossing (35). This finding could explain why
distinct knockout strains for the same gene often yield discrepant
functional results.

EXPRESSION OF FCMR

The expression of FCMR in different cell types has been investi-
gated at both the mRNA and protein levels by a number of inves-
tigators without complete agreement. The InmGen database, a
microarray-based public resource of mouse transcript expression
(www.immgen.org), indicates a broad expression pattern of Fcrmr
among all lymphoid and myeloid cells tested, with relative expres-
sion levels ranging from ~50 in T cells, NK, DCs, myeloid, and
stromal cells to ~5000 in B cells. Our quantitative PCR analyses
of sorted populations revealed a similar pattern of expression,
also with B cells expressing the highest levels (31). Northern blot
analysis of human tissues also revealed a broad expression pattern
of FCMR in lymphoid and non-lymphoid tissues (26, 28).

Fc receptor specific for IgM protein expression has been
assessed in a variety of cell types using several monoclonal
antibodies. Kubagawa and colleagues reported that FCMR
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TABLE 1 | Phenotypes of Fcmr—'~ mice.

Reports by Choi et al. (31)

Ouchida et al. (34)

Honjo et al. (32)

Nguyen et al. (33)

Strain FemrimMak

chrth Ohno

chrtrm 2Khl

Genetic manipulation Deleted exons 2-8. Involving 129/Sv
ES cells and backcrossing with C57BL/6
mice. The Neo gene cassette was not

deleted after recombination

Deleted exons 2-4. Involving 129/Sv ES cells and backcrossing

with C57BL/6 mice. The Neo gene cassette was deleted after

recombination

Deleted exons 4-7. The Neo
gene cassette was deleted
after recombination. Pure
B6 background

B cells BM Small pre-BJ Not changed Not changed NR
Immature B
Spleen FOBJ, MZB unchanged FOB unchanged, MZB|, MZB|, B-11 B cells)
transitional Bt
PerC B-1at, B-2| Not changed Not changed NR
T cells Not changed Not changed Not changed Not changed
Basal Ig levels IgG11l, No change for other classes IgM1, no change for total IgG IgM1, 19G31, no change for NR
other classes
Tl responses Enhanced Reduced Phosphorylcholine-specific NR
responses are enhanced
TD responses Enhanced Reduced Reduced NR
Responses to infectious NR NR IgM and IgG3 responses to NR

pathogens

low doses of Streptococcus
pneumoniae are enhanced

Spontaneous autoantibody  Anti-ds-DNA and ANAs 1
production

Anti-DNA, -rheumatoid
factor, and ANAs 1

Anti-DNA, -chromatin, and NR
ANAs t

NR, not reported.

expression was restricted to human B, T, and NK cells, and
mouse B cells (27, 32). The lack of expression of mouse FCMR
by non-B cells was confirmed by Ohno and colleagues (28, 34).
However, Lang et al. using a different monoclonal antibody
reported expression of FCMR on myeloid cells (36). On the
other hand, Honjo et al. could not detect expression of exon 2
mRNA of Femr and FCMR protein in granulocytes with their
monoclonal antibodies (37). Analysis of FCMR expression is
complicated by the fact that it undergoes internalization after
binding IgM (29). Freshly isolated tonsillar B and T cells are
negative for FCMR on the cell surface; however, these cells
become positive for FCMR after a brief culture with IgM-
negative medium in vitro (27). Therefore, detection of FCMR
at the cell membrane becomes problematic and ambiguous
depending on the method used for study. In addition, future
studies are warranted to determine whether the various anti-
FCMR monoclonal antibodies recognize the same or alternative
forms of FCMR expressed in different tissues.

It should be recognized that FCMR, while specific for IgM,
is not the only cell surface Fc receptor capable of binding IgM.
The Fca/p receptor (FCA/MR), encoded by the FCA/MR gene in
humans, is an unusual Fc receptor in that it binds to two different
antibody isotypes, IgA, and IgM (38). The receptor is broadly
expressed in humans and mice, but with significant differences
in expression patterns between the two species, particularly on
hematopoietic cells (39). Both IgA and IgM cross-compete for
binding to the mouse receptor suggesting a common site of
interaction. Pentameric IgM does not have to contain ] chain to
bind the receptor (40).

A second receptor with dual specificity for IgA and IgM is
the polymeric immunoglobulin receptor, PIGR. This receptor

only binds polymeric IgA and IgM associated with the J chain at
high affinities (41). In contrast to FCA/MR and FCMR, PIGR is
expressed only on epithelial cells (42).

SIGNALING POTENTIAL OF FCMR

The intracellular domain of FCMR contains several tyrosine
residues but lacks a commonly present immunoreceptor
tyrosine-based activation motif (ITAM) and/or the immuno-
receptor tyrosine-based inhibition motif (ITIM) (27). However,
the FCMR cytoplasmic tail does contain an Asp-Xs—Asp-
Tyr*'-ITle-Asn sequence that matches the recently identified
immunoglobulin tail tyrosine (ITT) phosphorylation motif
Glu/Asp-Xs.;—Asp-Tyr-X-Asn present in membrane IgG
(mIgG) and mIgE (43). This consensus motif is found to amplify
BCR signals in class-switched memory B cells by recruiting the
adaptor Grb2, thereby allowing switched memory B cells to
respond more quickly and vigorously than primary B cells to
secondary exposures to antigens (43, 44). Therefore, the ITT
motif of FCMR could serve as a molecular platform to interact
with and influence the BCR signaling pathway. In fact, cross
linking FCMR with either anti-FCMR monoclonal antibodies
or preformed IgM immune complexes induced phosphoryla-
tion of tyrosine and serine residues of FCMR in B cells (27) and
phosphorylation of PLC-y and Erk1/2 in NK cells (45). Our
analyses also showed that FCMR positively modulates tonic
BCR signaling. The basal levels of phospho-Syk in pre-B, MZ,
and B-1la cells were lower in Femr™'~ mice than WT controls
(31). Ligation of FCMR alone did not affect cellular prolif-
eration and survival (34). However, BCR-induced proliferation
and survival were reduced in the absence of FCMR (31, 34).
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Moreover, ligation of FCMR had no effect on LPS or anti-CD40
antibody-induced proliferation and survival (31, 34). These
results argue that FCMR more closely approximates the activity
of BCR than TLR or CD40 on the surface of B cells. Therefore,
it is conceivable that FCMR plays a modulatory role in BCR
signaling that supports survival.

THE silgM-FCMR AXIS IN REGULATION
OF EARLY B CELL DEVELOPMENT

Early stages of B cell development are characterized by ordered
gene expression consisting of H and L chain gene rearrangements
in pro-B and pre-B cells, respectively. The expression of produc-
tive pH chains leads to assembly and expression of pre-BCRs on
the surface of pre-B cells. In conjunction with the IL-7 signaling,
pre-BCRs trigger clonal expansion for approximately six divi-
sions (46) and upregulate expression of IRF4, which promotes
pre-B cell dissociation from stromal cells, a critical step leading
to differentiation of small pre-B cells and L chain gene rearrange-
ment (47).

The expression levels of FCMR in early B cells gradually
increases starting from pro-B to pre-B and to immature B cells
(ImmGen database), similar to our assessment by qPCR (31). In
the absence of FCMR, as noted in the Femr™™M strain but not
the Femr™!©he gtrain (Table 1), the development of pre-B and
immature B cells was significantly reduced (31). Remarkably,
Sp~~ mice lacking sIgM exhibited similar deficiencies in pre-B
and immature B cells (31, 48). Therefore, the sigM-FCMR axis
may represent a positive feedback loop promoting develop-
ment and maturation of early B cells. Indeed, irradiated normal
recipient mice receiving WT hematopoietic stem cells (HSCs)
and sIgM-containing sera generated significantly more pre-B
cells than recipients of WT HSCs and sIgM-deficient sera (31).
This observation suggests that sigM could enhance generation of
pre-B and immature B cells in a FCMR-dependent fashion (31).

THE silgM-FCMR AXIS IN REGULATION
OF LATE STAGES OF B CELL
DEVELOPMENT

Fc receptor specific for IgM deficiency in mice was associated
with altered distributions of peripheral B cells. The Fcmrt™!Mek
strain exhibited reduced numbers of splenic follicular B cells,
but the numbers of MZ B cells remained unchanged (31). In
the peritoneum, the frequencies of B-la cells were increased
while B-2 cells in this strain were decreased (31). In contrast,
the Fcmr™!°e strain exhibited reduced numbers of MZ B cells,
increased transitional B cells and B-1 cells in the spleen, and no
change in peritoneal B cells (32, 34) (Table 1). The differences
in distribution of B cells between the two strains are also associ-
ated with differences between the strains in basal levels of serum
immunoglobulins in naive mice (Table 1) (31, 32, 34, 48).

Our parallel assessments of Sp~'~ and Femr™!™* mice revealed
strikingly similar changes in peripheral B cells: reduced numbers
of FO but increased numbers of MZ B cells in the spleen, and
increased numbers of B-1a cells but reduced B-2 cells in the

peritoneum (31). A second Sp~'~ strain also exhibited expansion
of MZ and B-1a cells and reduction in FO B cells (25). These
data agree with the conclusion that the siIgM-FCMR axis may
promote FO B cell development. Regarding B-1 cells, Nguyen
et al. recently reported that peritoneal CD5" B cells in Sp~~ mice
were not “regular” B-la cells but exhibited characteristics of
“anergic” B cells (48). They further showed that the lack of sIigM
in Sp~~ mice not only altered B cell numbers (reduced FO and
expanded MZ B cells), confirming our analyses (31), but also
fundamentally altered the B cell repertoire (the usage of Vi genes)
and selection (48). More importantly, administration of sIgM into
Sp~~ mice reversed the MZ/FO B cell ratio and mostly restored
normal B cell development (48, 49). These results strongly suggest
that the sIgM-FCMR axis does indeed modulate differentiation
of peripheral B cells.

THE slgM-FCMR AXIS IN REGULATION
OF T-INDEPENDENT IMMUNE
RESPONSES

Immunization of the Femr™™* strain with NP-LPS stimulated
increased levels of plasma cell development and secretion of
IgM antibodies (31). This data can be explained by increased
numbers of peritoneal B-1a cells in Femr™~ mice as B-1a cells
are the primary responders to NP-LPS challenge in this set-
ting (31). Immunization of Femr™™* mice with NP-FICOLL,
which predominantly activates MZ B cells, resulted in moderate
increases in plasma cells without a significant increase in sIgM,
which seems to correlate with relatively normal numbers of MZ
B cells in this strain (31). In contrast, studies of the Fcmrt™!Ohno
strain yielded opposing results, i.e., reduced production of sigM
and IgG following NP-FICOLL immunization (34) (Table 1).
This discrepancy could be due to the fact that the MZ B cell
compartment is reduced in the Femr™©° strain but remains
unchanged (if not slightly expanded) in the Femr'™™ strain. By
using a complicated antigen, Streptococcus pneumoniae (R36A),
Honjo et al. showed increased IgM and IgG3 responses to the
carbohydrate phosphorylcholine (PC), epitope of the pathogen,
in Femr™Ohe mice (32).

Previous studies in Sp~'~ mice revealed enhanced production
of IgG2a antibodies following immunization with NP-FICOLL
(50). Similar findings were reported in another Sp~'~ strain (25).
Taken together, these results suggest that the sSigM-FCMR path-
way may negatively regulate TI immune responses likely through
modulating the sensitivity of responding B cells.

THE slgM-FCMR AXIS IN REGULATION
OF T-DEPENDENT IMMUNE RESPONSES

Studies of TD immune responses in Femr™©" and Femrtm!Mak
mice have also yielded conflicting results. Our analyses in
the Femr'™™ strain revealed a moderate increase in primary
IgM but not of IgG2b responses following immunization with
NP-KLH/alum (31). During a recall immune response, FCMR-
deficient mice produced significantly more germinal centers and
plasma cells but only exhibited subtle differences in overall serum
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antibody levels (31). In contrast, following a similar immuniza-
tion protocol, Ouchida et al. and Honjo et al. reported that the
Femr™©me mice developed generally decreased TD immune
responses (32, 34) (Table 1). Given the fact that the antibody
responses elicited in both strains were relatively moderate, we
believe that the role of FCMR in TD immune responses may be
limited.

Previous studies of Sp~~ mice indicated that sIgM is required
to elicit optimal TD immune responses because in the absence
of sIgM, Sp~'~ mice produced significantly lower levels of IgG1
anti-NP antibodies, and antibody affinity maturation was also
delayed (25). However, injection of sIgM into Sp~~ mice before
immunization increased NP-specific IgG1 responses (25). These
results suggest that sIgM could augment TD humoral responses,
but whether this was mediated by sIgM-mediated antigen pro-
cessing/presentation, or FCMR-mediated signaling that renders
B cells hyperresponsive to activation signals, or both, remains to
be determined.

THE slgM-FCMR AXIS SUPPRESSES
DEVELOPMENT OF AUTOIMMUNITY

Spontaneous production of increased levels of autoreactive
antibodies, including anti-DNA and anti-nuclear antibodies, was
detected in both FCMR-deficient strains (Table 1). Surprisingly,
the existence of these autoantibodies in FCMR-deficient mice
was insufficient to induce pathology, e.g., glomerular damage
common to lupus-like diseases. Introducing Femr deficiency onto
the autoimmune-prone B6.MRL Fas*"*" background accelerated
development of autoreactive antibodies but still had no effect on
severity of renal pathology and function or overall survival (51).
These results suggest that FCMR acts to inhibit activation of non-
pathogenic autoreactive B cells.

Absence of sIgM in Sp~'~ mice was also associated with accel-
erated development of IgG autoantibodies (48, 52, 53). Similar
to FCMR-deficient mice, both Sp~'~ strains spontaneously gener-
ated IgG anti-DNA autoantibodies (52, 53). Immune complex
deposition in the kidneys was observed in a small proportion
of mice (53). When Sp~'~ mice were bred to MRLP" mice, the
progeny exhibited accelerated development of IgG autoantibod-
ies and autoimmune disease (52). Moreover, adoptive transfer of
Sp~~ BM cells into recipient mice containing normal levels of
sIgM abrogated anti-nuclear antibody development (48). Thus,
sIgM and FCMR may negatively regulate autoimmunity through
the sigM-FCMR pathway not withstanding that sIgM may also
modulate autoimmune responses through FCMR-independent
mechanisms, such as complement fixation, immune complex
uptake, and antigen presentation (23).

In addition to the functions of FCMR in the above lupus
model, Lang et al. studied the roles of FCMR in an experimental
autoimmune encephalomyelitis (EAE) model and demonstrated
that Femr™™& mice were resistant to EAE (54). While changes
in expression of IL-17 in T cells were not observed in this report
(54), a more recent study using single cell RNA-sequencing in
isolated Th17 cells identified a strong correlation between expres-
sion of FCMR and the Th17 cytokine signature (55). Indeed,

FCMR-deficient T cells fail to produce IL-17A upon stimulation
(55). IL-17A is a critical driving cytokine for EAE (56). Thus,
FCMR may promote pathogenesis of Th17-mediated diseases.

DOES FCMR PLAY A ROLE IN
CONTROLLING INFECTION?

While sIgM has long been postulated to play an important role
as first line in defense against infectious agents (2), there are also
indications that FCMR may play a role during inflammatory
responses to infection. Honjo et al. immunized Femr™°h° mice
with a live attenuated strain of S. pneumoniae (R36A) to examine
antigen-specific immune responses against the bacterial PC and
protein determinants (32). While the FCMR-deficient mice suc-
cessfully elicited anti-PC antibody responses, they failed to gen-
erate anti-protein antibody responses (32). This result suggests
that FCMR has discrete roles in B cells (possibly coupled with
specificity of the BCR) in responding to protein and non-protein
determinants of live pathogens.

Lang et al. performed wide range analyses of the FcmrtmMak
strain infected with Listeria (36). FCMR-deficient mice were
resistant to LPS-induced septic shock and failed to control
Listeria infection. This phenotype is associated with decreased
systemic production of IFN-y, IL-12, and IL-6 in FCMR-
deficient mice (36). While most of the changes in this model
were attributed to absence of FCMR in phagocytes, including
monocytes, macrophages, and granulocytes (36), the expres-
sion of FCMR by these myeloid cells was questioned by Honjo
et al. who failed to detect expression of exon 2 of Fcmr by PCR
and protein by FACS in granulocytes (37). More recently, Lang
et al. have reported that FCMR is required for development and
function of inflammatory dendritic cells (iDCs) (57). FCMR
mutant mice were deficient for iDCs in the liver and thereby
failed to recruit and activate CD8* T cells to clear lymphocytic
choriomeningitis virus (57). Because the expression levels of
FCMR transcripts in granulocytes and DCs are about 100-
fold lower than in B cells (ImmGen database) and it remains
unknown whether infection could upregulate expression of
FCMR in granulocytes and DCs, future studies are warranted to
determine the molecular mechanisms of FCMR action in non-B
cells in response to infection.

CONCLUDING REMARKS

It is becoming broadly accepted that sIgM has protective func-
tions in defense against infection and is important for maintain-
ing tissue homeostasis. Earlier studies have revealed that sIgM
binds to infectious agents, as well as altered self-antigens, and
that sIgM-antigen complexes activate the complement cascade
and initiate inflammatory responses. The recent identification of
FCMR has provided new insights into the mechanisms of sIgM
function in vivo. While evidence of the beneficial effects of sIgM
on survival have dominated the literature, it is worth noting
that sIgM can also play pathogenic roles under certain circum-
stances. For example, natural IgM is critical for development of
inflammation and damage in a model of ischemia-reperfusion
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injury (58-61). In this case, sigM binds to damaged tissue and
activates the complement cascade causing massive inflammatory
responses. Blocking sIgM binding to modified self-antigens with
an anti-annexin IV single-chain antibody (scFv) significantly
reduced graft inflammation and injury (58). Recently, Panzer
et al. reported that injection of sIgM into B-cell-deficient pMT
mice induced albuminuria in a complement-induced glomerular
disease model (62). These observations raise a note of caution
regarding postulated application of intravenous IgM (IVIgM)
(63), a homolog of intravenous IgG (IVIg), to the treatment of
autoimmune and inflammatory diseases. More recently, Brenner
et al. reported that a FCMR-Fc fusion protein comprising the
extracellular domain of FCMR exhibited therapeutic effects by
inhibiting MOG-induced neuroinflammatory responses in an
EAE model (54). An anti-FCMR monoclonal antibody has also
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B6.Sle1.Sle2.5le3 (B6.TC) lupus-prone mice carrying the NZB allele of CdknZc,
encoding for the cyclin-dependent kinase inhibitor P18™N4 accumulate B-1a cells due
to a higher rate of proliferative self-renewal. However, it is unclear whether this affects
primarily early-appearing B-1a cells of fetal origin or later-appearing B-1a cells that
emerge from bone marrow. B-1a cells are the major source of natural autoantibodies,
and it has been shown that their protective nature is associated with a germline-like
sequence, which is characterized by few N-nucleotide insertions and a repertoire
skewed toward rearrangements predominated during fetal life, V411 and Vu12. To
determine the nature of B-1a cells expanded in B6.TC mice, we amplified immuno-
globulin genes by PCR from single cells in mice. Sequencing showed a significantly
higher proportion of B-1a cell antibodies that display fewer N-additions in B6.TC mice
than in B6 control mice. Following this lower number of N-insertions within the CDR-H3
region, the B6.TC B-1a cells display shorter CDR-H3 length than B6 B-1a cells. The
absence of N-additions is a surrogate for fetal origin, as TdT expression starts after
birth in mice. Therefore, our results suggest that the B-1a cell population is not only
expanded in autoimmune B6.TC mice but also qualitatively different with the majority
of cells from fetal origin. Accordingly, our sequencing results also demonstrated the
overuse of Vy11 and Vy12 in autoimmune B6.TC mice as compared to B6 controls.
These results suggest that the development of lupus autoantibodies in these mice is
coupled with skewing of the B-1a cell repertoire and possible retention of protective
natural antibodies.

Keywords: B cells, B-1 cells, autoimmunity, lupus erythematosus, systemic, repertoire analysis, mouse model,
natural antibodies

INTRODUCTION

Murine B-1a cells are a unique B-lymphocyte lineage characterized by phenotypic, functional, and
ontologic characteristics (1, 2). B-1a cells are defined by surface marker expression of IgM"IgD"C
D45R°CD5*CD43*CD19" and are found in the peritoneal cavity, spleen, and bone marrow (3, 4).
Functionally, B-1a cells exhibit unique signaling characteristics (4-6), are potent antigen-presenting
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cells (7), and spontaneously produce 80-90% of natural serum
IgM in mice (8). Natural IgM is non-immune, low-affinity
immunoglobulin (Ig) that is both polyreactive and autoreactive.
It functions in infection, atherosclerosis, B cell homeostasis,
inflammation, and autoimmunity [reviewed in Ref. (9)]. Minimal
N-region addition contributes to the germline-like nature of
natural IgM. Furthermore, natural IgM manifests biased variable
heavy chain (VH) gene usage in favor of Vy11 and V12, which
are specific for phosphatidylcholine (PtC), a major component of
cell membrane phospholipids (3, 10-13). This unique germline
structure of natural IgM is established during the early fetal and
neonatal development of B-1a cells (8).

The polyreactive nature of natural IgM provides initial
defense against both bacterial and viral pathogens, which
affords the organism protection during the period preceding
generation of high-affinity antigen-specific antibodies produced
by germinal center B-2 cells (3, 4, 14-17). The autoreactive
quality of natural IgM has been shown to aid in the elimination
of excess autoantigens through the removal of apoptotic cells
and noxious molecular debris, thereby maintaining homeo-
stasis and preventing inflammation (9, 18). These autoreactive
natural antibodies are often directed against cell membrane
components, such as PtC and phosphorylcholine (PC), which
is the polar head group of PtC and is a major microbial cell wall
determinant (19). Interestingly, such components are closely
related to those also present on pathogens, which suggest that
the natural autoreactive repertoire also react with common
pathogens (20).

While this cross-reactivity of natural autoreactive antibodies
with pathogens is beneficial, it highlights the importance of regu-
lating B-1a cell expansion. Accumulation of B-1a cells has been
shown in the NZM2410 (NZB X NZW F,; hybrid) mouse model
of systemic lupus erythematosus (SLE) (21, 22). However, the
role of B-1a cells in lupus is still unclear (23). Some studies have
demonstrated a role for B-1a cells via production of IL-10 (22),
increase in antigen presentation (22), or with overexpression of
osteopontin, resulting in expansion of B-1a cells and increased
anti-dsDNA antibody production (24). In other models, however,
B-1a cells do not contribute to disease (25, 26).

The expansion of B-1a cells in the NZM2410 model was traced
to the Sle2cI lupus susceptibility locus, which contains Ckdn2c
(27, 28). The Ckdn2c gene encodes for p18™¥, which is a cyclin-
dependent kinase inhibitor that controls progression through
GI of the cell cycle (28). These studies demonstrated that the
expansion of B-1a cells is intrinsic. B6.Sle2cI B-1a cells showed
increased proliferation at rest, as well as increased resistance to
cell death. In addition, B-1a cell reconstitution from fetal liver,
adult bone marrow, and adult spleen was higher in B6.Sle2cI than
in control C57/BL6 (B6) mice following lethal irradiation (21).
Furthermore, comparison of p18~~ mice with B6.Sle2cI mice
demonstrated that both produced autoantibodies; however, the
amount produced by p18~~ mice was greater. This demonstrates
that the control of the B-1a cell population depends on the amount
of p18. B6.Sle2cI mouse B cells have fourfold less Ckdn2c than
normal mice, whereas p18~~ mice completely lack Ckdn2c (28).
Together, these results demonstrate an important role for p18
in B-la cell numbers, which in turn affects the production of

autoantibodies and development of autoimmunity. However, the
origin of B-1a cell expansion in B6.TC, B6.Slecl, and p18~'~ mice
could be due to an increase in proliferation of early-appearing
fetal-derived B-la cells or heightened production of later-
appearing bone marrow-derived B-1a cells. As the repertoires of
early- and later-appearing B-1a cells differ, these two possibilities
can be distinguished. Herein, we investigated whether significant
changes to the natural IgM repertoire occur in triple congenic
B6.Slel.Sle2.Sle3 (B6.TC) lupus-prone mice. These mice carry the
Sle2c1 locus that drives B-1a cell expansion and present clinical
autoimmune pathology that has been described for the NZM2410
pathology (29). B6.TC mice carry the NZM2410 susceptibility loci
on a B6 genetic background (>95%) that includes both heavy and
light immunoglobulin chains, which allow to directly compare the
lupus-prone B6.TC mice to the control B6 mice. Specifically, we
found that the expansion of B-1a cells in B6.TC mice is associated
with repertoire skewing toward Vu11 and Vy12 usage.

MATERIALS AND METHODS

Mice

B6NZM-SZ€1 NZMZ41O/AegSIEZNZM241O/AegSle3NZM2410/Aeg/LmOI (B6TC)
congenic mice have been previously described (29). B6.TC lupus-
prone and C57BL6/] (B6) control mice were cared for and handled
in accordance with National Institutes of Health and institutional
guidelines.

Single-Cell Sequencing and Analysis
Peritoneal washout cells were obtained from 8-week-old wild-type
B6 mice and 8-week-old B6.TC mice (two each). The cells were
stained with fluorescence-labeled antibodies to CD45R/B220
(clone RA3-6B2), CD5 (clone 53-7.3), and CD23 (clone B3B4)
(BD Biosciences). B-1a cells (CD45R"°/CD5*/CD23~) were then
purified using an Influx cell sorter (BD Biosciences). Post-sort
reanalysis of B cell populations showed them to be >98% pure.
Peritoneal B-1a cells were sorted into a 96-well plate containing
20 pl of lysis buffer per well (dH,O, RNase Out, 5x SuperScript III
Buffer, DTT, IgePAL, and Carrier RNA). Reverse transcription
was performed (42°C - 10 min, 25°C - 10 min, 50°C - 60 min,
94°C - 5 min, hold at 4°C) after addition of random hexamers,
dANTP mix, and SuperScript I reverse transcriptase. Semi-nested
PCR was performed using the cDNA diluted 1:1. Using Qiagen’s
HotStart Taq Plus, 2.5 pl of cDNA was used for the first PCR
reaction with previously described primers (30). The product
from this first PCR reaction was then diluted 1:100 and 2 pl of
the diluted product was added to the second PCR reaction. The
products were purified and then sequenced (Genewiz) using the
forward primer. Sequences were then analyzed using an online
sequence analysis tool for VD] sequences (IMGT, the interna-
tional ImMunoGeneTics information system).

Statistics

Comparisons were conducted between the pooled B6.TC and B6
sequences and the two strains using Graphpad Prism 6.0 with
two-tailed tests, as indicated in the figure legends.
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RESULTS

Lupus-Prone Triple Congenic Mice Display
an Increase in Duplicate Sequences

The B-1a cell repertoire of B6.TC mice was compared to control
B6 mice. Repertoire analysis was performed by PCR amplifica-
tion of the VyDJu region from individual peritoneal B-1a cells,
which were previously shown to accumulate in B6.TC mice
(21, 28). Interestingly, the B-1a cells from B6.TC mice had a
significantly larger number of IgM sequences with identical
Vi, Du, and Ju segments as well as identical CDR3 regions
than B6 mice (Table 1, B6.TC: 108 out of 146 total sequences;
B6: 50 out of 105 total sequences; p = 0.0335, Mann-Whitney
test). As stated in previously published work (30), it cannot be
determined whether these sequences containing identical Vg,
Dy, Ju, and CDR3 regions result from a single clonal expansion
or from analysis of independent cells with identical rearrange-
ments. Therefore, we will refer to such sequences as duplicate
sequences instead of clones. Furthermore, Vy usage within
the duplicate sequences differed significantly between B6 and
B6.TC mice. As shown in Table 1, the duplicate sequences
with the highest frequency in B6 mice utilized Vu1-55 (58%),
whereas the most frequent duplicate sequences in B6.TC mice
utilized Vull and Vul2 (43 and 46%, respectively). While
both Vyl1 and Vyu12 utilization (20 and 8%, respectively) was
observed in B6 mice, this percentage of duplicate sequences
was significantly less than that seen in B6.TC mice (Figure 1).
These results suggest that the accumulation of peritoneal B-1a
cells seen in B6.TC mice might be influenced by autoantigen
since there is an expansion of B-1a cells utilizing Vu11 and

Vul2, which are specific for PtC, a major component of cell
membrane phospholipids.

V—-Du—-Ju Usage Shows Differences
between B6 and B6.TC Mouse Repertoires

For analysis of Vi, Dy, and Ju usage, we evaluated the repertoire
in two ways. First, we analyzed only sequences with unique CDR-
H3 regions by removing all duplicate sequences. In the second
method, we analyzed all sequences, which included the duplicate
sequences.

When analyzing only sequences with unique CDR-H3 regions,
we found overall similarity in Dy and Ji usage with only one major
significant difference in Vy usage. Among Vy gene segments, Vil
was expressed significantly less frequently by B6.TC B-1a cells
(26%) as compared to B6 B-1a cells (48%) (p = 0.0034, chi-square
test) (Figure 2A).

We found numerous differences in Vu-Du-Ju usage when
analyzing all sequences, including the duplicate sequences
(Figure 2B). Vyl and Vu5 were expressed significantly less
frequently by B6.TC B-1a cells (10 and 3%, respectively), as
compared to B6 B-1a cells (55 and 9%, respectively) (p < 0.0001
and p = 0.0397, chi-square test). Conversely, V1l and Vy12
were utilized significantly more frequently by B6.TC B-la
cells (35 and 34%, respectively), as compared to B6 B-1a cells
(11 and 10%, respectively) (p < 0.0001 and p < 0.0001, chi-square
test). Among Dy gene segments, no difference was observed
for the unique sequences between strains (Figure 3A). When
all sequences were compared, DFL16.1 was expressed less fre-
quently, and DSP was expressed more frequently by B6.TC B-1a

TABLE 1 | Duplicate sequences.

Sample CDR3 AA sequence VH DH JH Number of duplicate sequences Percent of duplicates
B6 AGDSHGYWYFDV IGHV12-3*01 IGHD1-1*02 IGHJ1*03 2

AGDVTGYWYFDV IGHV12-3"01 IGHD4-1*01 IGHJ1*02 2

ARFYYYGSSYAMDY IGHV1-55"01 IGHD1-1*01 IGHJ4*01 7

ARRDYGSSYWYFDV IGHV1-55"01 IGHD1-1*01 IGHJ1*02 22

ARHYYGSSYYFDY IGHV5-6*01 IGHD1-1*01 IGHJ2*01 4

MRYGNYWYFDV IGHV11-201 IGHD2-1*01 IGHJ1*03 7

MRYSNYWYFDV IGHV11-2"01 IGHD2-5*01 IGHJ1*03 3

TREDYYYYGSSYYAMDY IGHV5-9-1*02 IGHD1-1*01 IGHJ4*01 3

50 48

B6.TC AGDNDGYWYFDV IGHV12-3"01 IGHD2-3*01 IGHJ1*03 3

AGDNDGYYGFAY IGHV12-3"01 IGHD2-3*01 IGHJ3*01 2

AGDYDGYWYFDV IGHV12-3*01 IGHD2-3*01 IGHJ1*03 37

AGDYYGYWYFDV IGHV12-3"01 IGHD1-1*02 IGHJ1*03 4

ARDYYGSSHYFDY IGHV1-8201 IGHD1-1*01 IGHJ2*01 2

ARELIYYGNYGYFDV IGHV1-72"01 IGHD2-1*01 IGHJ1*03 2

ARPYYSNYYAMDY IGHV2-9-1*01 IGHD2-5*01 IGHJ4*01 2

ARYYYGSSYAMDY IGHV7-3"01 IGHD1-1*01 IGHJ4*01 2

MRYGNYWYFDV IGHV11-2"01 IGHD2-1*01 IGHJ1*03 39

MRYGSSYWYFDV IGHV11-2*01 IGHD1-1*01 IGHJ1*03 3

MRYSNYWYFDV IGHV11-2*01 IGHD2-5"01 IGHJ1*03 8

TRTSGYFDY IGHV6-6"01 IGHD1-3*01 IGHJ2*01 2

VRHYGSSYFDY IGHV10-1*01 IGHD1-1*01 IGHJ2*01 2

108 74

Peritoneal B-1a cells were single-cell sorted from 8-week-old C57BL/6 mice (B6) and B6.Sle1.Sle2.Sle3 (triple congenic, B6.TC) lupus-prone mice. IgM was amplified and sequenced
as detailed in the Section “Materials and Methods.” Sequencing analysis revealed a number of sequences with identical CDR-H3 regions, which we refer to as duplicate sequences.
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FIGURE 1 | Percent of V411 and V412 representation. Peritoneal B-1a
cells were single-cell sorted from 8-week-old B6 control mice and B6.TC
lupus-prone mice. IgM was amplified and sequenced as detailed in the
Section “Materials and Methods.” The percent of sequences that utilized
Vu11 and V412 are shown for all unique sequences (left, B6 n = 62; B6.TC

n = 47), and all sequences obtained, including the duplicates (right, B6

n =105; B6.TC n = 146). Statistical analysis was performed using chi-square
analysis (2 x 2 using the VH of interest and all others as the two categories),
VH11/VH12 with duplicate sequences ***p < 0.0001.

cells (17 and 74%, respectively) as compared to B6 B-1a cells (54
and 32%, respectively) (p < 0.0001 and p < 0.0001, chi-square
test) (Figure 3B). As for Ju segments, no difference was observed
between strains among Ju gene segments in unique sequences
(Figure 4A). However, when all sequences were compared, Jul
was expressed more frequently (74%) (p < 0.0001), and Ju2 and
Jud were expressed less frequently (11 and 8%, respectively)
(p = 0.0293 and p < 0.0001, respectively) by B6.TC B-1a cells
as compared to B6 B-la cells (45, 21, and 28%, respectively)
(Figure 4B). Thus, distinct Vu, Dy, and Ju gene segment usage
separated B6.TC from B6 peritoneal B-1a cellsacrossall sequences.

The B-1a Cell Repertoire Is Less Diverse

in B6.TC Mice as Compared to B6 Mice

N-region addition provides diversity to the CDR-H3 region of
antibodies via random insertion of nucleotides at the V-D and
D-Jjunctions by the enzyme TdT. It is well-documented that peri-
toneal B-1a cells have limited N-addition due to the lack of TdT
expression during fetal development (31). Weanalyzed N-addition
at the D-J and V-D junctions and determined CDR3 length. No
significant differences were found when analyzing sequences with
only unique CDR-H3 regions (Table 2). In contrast, analysis of
all sequences, including the duplicates, demonstrated significant
differences between B-1a cells from B6.TC and B6 mice. We
found that the number of N-additions at the D-J or V-D junc-
tions of B6.TC B-1a cells was significantly less than B6 B-1a cells
(p < 0.0001 and p = 0.0120, respectively) (Table 2). B6.TC B-1a
cells were also found to contain significantly fewer N-additions
when analyzing the sum of the two junctions as compared to B6

B-1a cells (p < 0.0001). We further examined CDR-H3 length
and found, consistent with the differences in N-addition between
B6.TC and B6 B-1la cells, the average CDR-H3 lengths differed
significantly when analyzing all sequences (p = 0.0044), but did
not differ when analyzing only sequences with unique CDR-H3
regions (Table 2). These results demonstrate that the B6.TC B-1a
cell population expresses immunoglobulin that is less diverse due
to fewer N-region additions as compared to the B6 peritoneal
B-1a cell population.

We then focused the analysis of N-addition on sequences
utilizing Vull and Vul2, which are overrepresented in the
B6.TC B-1a cells when considering all sequences, including the
duplicate sequences. Interestingly, the number of B6.TC B-1a cell
sequences lacking N-additions at both junctions in cells utilizing
Vill and V412 (98 and 100%, respectively) was significantly
different than B6 B-1a cell sequences (92 and 10%, respectively)
(p = 0.0381 and p < 0.0001, respectively, by chi-square test),
particularly with respect to Vu12, although the number of B6
Vul1l/Vyul2 sequences was small (n = 12/n = 10). These results
are summarized in Figure 5.

CDR-H3s Are More Charged in B6.TC than
B6 B-1a Cells

Autoreactive antibodies, and in particular anti-dsDNA antibodies,
are often enriched for charged amino acids in their CDR-H3 loop
region (32-34). This region normally contains neutral, hydrophilic
amino acids, which is due partly to usage of certain Dy and Ju
sequences and use of the D reading frame I (32, 35). Amino acid
changes within the loop region are also affected by N-region inser-
tions (32). Upon evaluation of B6.TC B-1a cell CDR-H3 charge,
we found that the average charge was increased in B6.TC B-1a cells
(=0.213) over B6 B-1acells (—0.142); however, this difference did not
reach significance in the analysis of unique sequences (Figure 6A).
When analyzing all sequences (including the duplicates), again
the average charge of the CDR-H3 loop region was increased in
B6.TC B-1a cells (—0.298) over B6 B-1a cells (—0.201) (p = 0.0015)
(Figure 6B). Furthermore, comparing the average charge of the
CDR-H3 loop region of B-1a cells utilizing Vi1l and V12 also
demonstrated a greater charge in B6.TC B-1a cells (—0.362) than
B6 B-1a cells (—0.290) (p = 0.0197) (Figure 6C). These results cor-
relate with the differences observed in N-region addition between
B6.TC and B6 B-1a cells utilizing Vi11 and Vy12.

DISCUSSION

Primary repertoire analysis of B-1a cells from 8-week-old B6.Slel.
Sle2.Sle3 (B6.TC) lupus-prone mice demonstrated a large number
of sequences that express identical CDR-H3 regions as compared
to B-1a cells from healthy 8-week-old C57BL/6 (B6). This analysis
demonstrates a significant increase in identical Vi, Dy, Ju usage in
B6.TC mice. Although it is not possible to determine whether the
duplicate sequences observed herein result from a single clonal
expansion or from analysis of multiple cells with identical rear-
rangements, it has been well-documented over the years that B-1
cells have a limited repertoire (11, 14, 36-38), can undergo clonal
expansion (39-42), and are self-replenishing (8). Therefore, these
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FIGURE 2 | Vy analysis of IgM from C57BL/6 and triple congenic peritoneal B-1a cells. Immunoglobulins were amplified by PCR from single-cell sorted
peritoneal B-1a cells obtained from B6 and B6.TC mice and evaluated for the variable (V) segment heavy chain usage. The percent of cells (sequences) expressing
the V segment usage is displayed. Chi-squared test was used to determine significance. (A) Analysis of sequences with only unique CDR-H3 regions (B6, n = 62;
B6.TC n = 47). (B) Analysis of all sequences obtained, including the duplicate sequences (B6, n = 105; B6.TC n = 146).
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duplicate sequences are most likely due to expansion of single
B-1a cells. Further analysis, including the duplicate sequences,
reveals that the B6.TC B-1a cell repertoire displays early fetal/
neonatal-like characteristics, which consists of an increase in use
of Jul [Figure 4B; Ref. (43)], few N-additions at both the V-D and
D-J junctions, and a shorter average CDR-H3 length (Table 2). In
addition, the B6.TC repertoire overused V11 and V12 as com-
pared to B6 (Figures 1 and 2). Interestingly, Vu11 and V12 rear-
rangements are utilized almost exclusively by B-1a cells and target
the cell membrane component PtC (19). Studies have shown V11
in particular is a Vu gene utilized during fetal development but
not during adult development (44, 45). More recently, Yang et al.
have shown overuse of Vi;11 in the normal healthy peritoneal B-1a
cell pool (38). Our results demonstrate the most common CDR3
in peritoneal B-1a cells from our normal healthy 2-month old B6
mice is ARRDYGSSYWYFDV (Vyl1-55, Dul-1, Jul). Examining

Yang et al's most common CDR3 in peritoneal B-1a cells from their
normal healthy 2-month old B6 mice, it is ARFYYYGSSYAMDY,
(Vul1-55, Dyl-1, Ju4), which does not share the exact same CDR3
as ours but does share the same Vi and Dy region. Our second
most common CDR3 sequences (two are tied for second place)
are identical to Yang et al's first and second most common CDR3
sequences ARFYYYGSSYAMDY and MRYGNYWYFDV (Vyll-
2, D2-8, Jul), respectively. The rank order of the sequences we
identified is very similar to that of Yang et al. with only minor
differences. Together, these results indicate that the B-la cell
repertoire in B6.TC mice reflects fetal rearrangements to a much
greater extent than the B6 B-1a cell repertoire.

The mechanism for this selection toward fetal rearrangements
in B6.TC mice is unknown; however, it can be speculated that
the Sle2cI lupus susceptibility locus, which contains Ckdn2c
and results in less p18 expression, could lead to a difference in
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expansion of B-la cells with different BCR signaling require-
ments. It is possible the Vi1l and Vyl12 specificities require a
different level of BCR signaling, which the reduced level of p18
might provide, thereby allowing for increased proliferation of
Vull and Vu12 expressing B-1a cells. In this view, Ckdn2c does
not encode B-1a cell expansion on its own but does so in collabo-
ration with BCR signals of requisite intensity. Our data suggest
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FIGURE 3 | Dy analysis of IgM from C57BL/6 and triple congenic
mouse peritoneal B-1a cells. Immunoglobulins were amplified by PCR
from single-cell sorted peritoneal B-1a cells obtained from B6 and B6.TC
mice and evaluated for the diversity (D) segment heavy chain usage. The
percent of cells (sequences) expressing the D segment usage is displayed.
Chi-squared test was used to determine significance. (A) Analysis of
sequences with only unique CDR-H3 regions (B6, n = 62; B6.TC n = 47).
(B) Analysis of all sequences obtained, including the duplicate sequences
(B6, n = 105; B6.TC n = 146).

that such signals might be provided by self-antigen binding of
PtC-specific immunoglobulins in preference to other elements
of the B-1a cell repertoire.

Various studies have shown that B-1la cell-derived natural
IgM provides protection against not only infection but also
autoimmunity (9, 18, 46). The role of IgM in protection against
autoimmunity was recently demonstrated in a mouse model
lacking secretory IgM. This study demonstrated that natural IgM
is required to control the accumulation of autoantibodies via its
ability to regulate B cell development and selection (46). In mice
lacking secretory IgM, the number of peritoneal B-1a cells was
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FIGURE 4 | Jy analysis of IgM from C57BL/6 and triple congenic
mouse peritoneal B-1a cells. Immunoglobulins were amplified by PCR
from single-cell sorted peritoneal B-1a cells obtained from B6 and B6.TC
mice and evaluated for the junction (J) segment heavy chain usage. The
percent of cells (sequences) expressing the J segment usage is displayed.
Chi-squared test was used to determine significance. (A) Analysis of
sequences with only unique CDR-H3 regions (B6, n = 62; B6.TC n = 47).
(B) Analysis of all sequences obtained, including the duplicate sequences
(B6, n=105; B6.TC n = 146).

TABLE 2 | N-region addition and CDR3 length analysis of IgM from C57BL/6 and triple congenic mouse peritoneal B-1a cells.

CDR-H3 length vV-D D-J Sum
B6 11.9 (+0.295) 1.74 (+0.265) 0.89 (+0.203) 2.63 (+0.338)
B6.TC 12.0 (+0.680) 1.57 (x0.322) 2.34 (+1.81) 3.92 (+1.80)
With duplicate sequences CDR-H3 length V-D D-J Sum
B6 12.5 (+0.208) 2.07 (+0.215) 0.533 (+0.127) 2.60 (+0.244)
B6.TC 11.7 (+0.224) 0.63 (+0.129) 0.329 (+0.148) 0.959 (+0.204)

Immunoglobulins were amplified by PCR from single-cell sorted peritoneal B-1a cells obtained from B6 and B6.TC mice and evaluated for N-region additions and CDR3 lengths.
The average number of N-additions at each junction or sum of the two junctions is displayed (= SEM).
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D-J junction (n=49) significantly more skewed toward Vi11 and V12 than control B6
mice (Figures 1 and 2). Together, these studies raise the question
21 0% 0% as to why the B6.TC mice are not protected against autoimmun-
ity if they have an expansion of B-1a cells producing protective
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FIGURE 5 | N-region addition analysis of IgM from C57BL/6 and triple
congenic mouse peritoneal B-1a cells utilizing V411 and Vu12.
Immunoglobulins were amplified by PCR from single-cell sorted peritoneal B-1a
cells obtained from B6 and B6.TC mice and evaluated for N-region additions.
The percent of sequences with 0 N-additions at both junctions, one or more
N-additions at both junctions, O N-additions at V-D and one or more at D-J
junctions, or O N-additions at D-J and one or more at V-D junctions is shown.
(A) N-addition analysis of B-1a cells utilizing Vy11 (B6 n = 12; B6.TC n = 51).
(B) N-addition analysis of B-1a cells utilizing V12 (B6 n = 10; B6.TC n = 49).

significantly decreased and of the B-1a cells present, there was lit-
tle Vi11 expression, which correlated with a lack of PtC-binding
B-1a cells (46). These findings would seem to be at odds with
previous studies demonstrating that mice with the Sle2cI lupus

natural IgM. As demonstrated by Nguyen et al., selection of the
B cell repertoire is affected by the presence of IgM (46). Herein, we
demonstrate the expanded B-1a cells in mice carrying the Sle2c1
lupus susceptibility locus are skewed toward a different specificity
than control B6 mice. Together, these studies suggest that altering
the pool of natural IgM disrupts the balance of antibodies, which
enable selection of a healthy non-autoreactive repertoire. In other
words, alteration of the natural IgM repertoire in the TC.B6 mice
could then lead to selection of an autoreactive repertoire instead
of a non-autoreactive repertoire, despite natural IgM being pre-
sent. Furthermore, the role of B-1a cells in autoimmunity may not
be limited to the antibodies they produce. B-1a cells have been
shown to be potent antigen-presenting cells, which could also
contribute to autoimmunity (7, 47, 48). In addition, B-1a cells
have immunoregulatory functions through the secretion of IL-10
(49), ability to produce adenosine (50, 51), and ability to class
switch in sites of inflammation (52).

The greater expansion/overuse of Vu11 and Vu12 might not
help in the regulation of autoimmunity; however, it might afford
increased protection from sepsis. It has been shown that the mice
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lacking secretory IgM are more susceptible to sepsis induced by
cecal ligation and puncture (53). Interestingly, these mice could
be rescued by injection of anti-PtC antibody, but not anti-PC
antibody (53). Future studies could provide insight into whether
the B6.TC lupus-prone mice might be more protected against
bacterial sepsis. Such resistance to bacteria has been shown for
mice with the Sle3 lupus susceptibility locus (54); however, a role
for B cells in such resistance has yet to be investigated.

The results presented herein demonstrate that the available
B-1a cell repertoire present in 8-week-old B6.TC lupus-prone
mice is more characteristic of an early fetal/neonatal B cell
repertoire than that of B-1a cells from healthy aged-matched B6
mice. Thus, B6.TC-enhanced B-1a cell expansion is established
early on and affects developing B-1a cells in a BCR-specific man-
ner. Nonetheless, further analysis is required to determine the
mechanism of B-1a cell expansion, and in particular, whether
certain BCR specificities have a growth advantage in B6.TC
mice. Overall, our results together with previous studies suggest
the development of natural IgM that is protective against both
bacterial infections and autoimmunity might require a balance of
repertoire specificities. Previously published studies suggest this
balance is greatly influenced by the IgM repertoire present (46).
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Natural IgM Anti-Leucocyte
Autoantibodies in Health and Disease

Peter Isaac Lobo*

Department of Internal Medicine, Division of Nephrology, Center of Immunology, Inflammation and Regenerative Medicine,
University of Virginia Health Center, Charlottesville, VA, USA

We review how polyreactive natural IgM autoantibodies (IgM-NAA) protect the host from
invading micro-organisms and host neo-antigens that are constantly being produced
by oxidation mechanisms and cell apoptosis. Second, we discuss how IgM-NAA and
IgM anti-leukocyte antibodies (IgM-ALA) inhibits autoimmune inflammation by anti-
idiotypic mechanisms, enhancing removal of apoptotic cells, masking neo-antigens, and
regulating the function of dendritic cells (DC) and effector cells. Third, we review how
natural IgM prevents autoimmune disorders arising from pathogenic IgG autoantibodies,
triggered by genetic mechanisms (e.g., SLE) or micro-organisms, as well as by autore-
active B and T cells that have escaped tolerance mechanisms. Studies in IgM knockout
mice have clearly demonstrated that regulatory B and T cells require IgM to effectively
regulate inflammation mediated by innate, adaptive, and autoimmune mechanisms. It is,
therefore, not surprising why the host positively selects such autoreactive B1 cells that
generate IgM-NAA, which are also evolutionarily conserved. Fourth, we show that IgM-
ALA levels and their repertoire can vary in normal humans and disease states and this
variation may partly explain the observed differences in the inflammatory response after
infection, ischemic injury, or after a transplant. We also show how protective IgM-NAA
can be rendered pathogenic under non-physiological conditions. We also review 1gG-
NAA that are more abundant than IgM-NAA in plasma. However, we need to understand
if the (Fab)? region of IgG-NAA has physiological relevance in non-disease states, as
in plasma, their functional activity is blocked by IgM-NAA having anti-idiotypic activity.
Some IgG-NAA are produced by B2 cells that have escaped tolerance mechanisms and
we show how such pathogenic IgG-NAA are regulated to prevent autoimmune disease.
The Fc region of IgG-NAA can influence inflammation and B cell function in vivo by
binding to activating and inhibitory FcyR. IgM-NAA has therapeutic potential. Polyclonal
IgM infusions can be used to abrogate on-going inflammation. Additionally, inflammation
arising after ischemic kidney injury, e.g., during high-risk elective cardiac surgery or after
allograft transplantation, can be prevented by pre-emptively infusing polyclonal IgM or
DC pretreated ex vivo with IgM or by increasing in vivo IgM with a vaccine approach. Cell
therapy is appealing as less IgM will be required.

Keywords: natural IgG autoantibodies, natural IgM autoantibodies, natural autoantibodies, natural IgM anti-

leukocyte antibodies, allograft rejection, TH-17, renal IRI, autoimmune insulitis, regulation of co-stimulatory
receptors, regulatory dendritic cells
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INTRODUCTION

The study of natural IgM autoantibodies (IgM-NAA) has given
us a good insight on how nature, by creating polyreactive pen-
tavalent antibodies, has accomplished a difficult task of trying to
protect the host from both diverse foreign pathogens and from
diverse self neo-antigens that are constantly produced within
the host. Poly-reactivity with low binding affinity, but with high
avidity, has enabled these IgM-NAA-producing B cell clones to be
rapidly activated by a foreign or an auto neo-antigen for deploy-
ing protective mechanisms to the host. Such a response provides
time for the adaptive immune system to mount a highly specific
immune response to foreign antigens and, in addition, lessens the
burden on the host to maintain diverse B cell clones producing
highly specific IgG auto-antibodies, which has the potential of
causing autoimmune disease owing to their high-affinity binding.
Second, since both foreign and self neo-antigens can induce an
inflammatory response, these IgM-NAA have taken over another
task of subduing an excessive inflammatory response that can
injure the host. This regulation of inflammatory cells without
damage is made possible by the low binding affinity of IgM-
ALA to live leukocytes, combined with its inability to effectively
activate the lytic component of complement at body temperature
(37°C). Hence, it is not surprising why these IgM-NAA antibod-
ies, which first arose in cartilaginous fish, have been conserved
during evolution [reviewed in Ref. (1)] and why IgM-NAA makes
up about 70-80% of circulating IgM (2, 3). Additionally, some
studies have shown that the binding of natural IgM to autologous
receptors is also evolutionarily conserved among mammalian
species as human IgM has the same functional effect as murine
IgM on murine cells in vitro or when used in vivo in mice (4-6).

Natural autoantibodies of different isotypes have been inten-
sively studied during the last 40 years (7-17). These autoantibod-
ies have been termed “natural antibodies” as they are produced
at birth in the absence of exposure to foreign antigens. The full
repertoire of NAA develops by early childhood. In mice, NAA are
predominantly produced by the CD5+ B1 cells, while marginal-
zone splenic B (MZB) cells contribute the remainder. These Bl
cells produce predominantly IgM, IgA, and IgG3 autoantibodies
(18, 19), independently of T cell help, and exhibit an enhanced
response to innate immune signals, such as TLR agonist. Hence,
B1 and MZB cells differ from B2 cells in that the response of these
cells in vivo is rapid and can be driven by TLR agonists inde-
pendently of antigen binding to their BCR (20-23). Additionally,
there are data to indicate that autoantibody-producing B1 cells,
unlike self-reactive T cells, are positively selected for their self-
reactivity, thus implying that NAA are conserved by design
(24-27). Further support for their importance comes from stud-
ies in chimeric mice demonstrating that IgM-NAA comprise the
majority of circulating IgM (2, 3). Most cross-sectional studies in
humans and rodents would indicate that IgM-NAA decrease with
age (28-31) or lose their effectiveness with age (32) except for one
report where follow-up of five healthy individuals for 25 years
revealed no change in IgM-NAA levels (33). However, IgG-NAA
can increase (34) but do not decrease with age (35, 36).

Innately produced natural IgM-NAA should not be confused
with immune IgM and IgG that are produced several days later

after exposure to foreign antigens or pathogens. Such immune
IgM and IgG are not natural autoantibodies and in general are
antigen specific and are produced by B2 cells that require antigen
binding to BcR and additional T cell help to generate anti-protein
antibodies. However, production of immune IgM is limited as
these IgM secreting B2 cells migrate to B cell follicles, where with
the help of T cells, these B2 cells undergo isotype switching and
somatic hyper-mutation, thus generating long-lived memory
B cells and differentiating into plasma cells that produce IgG
antibodies with high-affinity binding.

The human equivalent of the murine CD5+ B1 subset has
been recently identified and characterized. This CD20+ CD43+
CD27+ human B1 subset that can spontaneously secrete antibody
represents about 50% of umbilical cord B cells and 15-20% of
circulating adult B cells, and is the predominant source of human
IgM-NAA (29). In humans, CD5 is not a specific marker of B1 as
this marker is expressed by both B1 and B2 cells. Similarly, CD43
and CD27 are not specific markers for human B1 as about 20% of
CD43+ CD 27+ B cells have characteristics of pre-plasmablasts
that are derived from T-dependent B cells present in germinal
centers (37, 38). Human IgM-NAA are also polyreactive and
bind similar autoantigens as in mice, including oxidized neo-
determinants and leukocyte receptors (4, 39-41).

IgM-NAA, IgG-NAA, and Pathogenic

IgG Autoantibodies

One physiological role of NAA is to protect the host from patho-
genic IgG autoantibodies. We will, therefore, briefly describe
the biology of natural IgM and IgG-NAA and pathogenic IgG
autoantibodies in health and disease and then discuss the dif-
ferent mechanisms used by NAA to counter pathogenic IgG. B1
cells have been shown to secrete IgM, IgA, and IgG3-NAA that
are encoded by minimally or non-mutated germ line genes that
are enriched for heavy chain variable region rearrangements and
with H-L pairings that allow for poly-reactivity (18, 19). NAA
generated by B1 cells rarely undergo isotype switching or somatic
hyper-mutation to acquire antigen specificity. IgA in the gut is
predominantly produced by B1 cells present in the gut lymphoid
tissue but there is increasing evidence to show that B2 cells can
also participate in gut mucosal immunity and this could account
for the observed somatic hyper-mutation and antigen specificity
of gut mucosal IgA (42-46).

Natural IgM Autoantibodies

In mice, the majority of IgM-NAA are produced by splenic B1 and
MZB cells (47-49). B1 and MZB cells, such as memory B cells,
express CD27 and spontaneously produce IgM, but IgM produc-
tion can also be increased by TLR activation [e.g., lipopolysac-
charide (LPS)] or via the BCR in response to pathogens. Normal
levels of IgM-NAA are present at birth even under germ-free con-
ditions and in nude mice, indicating that IgM-NAA production
is not dependent on exposure to foreign antigens, TLR or T cell
activation (50). IgM-NAA repertoire is shaped by T-independent
antigen activation, especially of MZB cells (51, 52). An important
characteristic of these antibodies is their low binding affinity (53).
It is possible that the membrane expressed IgM or BCR of B1 and
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MZB cells producing NAA also exhibit low binding affinity and
perhaps this latter characteristic may be involved in preventing
autoreactive B1 cells from being deleted or undergoing negative
selection. There are data to show that autoreactive B1 cells are
positively selected and this process requires both the autoantigen
and the relevant BCR (24-27). The need to positively select B1
cells secreting IgM-NAA would indicate that these antibodies
have an important physiological role that will be reviewed later.

Natural IgM autoantibodies have been shown to be polyclonal
with clones having specificity for some, but not all self-antigens, i.e.,
certain common epitopes present on phylogenetically conserved
self-antigens. Some of these IgM clones with reactivity to self-
antigens have been identified, e.g., IgM clones with specificity for
leukocyte receptors [IgM anti-leukocyte antibodies (IgM-ALA)]
(4, 39), Fc domain of IgG (rheumatoid factor) (14, 15), comple-
ment components (17), collagen, thyroglobulin, intracellular con-
stituents, such as cytoskeletal proteins, cytosolic enzymes, dsDNA,
or nucleosomes, neutrophil cytoplasmic enzymes (ANCA) (50,
54) and oxidized neo-determinants [e.g., phosphorylcholine
(PC)] that are exposed when lipids are oxidized or cells undergo
apoptosis (55, 56). While some IgM-ALA have mono-reactivity,
e.g., to some cytokines, most are polyreactive with each polyreac-
tive IgM-NAA clone having a selective binding profile (50). For
example, IgM anti-PC NAA will bind to ABO blood type antigens,
endotoxins, and oxidized neo-determinants on apoptotic cells but
this autoantibody has no binding reactivity to nuclear antigens
or to IgG (57). Additionally, these IgM-NAA, by virtue of being
polyreactive, also cross-react with pathogen-expressed molecules,
for example, PC on Streptococcus pneumoniae and other antigens
expressed by various viruses and parasites (55-57) Hence, it has
been suggested that these natural IgM antibodies are protective,
serving as a first line of defense against infections and protecting
the host from pathogen-mediated apoptotic cells and oxidized
neo-determinants that can induce pathogenic IgG autoantibodies
(55, 56). Additionally, polyreactive [gM-NAA have been shown to
bind to idiotypic determinants on self-reactive IgG, thus providing
another mechanism to protect the host from high-affinity binding
IgG autoantibodies that are potentially pathogenic (31, 50).

In mice, B1 cells are rare in the bone-marrow, lymph nodes,
and splenic B cell follicles (white pulp) while significant numbers
of BI cells are located in the splenic marginal zone as well as in the
peritoneal and pleural cavities. However, under normal conditions,
these peritoneal B1 cells do not contribute significantly to circulat-
ing IgM-NAA, but during sepsis, peritoneal B1 cells rapidly migrate
to the splenic marginal zone (23, 58) where most of the circulating
IgM-NAA are produced (59). B1 cells are distinct from B2 cells in
many respects and they are derived from different progenitors (18,
19, 60). Importantly Blcells express CD27, a memory B cell marker,
and such as memory B cells, on encountering antigen, spontane-
ously secrete IgM without requiring signaling via co-stimulatory
molecules (60). B1 cells do not require to traffic or reside in the
splenic B2/T cell follicles as they are T independent and secrete IgM
without isotype switching or somatic mutation (25, 59, 61). In fact,
isotype switching and somatic hyper-mutation of immunoglobulins
in B1 cells is kept in check during an immune response to prevent
the development of high affinity, anti-self IgG antibodies (61, 62). In
this regard, SPA-1 in B-1 cells inhibits Rap-1 GTP, which enhances

somatic hyper-mutation and hence SPA-1 deficient mice generate
high-affinity IgG anti-dsDNA and anti-red blood cell autoantibod-
ies and develop lupus nephritis as they age (62). Recent data would
indicate that levels of peritoneal B1 and splenic B1 and MZB cells is
regulated by serum levels of polyclonal (but not monoclonal) IgM
(63-65) that interacts with FcuR expressed by these cells (66) as well
as by IgG binding to FcyRIIB (67).

19G-NAA

One can demonstrate the existence of IgG-NAA in normal adult
murine or human serum under conditions where serum IgM is
either removed or diluted out (31, 68-70), indicating therefore that
in serum the functional activity of IgG-NAA is blocked by polyreac-
tive IgM with anti-idiotypic activity (31, 50, 54). There is, however,
a large amount of IgG-NAA as significant levels of IgG-NAA can
be detected even after diluting serum at 1:500 (34). Both IgG-NAA
and IgM-NAA bind to the same phylogenetically conserved self-
antigens and 15-20% of normal mouse IgG has been found to be
polyreactive (50, 68). IgG produced by B1 cells are characteristically
of the IgG3 isotype that have been shown to be polyreactive (18,
19). Clones of B cells secreting IgG4k with high-affinity binding to
dsDNA has been shown to exist in human umbilical cord blood and
in the same umbilical cord there were other B cell clones producing
IgM antibodies with binding reactivity to idiotypic determinants
on IgG4 anti-dsDNA but not to idiotypic determinants on other
IgG4 antibodies (34). The above observations would suggest that
B cells generating IgG-NAA of different isotypes and affinities are
present at birth and the I[gG-NAA are rendered functionally inactive
by polyreactive IgM with anti-idiotypic activity.

Importantly, IgG-NAA-producing B cells, unlike IgM-NAA-
producing B cells, are in an inactive state at birth and in mice
these B cells start producing IgG-NAA after exposure to bowel
bacteria or foreign antigens (71-73). In humans, it may take more
than 2 years before significant levels of IgG-NAA can be detected
in the serum (74). It is also possible that autoreactive T cells,
which have been shown to exist in normal individuals (75) or
infectious agents could activate B cells to produce IgG-NAA later
on in life. For example, levels of polyreactive IgG anti-dsDNA
have been shown to increase after various infections and these
polyreactive IgG anti-dsDNA have been found to cross-react
with antigens on micro-organisms, including bacteria (76). It
is, therefore, not surprising that low levels of IgG-NAA at birth
increase after exposure to infections (71-73).

Studies on IgG-NAA isotypes in normal sera or on the B cell
subsets that produce these antibodies are lacking. There are,
however, extensive data on an IgG-NAA, i.e., IgG anti-DNA,
that is both mono-reactive and polyreactive and present in
both normal sera and SLE sera and some of the findings with
IgG anti-DNA may apply to other IgG-NAA. Several lines of
evidence would favor that B2 cells, with the help of T cells,
can generate IgG-NAA. Wardemann et al. clearly demonstrated
that 55-75% of early B cell precursors, present in human adult
bone-marrow, display auto-reactivity to conserved intracel-
lular cytoplasmic and nuclear constituents. About 80% of
these autoreactive B cells are removed at two check points,
i.e., centrally in the bone-marrow and in the periphery (77).
Second, in human umbilical cord, B cells secreting high-affinity
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binding IgG4 anti-dsDNA have been isolated and IgG1 anti-
myeloperoxidase (ANCA) antibodies have been found in
normal human sera, indicating that these high-affinity isotype-
switched antibodies are produced by the T cell-dependent B2
cells (34, 78). Furthermore, in the MLR/Ipr murine model of
SLE, IgG anti-dsDNA has been shown to be produced by B2
cells under the influence of excess T helper cells as a result of
Fas deficiency (79). Hence, removing T cells ameliorates SLE
and reduces production of IgG anti-DNA in this model of SLE
(80-82).

Under normal conditions, it is unclear whether the (Fab)?
region of IgG-NAA is physiologically active especially since
their activity is blocked by poly reactive IgM with anti-idiotypic
activity (31, 50). Hence, most of the physiological functions
of IgG-NAA have been derived from purified IgG or pooled
purified IgG (IVIG). In vivo infusion of IVIG has been shown
to ameliorate cell-mediated inflammatory processes, e.g., in
Kawasaki’s disease or autoantibody-mediated disorders, e.g., in
idiopathic thrombocytopenic purpura, anti-factor VIII autoim-
mune disease, or myasthenia gravis [reviewed in Ref. (83)]. One
can show, in in vitro studies, that the beneficial effects of purified
IgG-NAA can be mediated by both the (Fab)* region and the Fc
region of IgG-NAA. In these in vitro studies, the (Fab)? region
has been shown to (i) block function of activating FcyR receptors
expressed by monocytes/macrophages. Such activating FcyR
are involved in phagocytosis of IgG autoantibody complexed
to platelets, (ii) block idiotypic determinants on IgG autoanti-
bodies, thus neutralizing these antibodies, e.g., their binding
to Factor VIII or platelets, (iii) inhibit function of certain pro-
inflammatory cytokines by binding to these cytokines or their
receptors, and (iv) provide protection against bacterial infection
by binding of IgG-NAA to lectins on bacterial surfaces thus
enhancing opsonization (84). Similarly, in in vitro studies, the Fc
region of IgG-NAA has been shown to inhibit the function of B
cells, plasma cells, dendritic cells (DC), macrophages, and neu-
trophils by binding to the inhibitory FcyRIIB receptor expressed
by these cells. Activation of FcyRIIB by Fc region of IgG-NAA
inhibits production of autoantibodies by B cells and plasma cells.
Additionally IVIG ameliorates cell-mediated inflammation, e.g.,
in Kawasaki’s disease, by activating FcyRIIB and inhibiting the
function of dendritic cells, macrophages, and neutrophils.

IgG with anti-idiotypicactivity have been found in pathological
conditions especially when there is minimal or no IgM with anti-
idiotypic activity (85) and increased levels of in vivo anti-idiotypic
IgG has been associated with amelioration of disease activity
mediated by pathogenic IgG autoantibodies, thus indicating that
under pathological conditions, in vivo IgG with anti-idiotypic
activity is functionally active (85, 86). There are data to show
that normal levels of IgG autoantibodies, e.g., to myeloperoxi-
dase (MPO) increase >10-fold during disease states (87) and it
is possible that under pathological conditions when IgM-NAA
with anti-idiotypic activity is low, there is initially a compensa-
tory increase in IgG antibodies with anti-idiotypic activity and
the disease does not manifest clinically (85). However, with time,
the data would also indicate that there is a decrease in the protec-
tive IgM/IgG anti-idiotypic antibodies and the disease manifests
clinically (85). Hence, administering IVIG, which is known to

have anti-idiotypic activity, could be beneficial in this situation
especially if levels of both IgG and IgM-NAA are relatively low.

Pathogenic IgG Autoantibodies
Pathogenic autoantibodies that cause disease differ from IgM
and IgG3-NAA in that they are predominantly of the IgG iso-
type, undergo somatic mutation with addition of N regions and
these IgG autoantibodies can be either polyreactive or exhibit
mono-reactivity. IgG autoantibodies, unlike IgM-NAA, have
high-binding affinity (53). However, not all IgG autoantibodies
with high-binding affinity are pathogenic in vivo and this is best
exemplified by IgG anti-dsDNA autoantibodies (88-91). There
are conflicting data on the B cell precursors that generate these
pathogenic IgG autoantibodies. Data would indicate that both
Bl and B2 cells can generate pathogenic IgG autoantibodies
depending on the animal model used. For example, studies in
the Fas-deficient MRL-Ipr murine SLE model would indicate
that pathogenic self-reactive IgG antibodies are generated by B2
cells (79). However, in the NZB/W disease model of SLE and in
a murine transgenic model of hemolytic anemia, the pathogenic
murine IgG anti-dsDNA and anti-erythrocyte transgenic autoan-
tibodies were shown to be produced by Bl lymphocytes (21,
92-94). Hence, removing T cells did not affect production of IgG
anti-dsDNA or disease activity in the NZB/W model of SLE (80).
There are several mechanisms that increase pathogenic IgG
antibody production and IgG anti-dsDNA has been most studied
in this regard. In adolescent females with SLE and rheumatoid
arthritis (RA) patients, there are data to show that production
of IgG polyreactive autoantibodies results from breakdown of B
cell tolerance mechanisms where during B cell development, B
cells producing high-affinity IgG autoantibodies have not been
removed or silenced either centrally in the bone-marrow or in
the periphery before they mature into naive immuno-competent
lymphocytes (95, 96). Studies in healthy individuals indicate
that 55-70% of newly generated bone-marrow B cells express
self-reactive antibodies and most of these B cells are removed
or silenced such that in healthy humans there remains 5-20%
of circulating naive B cells that continue to generate self-reactive
IgG autoantibodies (77). However, in SLE and RA patients, owing
to breakdown of B cell tolerance mechanisms, 25-50% of mature
naive B cells were found to generate self-reactive IgG autoantibod-
ies with diverse specificities (95, 96). Second, excess BAFF could
also contribute to the breakdown of tolerance in the periphery
as BAFF has been shown to inhibit deletion or apoptosis of self-
reactive B cells (92, 97). Elevated BAFF levels have been shown
to be present in serum of RA and Sjogren’s syndrome (98). Third,
there are murine studies to show that I[gM-NAA-producing Bl
cells can be induced, especially with repeated immunization,
to generate polyreactive IgG anti-self that can also react to the
immunizing antigen. For example, B1 cells can be induced to
generate pathogenic polyreactive IgG anti-DNA and anti-myosin
antibodies by immunization with a hapten or an antigen derived
from a micro-organism (99-101). Other mechanisms may, how-
ever, operate in certain other autoimmune disorders where highly
specific IgG autoantibodies are produced, e.g., in autoimmune
hemolytic anemia and in Factor VIII deficiency. It is possible
that such autoimmune disorders could arise from a breakdown
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in peripheral mechanisms such as specific deficiency of anti-
idiotypic IgM-NAA that blocks pathogenic autoantibody or
specific deficiency of IgM-NAA that binds and masks autologous
neo-determinants such as dsDNA.

Based on observations in the preceding paragraph, it appears
that different mechanisms could operate in generating pathogenic
IgG autoantibodies depending on the murine disease model.
Additionally, the mechanisms may differ in humans even though
the disease has similar disease manifestations. A summary of the
existing evidence would indicate that IgG autoantibodies can be
induced by the following mechanisms:

(i) An excessive increase in production of pathogenic IgG
autoantibodies relative to IgM-NAA-producing Bl cells.
Potential mechanisms that increase self-reactive IgG anti-
bodies include lack of helper T cell apoptosis [e.g., in Fas-
deficient MRL-Ipr mice (79)], excess neoantigen-driven B
cells [e.g., in human C1q deficiency with decreased removal
of apoptotic cells (102)], excess BAFF production [e.g., in
patients with Sjogren’s syndrome (98)], a breakdown in B
cell tolerance mechanisms resulting in excess naive self-
reactive B cells [e.g., in SLE affecting young female patients
(95)] and a deficiency in the inhibitory FcyRIIB receptor
that normally inhibits B cells and plasma cells from produc-
ing IgG antibodies (103, 104).

Genetic predisposition that permits some antigen-driven B1
cell clones to acquire the ability for isotype switching and
somatic mutation as, for example, in the NZB/W murine
lupus model and in SPA-1 deficient mice (105, 106, 62).
Hence, diseases induced by such defective B1 cells are ame-
liorated with administration of either polyclonal IgM or the
specific IgM-NAA (107) or depleting B1 cells (94).
Repeated immunization that induces isotype switching in
B1 cells that normally generate IgM autoantibodies with
germline genes. For example, repeated immunization with
hapten or a streptococcal antigen can induce Bl cells to
generate IgG antibodies of different isotypes that are poly-
reactive and bind to the immunizing antigen as well as to
self-antigens, such as DNA or myosin (99-101).

Excess production of a highly specific pathogenic IgG
autoantibody by autoreactive B2 cell clones as, for example,
in myasthenia gravis (108). Expansion of such B2 cell clones
could have been driven by antigen, e.g., with cross-reactive
micro-organisms in patients without thymoma (109) or be
driven by acetylcholine receptor specific autoreactive helper
CD4" T cells in thymoma-associated myasthenia gravis
where such autoreactive T cells have escaped tolerance
mechanisms (110, 111).

Deficiency of IgM-NAA, especially IgM-NAA with anti-
idiotypic activity to a specific IgG autoantibody, thus
incompletely neutralizing the increase in pathogenic
IgG autoantibodies, such as antibodies to neutrophil
cytoplasmic enzymes (myeloperoxidase, proteinase 3),
which are commonly referred to as ANCA, dsDNA, and
glomerular basement membrane (GBM) that are present
in normal individuals (31, 50, 87, 112). Additionally,
certain autoimmune disorders, such as ANCA vasculitis

(ii)

(iii)

(iv)

()

and anti-GBM nephritis, frequently occur in elderly
patients who, with aging, can develop lower levels of
IgM-NAA (28-32) but not IgG-NAA (33, 35, 36), which
can increase with aging (34).

Figure 1 summarizes the role of natural and immune antibod-
ies in normal and pathological states.

Role of IgM-NAA in Protecting Against Pathogenic
IgG Autoantibodies

SLE is the most studied autoimmune disorder where high levels
of IgM and IgG autoantibodies, directed against nuclear antigens,
especially dsDNA, are produced in the majority of patients. Before
we discuss the role of [gM-NAA in protecting against pathogenic
IgG anti-dsDNA, it would be important to indicate that a subset
of lupus nephritis (approximately 25%) can occur in the absence
of detectable circulating IgG anti-DNA and this is commonly
referred to as C1q nephropathy (113, 114). The latter observations
have led some investigators to question whether IgG anti-dsDNA
is indeed pathogenic (115). In some patients with C1q nephropa-
thy, circulating IgG anti-dsDNA can be detected several years later
but this subset of patients with C1q nephropathy have in general
a better prognosis even though histologically there is similar
glomerular immunoglobulin staining and immune deposits as
in classical lupus nephritis (114). It is tempting to speculate that
patients with C1q nephropathy may have high IgM-NAA and IgM
anti-dsDNA that may be preventing detection of circulating IgG
anti-dsDNA. A murine model with lupus nephritis but with no
IgG anti-dsDNA in both the circulation and in kidney eluates has
also been described (116). It is possible that in this murine model,
the immune deposits detected in the kidney may be caused by

Role of Normal and Pathogenic Auto-Antibodies
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FIGURE 1 | Role of normal and pathogenic autoantibodies.
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IgG complexes containing another antigen, other than dsDNA,
and a similar mechanism could also operate in some patients with
C1q nephropathy without circulating IgG anti-dsDNA.

However, there is evidence indicating that IgG anti-dsDNA,
together with Clq, is an active participant in inducing or initiat-
ing glomerular damage in classical lupus nephritis with circulat-
ing IgG anti-dsDNA. First, SLE in the MRL/Ipr lupus-prone mice
is ameliorated when rendered IgG deficient by crossing these
mice with either activation-induced deaminase (AID) or CD40L-
deficient mice (117, 118). Second, one can induce lupus nephritis
in normal mice by either infusing purified IgG anti-dsDNA or by
increasing in vivo IgG anti-dsDNA with use of transgenic cells or
hybridoma cells (88-91). Importantly, not all IgG anti-dsDNA are
pathogenic as defined by induction of lupus nephritis in vivo and
this also may explain why certain patients with high levels of cir-
culating IgG anti-DNA are spared from lupus nephritis (88-91).
In SLE, a potential protective mechanism involves binding of IgM
anti-dsDNA to DNA with masking of the antigenic determinants
that bind to IgG anti-dsDNA. Hence, lupus nephritis can occur if
there is excess IgG anti-dsDNA or if there is a relative deficiency
of IgM anti-dsDNA. Such a concept will explain the accelerated
development of lupus nephritis in MRL/Ipr mice lacking IgM and
will also explain the lack of lupus nephritis in patients having
high IgG anti-dsDNA and high IgM anti-dsDNA or IgM-NAA
(119, 120). This latter possibility may also explain why FcyRIIB-
deficient Balb/c mice are more resistant to developing lupus
nephritis when compared to FcyRIIB-deficient C57BL/6 mice
(121). In both mice, there is excess IgG anti-dsDNA production
due to lack of the inhibitory FcyRIIB receptor but Balb/c mice
have significantly higher levels of plasma IgM when compared to
C57BL/6 mice (122-124).

Several observations would suggest a role of IgM-NAA in
protecting normal individuals and patients with autoimmune
disorders from such self-reactive IgG antibodies. The protec-
tive role of IgM-NAA is best exemplified in murine models of
SLE, where enhancing IgM anti-dsDNA levels or infusing IgM
anti-dsDNA, ameliorates disease activity (107, 125, 126). Well
studied mechanisms by which IgM-NAA can induce protection
and prevent inflammation include (i) removing neo-antigens by
binding of IgM-NAA to oxidized neo-determinants and removal
of IgM/Clq bound antigens by phagocytosis, e.g., IgM anti-PC
(127), (ii) inhibition of the pathogenic IgG autoantibody induced
inflammatory response by IgM-NAA, e.g., IgM-ALA (128), (iii)
neutralization of pathogenic IgG autoantibodies by IgM-NAA
having anti-idiotypic activity (129), (iv) preventing binding of IgG
to antigenic determinants by competitive inhibition even though
these IgM-NAA have lower binding affinity (129), (v) inhibiting
complement activity by binding of IgM to complement compo-
nents (17), and (vi) inhibiting generation of IgG autoantibodies
possibly by binding of IgM-NAA to endogenous autoantigens/
neo-antigens or to the B cell FcpR (64, 65, 119, 130-132).

The above mechanisms may explain why mice without
secretory IgM have increased IgG autoantibodies, including
anti-dsDNA, with aging (119, 120). This would also explain
why B1-deficient SJL mice are more susceptible to induction of
experimental autoimmune thyroiditis or allergic encephalitis

cells (133). Conversely, such a concept would also explain why
disease activity in SLE patients is less severe with high levels of
IgM anti-dsDNA and other IgM-NAA (125, 134, 135). The above
mechanisms may also explain why several autoimmune disorders
are helped by either increasing production of in vivo IgM-NAA
(126) or administering either pooled polyclonal IgM or a specific
IgM-NAA (110, 129, 136). The latter is best exemplified by IgM
anti-dsDNA where infusion of a specific IgM-NAA ameliorated
SLE-induced nephritis in NZB mice (107).

Presence of pathogenic IgG autoantibodies leads to a compen-
satory increase in [gM-NAA, such as IgM anti-PC, IgM-ALA, and
IgM/IgG anti-idiotypic antibodies, to counter these pathogenic
IgG antibodies as well as inflammation initiated by the excess
IgG self-reactive antibody. It is also possible, that over time, the
production of IgM and IgG anti-idiotypic antibodies may not be
able to keep up with the relatively high production of pathogenic
IgG autoantibody and the disease becomes symptomatic. Hence,
the initial increase in IgM-NAA and IgG anti-idiotypic antibody
levels could explain the asymptomatic nature of the disease
despite increased levels of IgG anti-dsDNA and other anti-nuclear
antibodies several years before clinical onset of disease (85, 137).
Additionally, there could be a heightened compensatory response
of other immuno-regulatory mechanisms, e.g., increase in T-regs
or IL-10 in Bl cells, which could inhibit the clinical onset of
disease or ameliorate disease activity in these patients and other
animal models. The latter is best exemplified in mice with secre-
tory IgM deficiency, where despite total lack of circulating IgM
and increased IgG3 anti-dsDNA (120), these cellular compensa-
tory mechanisms inhibit development of autoimmune disease
including lupus nephritis (63, 119). It is also possible that IgG3
anti-DNA is not pathogenic and their increased production by
B1 cells, in secretory IgM deficiency (120), may be protective.
However, in situations where inflammation has been experimen-
tally induced or there is an excessive increase in production of
pathogenic IgG autoantibodies or increased apoptosis, then these
cellular regulatory mechanisms cannot effectively compensate for
lack of IgM and this leads to a more severe and rapid worsening
in disease activity. For example, SLE disease is more severe in the
MRL-Ipr mice when these mice are crossed with secretory IgM
deficient mice (120). Similarly, secretory IgM-deficient mice are
prone to develop a more rapid and severe inflammatory response
after renal ischemia or allogeneic cardiac transplantation (138).

Physiological Role of IgM-NAA

IgM-NAA, which are spontaneously secreted by B1 and MZB
cells, are polyclonal and exhibit a diverse repertoire of antigen
specificities, many of which are polyreactive and, hence, cross-
react with foreign antigens or pathogens. Additionally, B1 and
MZB cell clones can be activated either by their TLR or BCR by
both endogenous and foreign antigens. These special characteris-
tics of IgM-NAA, together with the low-binding affinity (but with
high-binding avidity owing to its pentameric structure), have
allowed these antibodies to acquire functions that are not char-
acteristic of the highly specific immune IgM and IgG antibodies.
Physiological functions that have been attributed to IgM-NAA
have included the following:
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(ii)

Countering the pathogenic effects of the normally present
IgG autoantibodies that escape B cell tolerance mechanisms.
Potential strategies employed by IgM-NAA for this purpose
include (a) neutralization of these IgG autoantibodies by
anti-idiotypic mechanisms (129), (b) masking endogenous
antigens (129), and (c) inhibiting the expansion of B2 cell
clones that produce these IgG autoantibodies (79, 126). We
have discussed these mechanisms in an earlier section of this
review. However, the most compelling data demonstrating
that IgM-NAA can counter pathogenic IgG autoantibodies
are studies in murine models of SLE where administration
of IgM anti-DNA or increasing expression of IgM anti-DNA
in MRL-Ipr mice (by crossing MRL-Ipr mice with transgenic
mice expressing IgM anti-DNA) ameliorated disease activity
(107, 126).

Providing the first line of defense against pathogens while
the adaptive immune system, i.e., B2 and T cells, are being
deployed to mediate a more specific and effective immune
response that is long lasting and has memory. The role of NAA
in mediating protection against pathogens was first brought
to light by the observation that NAA recognize bacterial
toxins and several viral antigens (139, 140). Second, the
creation of mice deficient in secretory IgM clearly aided in
analyzing the protective role of both natural and immune
IgM (63, 141). This topic will be briefly discussed as there
are several excellent and detailed reviews on this subject (55,
141). Briefly, IgM-NAA mediates this protection through
several mechanisms. First, each natural IgM clone, by hav-
ing a pentavalent structure and by being polyreactive, can
simultaneously bind to different conserved structures, such
as nucleic acids, phospholipids, and carbohydrates, on the
same pathogen and inhibit the pathogen from invading cells
and disseminating into different organs. Second, the early
components of complement, such as Clq, bind to the IgM
complexed to the invading organism. Complement binding
to IgM not only enhances neutralization of pathogens, e.g.,
certain viruses and bacteria, but also enhances phagocytosis
of pathogens by macrophages and dendritic cells. The
importance of either natural or immune IgM in limiting
infection varies with different pathogens and this subject
has been well reviewed (55, 141). Third, normally present
IgM-NAA has significant levels of IgM anti-PC, which can
readily bind to PC that is attached to sugar residues on the
cell membranes and cell walls of many invading organisms
(142). PC was first detected in 1967 on S. pneumoniae (143)
and subsequently found to be present on many bacteria,
protozoa, fungi, and nematodes (142). Infection with many
of these organisms increases levels of IgM anti-PC, which
in the presence of Clq enhances phagocytosis of these
organisms and inhibits an excess inflammatory response
by mechanisms discussed below. Finally, we have shown
that IgM-NAA can limit HIV infection, both in vitro and in
humanized SCID mice through another mechanism, that is
by inhibiting T cell activation (39) as well as by binding of
natural IgM to CD4 and chemokine receptors and inhibiting
HIV entry into cells (Figure 2) (39, 144).
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FIGURE 2 | Evaluating the inhibitory effect of human monoclonal IgM
and polyclonal IgM on R5-8658 and X4-111B HIV viruses. (A) Specificity
of umbilical cord B cell clone IgM was characterized by binding of IgM, to
recombinant CD4 and to leukocytes, which is depicted below each clone.
IgM from B cell clones was used at concentration of 3 pg/ml, while purified
IgM from normal serum (positive control) was used at 10 pg/ml. B cell clone
2E11-H4 with no IgM-ALA and no anti-CD4 activity was used as a negative
control. Without IgM, p-24 levels for R5-8658 and X4-1IIB were 87,500 and
126,000 pg/ml, respectively. These data are representative of three different
experiments. (B) The inhibitory effect of normal polyclonal IgM (5 pg/ml) on
HIV-1 infection (single cycle replication) of GHOST cells that express GFP
upon integration on viral HIV-1 DNA. IgM was present throughout the culture
period and added to cells 15 min before adding virus. These are
representative examples of five separate experiments. Figure and legend
reproduced with permission from Ref. (144). Copyright 2008. The American
Association of Immunologists, Inc.

(iii) Inhibiting IgG autoantibody production and inflammatory
responses by clearing apoptotic cells and binding to oxidized
neo-determinants. Apoptotic cells that are normally pro-
duced in large numbers, express oxidized neo-determinants.
Several homeostatic mechanisms, including binding of C1q
and mannose binding lectin (MBL) to apoptotic cells, are
involved in inducing macrophages and DC to phagocytose
apoptotic cells and nuclear antigens [reviewed in Ref. (145)].
IgM-NAA are also involved in enhancing this phagocytic
process, especially after tissue injury of nerves (69), and in
inducingan anti-inflammatory effect (56). Several IgM-NAA
antibodies have been identified, each with binding specific-
ity to certain oxidized neo-determinants, including PC,
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malondialdehyde (MDA), cardiolipin, phosphatidylserine,
and Annexin IV present on apoptotic cells and not live cells
(146). The best-studied IgM-NAA reactive to apoptotic cells
is the IgM anti-PC antibody (also referred to as T-15), which
binds to a dominant oxidized neo-determinant on apoptotic
cells. Both in vitro and in vivo studies, using monoclonal
IgM anti-PC, have clearly shown that phagocytosis by DC
and macrophage is enhanced when C1q or MBL binds to the
IgM/apoptotic cell complex. In these in vivo studies, either
endogenous production of IgM anti-PC was increased by
administering large numbers of apoptotic thymocytes
(2.5 x 107) or mice were given 1.5-2 mg of a monoclonal
IgM anti-PC preparation that bound to endogenous apop-
totic cells. Hence, natural IgM anti-PC inhibits production
of pathogenic IgG autoantibodies by masking oxidized
neo-determinants and enhancing removal of apoptotic
cells. However, enhancing apoptotic cell phagocytosis by
DC also inhibits DC maturation/activation and induces
an anti-inflammatory effect with decreased production of
pro-inflammatory cytokines and an increase in levels of
splenic regulatory B cells (127, 147). Additionally, repeated
weekly infusions of monoclonal IgM anti-PC or apoptotic
thymocytes inhibited development of arthritis and induced
regulatory B cells in mice (127, 147).

Natural IgM autoantibodies has also been shown to bind
to various oxidation-specific neo-determinants, specifically
PC and MDA present on oxidized LDL lipids, but not native
LDL (146, 148, 149). High levels of IgM anti-PC and IgM
anti-MDA were also found in ApoE-deficient mice that
have high circulating cholesterol and severe atherosclerosis.
It has been suggested that oxidized lipids, in this murine
model, induces these high IgM anti-PC/MDA antibodies
as a protective mechanism. Supporting such a concept are
other observations showing an association of high in vivo
levels of IgM anti-PC and reduced atherosclerotic plaques in
both patients and different animal models [reviewed in Ref.
(56)]. Similarly, there are studies showing that immuniza-
tion of LDL receptor knockout mice with the S. pneumoniae
vaccine induces IgM anti-PC and this is associated with
less atherosclerotic lesions (150). Several mechanisms have
been postulated to explain the amelioration of atheroscle-
rotic lesions by IgM anti-PC in these murine models of
atherosclerosis. First, IgM anti-PC masks the PC containing
neo-determinants on oxidized lipids, thus inhibiting uptake
of these lipids by macrophages and this leads to a decrease
in foamy macrophages that are part of the atherosclerotic
plaque (151). Second, IgM anti-PC, together with Clg,
enhances phagocytosis of apoptotic foamy macrophages
containing high levels of lipids. Enhanced phagocytosis of
apoptotic macrophages, especially by DC, inhibits DC matu-
ration/activation and induces an anti-inflammatory milieu
(127, 147). Data demonstrating increased atherosclerosis in
secretory IgM-deficient mice or in C1q ko mice would lend
support to the role of IgM anti-PC and Clq in inhibiting
atherosclerosis (102, 141, 152—-154).

The finding that both IgM-deficient mice and Clq
knockout mice have increased apoptotic cells as well as

(iv)

develop SLE would indicate that both IgM anti-PC and
Clq are required to effectively remove or clear apoptotic
cells (155, 156). The latter studies would also indicate that
ineflicient clearance of apoptotic cells, including nuclear
antigens, induces development of pathogenic IgG autoanti-
bodies and SLE. However, ineffectual clearance of apoptotic
cells cannot entirely explain the increased propensity of
IgM-deficient mice to develop autoimmunity and more
severe atherosclerosis when compared to Clq ko mice as
both mice have similar number of apoptotic cells in the
atherosclerotic plaques and the Clq ko mice has in addi-
tion, circulating apoptotic cells that should have worsened
atherosclerosis (102, 141, 155). Such observations would
indicate that IgM-NAA regulates inflammation by other
additional mechanisms (to be presented below) besides
enhancing phagocytosis of apoptotic cells.

Inhibiting inflammation by binding of IgM-NAA to receptors
on live leukocytes, i.e., via IgM-ALA. The existence of this
IgM-NAA subset was known since 1970 (157). Their role
in inflammation was recognized when several investigators
showed that the level of these antibodies, like IgM anti-PC,
increased with diverse infections and inflammatory states
[reviewed in Ref. (39)]. However, it was unclear whether
IgM-ALA were pathogenic or not. The idea that IgM-ALA
may have anti-inflammatory function and may be protective
came from observations in allograft recipients where patients
with high levels of IgM-ALA were found to have significantly
less rejections and developed less alloantibodies after allo-
immunization (Figure 3) (39, 131). We hypothesized that
these natural IgM-ALA increase during inflammatory states
to regulate leukocyte function and prevent excess inflamma-
tion that may be detrimental to the host. Two characteristics
inherent in IgM-ALA allowed us to make this hypothesis.
First, we showed that these antibodies bind with low affinity
to different leukocyte receptors, including co-stimulatory
molecules and chemokine receptors (4, 39). Second, we and
other investigators observed that these complement fixing
antibodies did not lyse leukocytes at body temperature but
readily lysed cells at room temperature or colder tempera-
tures in the presence of complement (131, 157, 159). This
non-lytic nature of these antibodies at body temperature led
us to hypothesize that IgM-ALA, by binding to receptors on
live leukocytes at body temperature, could alter or regulate
their function. Initially, with in vitro studies using human
IgM, we showed that the repertoire of IgM-ALA varies
among individuals during health and in disease and, second,
that IgM-ALA regulates the function of both human and
murine T cells and dendritic cells (4, 39, 138). Additionally,
in murine models, we showed that increasing in vivo levels
of IgM-ALA with physiological doses of purified polyclonal
IgM, i.e., 150 pg/mouse, every 3 days, protected mice from
(a) renal ischemia reperfusion injury (IRI), (b) ameliorated
rejection in a fully mis-matched cardiac allograft model,
and (c) protected NOD mice from developing autoimmune
insulitis and diabetes. In further experiments, we show that
the protective effect in the model of innate inflammation
(i.e., renal IRI) is mediated in part by IgM-ALA binding
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to activated/mature DC and regulating their function (4).

TABLE 1 | Physiologic function of non-pathogenic autoantibodies.

In a later section, we will review in more detail the above
data on IgM-ALA. We plan to show that the observed anti-

Protection
inflammatory effects of polyclonal IgM was predominantly ~ from micro-
from IgM-ALA and not from IgM anti-PC that bound to ~ ©rganisms
apoptotic cells.

Prevent

(v) Inhibiting expansion of Bl cells and enhancing antigen
presentation to B2 and helper T cells in splenic lymphoid
follicles. This physiological function of IgM became obvious
in mice with secretory IgM deficiency as well as in mice
with FcpR deficiency. Bl cells in the splenic marginal zone

increased several fold in mice deficient in IgM while levels

autoimmunity

of IgM increased in FcpR-deficient mice indicating that [gM ~ AProgate.

maintains B1 cell homeostasis and levels of natural IgM by nflammation

binding to FcpR (63, 64, 66, 160). Second, both these mice

have impaired immune IgG response to protein antigens,

especially with low dose antigen, indicating that IgM facili-

tates antigen trafficking from the splenic marginal zone to

the B2 cell rich lymphoid follicles via FcuR bound IgM/ ~ Beoel
homeostasis

antigen complexes (63, 160).

IgM natural antibodies

Binds to bacteria and enhances
phagocytosis (req. C1q, Fca/pR)
Inhibits HIV by blocking entry and
inactivating cells

Blocks anti-self IgG Ab
(anti-idiotypic)

IgM masks neo-antigen

Binds to apoptotic cells (PC),
nuclear and cytoplasmic debris and
enhances phagocytosis (req. C1q,
MBP)

Anti-complement

IgM-ALA | iTNF-a, IL-17, IFN-y
IgM-ALA regulates DC and T cells,
and enhances Tregs by binding to
CD40, CD86, CD4, CD3, and TcR
IgM-ALA blocks chemokine
receptors

IgM regulates B1 cell expansions
via FcpR

IgG natural antibodies
Binds to bacteria and
enhances phagocytosis
(req. C1q, FcyRI)

Blocks anti-self IgG Ab
(anti-idiotypic)

Binds to nuclear and
cytoplasmic debris and
enhances phagocytosis
(req. C1g, MBP)

Regulates B cells,
plasma cells, DC,
macrophages, and
neutrophils via FcyRIIB

IgG regulates B1 and
B2 cell expansion via
FcyRIIB

The above observations indicate that IgM-NAA protect the

host from invading organisms and more importantly maintain
several homeostatic mechanisms primarily aimed at preventing
autoimmunity and over exuberant inflammation, which can have
detrimental effects on the host. Table 1 summarizes some of the
physiological and pathological concepts outlined above. Several
observations indicate that infective and other inflammatory states
increase all IgM-NAA subsets, especially IgM anti-PC to clear
the increased production of apoptotic cells that could trigger
autoimmunity and, second, increase IgM-ALA to subdue excess
inflammation that can be detrimental to the host [reviewed in

Ref. (56) and next section]. Based on the preceding observations,
one could predict that a decrease in IgM-NAA, as can occur in
aging (28-30), could predispose to increased autoimmunity and
increased morbidity and mortality from an excess inflammatory
response, for example with infections.

Pathogenic Effects of IgM-NAA Under

Non-Physiological Conditions
Certain IgM-NAA which under physiological conditions are
protective and anti-inflammatory can under non-physiological
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conditions become pathogenic and induce inflammation. In this
section, we will present some of the conditions that can induce
certain protective [gM-NAA to become pathogenic.
(i) Induction of pathogenesis by binding of IgM-NAA at cold
temperatures: This is best exemplified in human renal
allograft transplant recipients having high IgM-ALA and
IgM-anti endothelial cell antibody (IgM-AEA) levels at the
time of the kidney transplant. These recipients have a high
incidence of delayed kidney graft function (DGF) (161,
162) resulting from high levels of IgM-AEA which cause
glomerular endothelial cell injury when, after successful
vascular anastomosis, warm blood is allowed to flow into
a cold kidney. Fortunately, this self-limiting injury is pre-
vented by warming the kidney prior to re-instituting blood
flow. Such observations highlight the nature of IgM-NAA,
i.e., their potential for complement mediated cytotoxicity
under non-physiological cold conditions (157, 159).
Induction of pathogenesis by binding of natural IgM to
unmasked neo-antigens. This is best exemplified by the
ubiquitous neo-antigen “non-muscle myosin heavy chain
type IIA and C (NMM)” which is unmasked in murine
models of acute ischemia to the small bowel, skeletal mus-
cle (hind limb) and heart. About 1-2% of IgM-NAA B1 cell
clones in mice secrete IgM anti-NMM probably to protect
against NMM derived from infectious organisms (163,
164). In murine models of acute ischemia to the bowel or
hind limb, injury is predominantly mediated during reper-
fusion by innate inflammation triggered by IgM binding to
the unmasked NMM and activation of complement (6, 163,
165, 166). RAG-1 ko mice are normally protected from this
ischemic injury to the small bowel or hind limb (163, 166).
However, RAG-1 ko mice succumb to this ischemic injury
after infusion of polyclonal IgM or monoclonal IgM anti-
NMM. Additionally, one can clearly demonstrate binding
of IgM and complement to NMM in bowel epithelial cells
or to hind limb striated muscle cells (163, 165).
Interestingly, one does not observe innate inflammation
mediated by IgM anti-NMM after murine renal ischemia
even though endothelial cells in glomeruli and peri-tubular
capillaries express NMM (167, 168). One possibility is that
NMM in the peri-tubular capillaries or in the tubules is
not unmasked after ischemia. After renal IRI, most of the
ischemia induced kidney injury occurs in the outer medul-
lary renal tubules. However, after renal IRI, one can detect
increased IgM binding to glomeruli but not to the extensive
network of NMM containing capillaries that surround the
tubules or the renal tubules (168). Additionally, depleting B1
cells, decreased binding of IgM to glomeruli, and decreased
glomerular injury, but did not protect tubules from
inflammation-mediated renal injury, thus indicating that
the innate inflammation seen after renal IRI is not mediated
by natural IgM and complement (168). Other studies would
indicate that the inflammatory response after renal IRI is
mediated by ischemia-induced renal tubular injury that
activates innate immune cellular mechanisms involving NK
and NKT cells (169). This latter study would also explain

(ii)

why Rag-1 ko mice and IgM ko mice without secretory IgM
are not protected from renal IRI (4, 138, 170-172).

(iii) Induction of pathogenesis by non-physiologic expansion of
specific lgM-NAA clones. This is best exemplified by expan-
sion of certain B1 cell clones that specifically secrete rheu-
matoid factor (RhF), an IgM-NAA that binds to self IgG.
Excess production of RhF predisposes to generation of large
circulating IgM/IgG complexes (referred to as cryoglobulins
as these complexes precipitate ex vivo in the cold) that cause
thrombosis of small blood vessels especially in the kidney
glomeruli and skin (173, 174). This serious clinical problem
is treated by plasmapheresis (to remove cryoglobulins) and
agents to deplete B cells. The most common etiology for
monoclonal or polyclonal expansion of RhF secreting Bl
cell clones is chronic hepatitis C infection. Currently, it is
unclear why this viral infection is associated with clonal
expansion of RhF secreting Bl clones. More importantly,
even though RhF was the first [gM-NAA to be discovered,
we do not understand their normal physiological role.

Nature of IgM-ALA and Understanding

Their Anti-Inflammatory Function

In this section, we review some of our pertinent observations
on IgM-ALA that initially were discovered because of their
lymphocytotoxic activity at room temperature in the presence
of complement [reviewed in Ref. (39)]. Here, we show (a) that a
substantial subset (8—-10%) of IgM secreting human B cell clones,
obtained from the umbilical cord, has IgM-ALA activity, (b) that
polyclonal IgM-ALA clones have binding specificity to certain
leukocyte subsets and that polyclonal IgM-ALA will bind to only
some leukocyte receptors and not others. More importantly,
we show that the repertoires of IgM-ALA vary in disease states
among different individuals, and (c) that IgM-ALA exhibits
anti-inflammatory effects, both in vitro and in vivo. We show that
the anti-inflammatory effects are in part explained by IgM-ALA
binding to co-stimulatory receptors and regulating the function
of T effector cells and DC without decreasing Tregs. These in vitro
studies involve human and murine cells, while in vivo studies
were performed in mice.

Human Umbilical Cord B Cell Clones Produce
IgM-ALA that Exhibit Leukocyte Receptor

Specificity — Binding of IgM to Leukocytes was Not
Mediated by FcuR

We initially wanted to determine if IgM-ALA exhibited leuko-
cyte receptor specificity as natural antibodies are polyreactive
and, hence, each monoclonal IgM could non-specifically bind to
carbohydrate or other moieties on several leukocyte receptors.
We isolated B cell clones from human umbilical cord blood and
observed that >90% of B cells were IgM secreting with about
10% of the IgM clones having IgM-ALA binding activity when
examined by flowcytometry on a cell mixture comprising of B
(Daudi), T (Jurkat, Sup T1), and macrophage (U937) human
cell lines. The lack of demonstrable leukocyte reactivity by the
majority of IgM clones would indicate that IgM did not bind
to FcpR on human B cells and macrophages (175). Second, we
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FIGURE 4 | Presence of IgM-ALA in supernatants from umbilical cord
B cells. (A,B) IgM-ALA reactivity in IgM containing supernatants from B cell
clones activated with the EBV virus. IgM-ALA reactivity was detectable in 8 of
79 supernatants. (A) Supernatants were interacted with cells containing a
mixture of cell lines, i.e., Jurkat, SupT-1, Daudi, and U937. Note that the
supernatants have IgM-ALA that is specific for either T or non-T cells or all
four cell lines. Subsequent studies revealed that IgM anti-non-T cell had
binding reactivity to only U937 cells and not to Daudi cells. (B) Data on IgM
anti-CD4 reactivity using an ELISA technique. Note that only 2 of 79
IgM-containing supernatants had IgM anti-CD4 reactivity and both these
supernatants also had IgM with binding to leukocytes. Figure and legend
reproduced with permission from Ref. (39). Copyright 2008. The American
Association of Immunologists, Inc.

observed that these IgM-ALA clones exhibited leukocyte subset
specificity in that some of the IgM-ALA monoclonal antibodies
only bound to receptors expressed by all leukocytes or either T
cells (SupT-1, Jurkat) or macrophages (U937) or B cells (Daudi)
(Figure 4) (39). Further studies revealed that only human
monoclonal IgM, having T cell reactivity, immunoprecipitated
CD4 from cell lysates and bound to recombinant soluble CD4,
thus indicating that IgM-ALA can exhibit both receptor and cell
specificity.

Polyclonal IgM from Different Human Sera Differ in
Their Repertoire for Receptor Binding. IgM, in
Addition, Regulates Human T Effector Cells and DC
Without Affecting Tregs or Chemokine Production

We used polyclonal IgM, purified by size exclusion chromatogra-
phy, from sera of normals, HIV patients and renal dialysis (ESRD)
patients (39). Ammonium chloride precipitation was not used as
this method affected IgM-ALA binding [see method details in
Ref. (39)]. We showed that IgM could immunoprecipitate CD3,
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FIGURE 5 | Immunoprecipitation experiments to show binding of
human polyclonal IgM to CD3, CD4, CCR5, and CXCR4. (A,B)
Identical quantities of individual (labeled no. 1, 2, etc.) or pooled

(labeled P) IgM from normal (labeled N), HIV (labeled H), ESRD (labeled E),
or Waldenstrom (labeled W) were used to immunoprecipitate leukocyte
receptors from equal amounts of whole cell lysates or recombinant soluble
CD4. As controls, Western blots were performed with cell lysates in the
absence of agarose beads [to control for binding of primary Ab to
leukocyte receptor and to determine receptor size (labeled Ly)]. In another
control, agarose beads without IgM were added to lysate to determine
whether the leukocyte receptor non-specifically bound to the bead

(B plus Ly). Note that several fold more receptors were immunoprecipitated
by ESRD and HIV IgM when compared with normal IgM. (C) Significantly
increased binding of IgM from B cell clone 4G4 to CD4+ T cells when
compared with CD4- T cells (MCF 71.6 vs. 16.6). Clone 4G4 secreted IgM
with anti-CD4 reactivity. Note that no increased binding was observed on
CD4+ T cells using a B cell clone (IE12) secreting IgM without anti-CD4
reactivity (MCF 22.5 vs. 22.3). Figure and legend reproduced with
permission from Ref. (39). Copyright 2008. The American Association of
Immunologists, Inc.

CD4, CCR5, and CXCR4 from lysates of cell lines (Figure 5).
However, the repertoire of IgM-ALA was found to be different
among individuals, especially patients as exemplified with HIV
patients (see Figure 5). Such differences in the repertoires of IgM-
ALA may explain why clinical manifestations of inflammation
are different among different individuals. It is also possible that
prior exposure to different infective agents or foreign antigens
may explain the observed differences in the repertoire of IgM-
ALA among different individuals (31).

In in vitro studies with human peripheral blood mononu-
clear cells (PBMC), addition of polyclonal human IgM, but not
human IgG or Waldenstrom’s IgM lacking IgM-ALA, differen-
tially inhibited co-stimulatory receptor upregulation, cytokine
production, and proliferation of T cells (39). Both normal
and patient IgM downregulated expression of CD4, CD2, and
CD86 but not CD8 and CD28 on blood PBMC activated with
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FIGURE 6 | Polyclonal IgM inhibits IFN-y production and T cell proliferation and differentiation into TH-1 and TH-17 cells of murine splenic cells and
specific pro-inflammatory cytokines from human leukocytes activated with alloantigens. (A) Supernatant IFN-y in 48 h culture media of splenic cells
activated with a-gal-ceramide that specifically activates NKT-1 cells. IgM was added either 0.5 h before activation (IgM pre) or 1 h post activation. (B-D) CFSE
labeled WT-B6 splenocytes (2.5 x 10° in 0.5 ml media) were activated either in a one-way MLR (using 7.5 x 0° BALB/c irradiated splenocytes) or LPS (350 ng) and
soluble anti-CD3. Cells were cultured for 4 to 5 days. IgM (10-15 pg) was added at the initiation of culture unless otherwise indicated. In (D), the effect of Tregs was
evaluated by co-culturing 2.5 x 10° CD45.1 WT-B6 splenic leukocytes, containing 1.8% CD4+* Foxp3+ cells, with 0.5 x 10° CD45.2 WT-B6 Tregs (76% Foxp3+)
under cytokine conditions favoring TH-17 differentiation. (E) Pooled human normal, ESRD, and HIV IgM but not Waldenstrom IgM significantly inhibit the increase in
TNF-a and IL-13 but not that of IL-6, IL-8, MIG, and MCP-1 produced in response to alloantigen activation of T cells. Supernatants were obtained from day 5 MLR
cultures stimulated in the presence or absence of pooled IgM (15 pg/ml), added on day 0. (F) Pooled human IgM inhibits anti-CD3-mediated Zap-70
phosphorylation of human T cells. IgM was added 30 min before anti-CD3/28 and cells were cultured overnight before quantitation with flowcytometry. Figures and
legend reproduced with permission from Ref. (138) (A-D) and (39) (E,F). Copyright 2008 and 2012. The American Association of Immunologists, Inc.

alloantigens (MLR) (39). Additionally, both normal and patient above studies when compared to normal IgM (39). These
IgM inhibited production of the same set of cytokines, i.e., TNF-  functional differences between normal and patient IgM may
a, IL-13, and IL-2 but not IL-6 and chemokines when human  be explained by differences in their quantity and IgM-NAA
PBMC were activated by alloantigens [Figure 6E; Ref. (39)]. repertoire (Figure 5). Other investigators have also shown that
Other investigators working with a monoclonal IgM-ALA with ~ polyclonal human IgM can inhibit proliferation of human T
reactivity to TcR have shown that IgM-ALA can inhibit IL-2  cells (5, 177).

production and T cell proliferation by binding to the TcR (5, In summary, the data indicate that polyclonal IgM, in
176). Similarly, we showed that IgM inhibited T cell prolifera-  physiological doses, inhibit human T effector cell activation
tion induced by alloantigens or CD3 ligation and also inhibited ~ and proliferation as well as regulates production of certain
Zap-70 phosphorylation induced by anti-CD3 [Figure 6F; Ref.  cytokines by binding to certain co-stimulatory molecules
(39)]. However, IgM did not alter chemokine production by (CD4, CD3, TcR). IgM does not inhibit T regs. We also show
activated PBMC but inhibited chemokine-induced chemotaxis  that the quantity and repertoire of [IgM-ALA varies in different
by binding to the receptor and blocking chemokine binding  individuals especially in disease. Interestingly, [gM-ALA does
(39). Importantly, IgM did not alter Treg levels in an MLR,  not appear to affect the production of chemokines by leuko-
despite inhibiting T cell proliferation. In general, identical  cytes, but interferes with their action by binding to chemokine
quantities of patient IgM had a more inhibitory effect in the  receptors.
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Polyclonal Murine IgM Binds to Specific
Co-Stimulatory Receptors and Regulates the
Function of Murine T Effector Cells, DC, and NKT
Cells but Not Tregs

In murine studies, we initially observed that IgM-ALA bound to
pronased splenic leukocytes (Figures 7B,C) and that IgM-ALA
had several fold increased binding to live splenic granulocytes,
DC, and B cells when compared to T cells and IgM binding to
all leukocytes was enhanced when cells were activated (see
Figure 7A). Furthermore, we showed that IgM-ALA bound to
splenic leukocytes independently of FcpR and, second, showed
that IgM, after binding to leukocytes, could immunoprecipitate
several different leukocyte receptors (Figure 7D) (138). These
observations, together with the above findings with human leu-
kocytes, led us to investigate if IgM had an inhibitory effect on the
function of T cells, DC, and NKT cells by binding to receptors,
e.g., antigen-presenting receptors and co-stimulatory receptors,
that get upregulated during activation. Both T cells and DC have
an important role in adaptive immunity, e.g., in transplantation
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FIGURE 7 | Polyclonal murine WT IgM bind to membrane receptors on
leukocytes. (A) Polyclonal IgM has several fold increased binding to
activated murine splenic B cells and dendritic cells (DC). Splenic leukocytes,
activated for 48 h were interacted with purified mouse IgM at 4°C and
evaluated for IgM binding using IgG anti-IgM (clone 11/41). Isotype
monoclonal IgM with reactivity to KLH did not bind to activated leukocytes
(data not shown). IgM binding to B cells was evaluated by blocking
intrinsically expressed IgM with unlabeled IgG anti-IgM (clone 11/41). (B) It
depicts immunofluorescence microscopy images of IgM binding to cell
membranes of splenic T lymphocytes. (C) It compares binding of IgM and
isotype IgM on CD3*WT-B6 pronase pretreated splenic leukocytes. Spleen
cells were pronase digested to remove FcpR and to show that IgM-ALA can
bind to other receptors on cell membranes. (D) It depicts a representative
example of a Western blot from two separate experiments demonstrating
immunoprecipitation by WT-polyclonal IgM of biotinylated membrane proteins
from the murine macrophage cell line J77. In this experiment, WT-polyclonal
IgM is compared with an equal amount of isotype IgM that has no binding
activity to leukocytes using flow cytometry. Figure and legend reproduced
with permission from Ref. (4) (A) and Ref. (138) (B-D). Copyright 2012 and
2015. The American Association of Immunologists, Inc.

and NKT cells, together with DC, have an important role in innate
immunity.

With murine leukocytes, we showed in in vitro studies, that
physiological doses of murine polyclonal IgM inhibited naive
T cells from differentiating into TH-1 and Th-17 cells even when
IgM was added 48 h after activation (Figures 6B-D) (138). This
inhibitory effect of IgM-ALA on T cells did not depend on pres-
ence of DC as the same inhibitory effect was noted when T cells
were activated with insoluble anti-CD3/28. IgM inhibition of
anti-CD3-mediated Zap-70 phosphorylation would indicate that
the inhibitory effect of IgM on T cell function is mediated by IgM
binding to CD3 [Figure 6F; Ref. (39)]. IgM did not, however,
inhibit differentiation of murine T cells into Foxp3+ cells and,
furthermore, under Th-17 differentiating cytokine conditions,
IgM inhibited sorted Foxp3+ cells from differentiating into
TH-17 cells (Figure 6D) (138).

Since there are <1.5% of DC in murine splenic leukocytes,
we used 7-8 day cultured murine bone-marrow DC (BMDC) to
investigate the functional effects of IgM on DC (4). We showed
that polyclonal murine IgM, but not IgM pre-adsorbed with
activated splenic leukocytes, bound to recombinant soluble CD40
and PD1 but not PDL-1, CD40L, and CD80, indicating, therefore,
that IgM-ALA has binding specificity to certain DC receptors, just
as we observed with human T cell receptors where IgM bound to
CD4, CD3, and CD2 but not to CD8 (39). The functional effect
of IgM binding to certain specific co-stimulatory receptors was
tested on LPS-activated BMDC. We show that IgM, even when
added 2 h after LPS, inhibited LPS-induced CD40 upregulation,
but not upregulation of CD86, PDL-1, and MHC-II of BMDC
and downregulated basal expression of PD1 on BMDC. IgM, in
addition, downregulated p65NF-kB activation induced by LPS
(Figure 8D) but not by LPS + anti-CD40 (agonistic Ab), thus
indicating that IgM can inhibit p65NF-kB upregulation medi-
ated by TLR4 activation, but not when both TLR4 and CD40 are
activated (4). Interestingly, IgM inhibited TLR4 activation by a
mechanism that did not involve inhibition of LPS binding to cell
receptors (4). However, despite downregulation by IgM of TLR4-
induced p65NF-kB, there was no decrease in IL-12 production
or increase in IL-10 production indicating that LPS activates
other transcription factors, besides p65NF-kB, to upregulate
these cytokines and certain other co-stimulatory receptors that
were not downregulated with IgM (4). In in vivo studies (to be
presented in the next section), we show that IgM pretreatment
of LPS-activated BMDC switches these activated BMDC to a
regulatory phenotype possibly by a mechanism involving down-
regulation of CD40 and NF-kB.

We next did in vitro studies to test the effect of polyclonal IgM
on Typel NKT cells, which together with DC, have an important
role in inducing innate inflammation, e.g., after renal reperfusion
injury (IRI). In these studies, we used a-gal-ceramide, a glycolipid
that is taken up by DC and presented via the CD1d receptor to
Type 1 NKT cells, which get activated and secrete IFN-y. This
assay is specific for determining Type 1 NKT function as only
Type 1 NKT, but not T effector cells, will secrete IFN-y after
exposure to o-gal-ceramide, which is recognized, in context of
CD1d presentation, by the invariant TcR on Type 1 NKT cells.
We show that physiological doses of IgM inhibits a-gal-ceramide
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FIGURE 8 | In vivo infusion of polyclonal human or murine IgM pretreated WT-BMDC with downregulated NF-xB protects mice from renal IRI.
(A) There is more protection when using WT-BMDC pretreated with both IgM and LPS as evaluated by SCr. WT-BMDC were pretreated with IgM for 1 h before
adding LPS and culturing BMDC at 37°C for 48 h. (B) LPS-activated BMDC pretreated with either mouse or human IgM are protective in renal IRI. (C) Pretreating
48 h LPS-activated WT-BMDC with IgM for 1 h at 4°C is not protective in IRI. Fourty-eight hour IgM/LPS-pretreated WT-BMDC are non-protective in IRI after being
irradiated (3000 Rad) or rendered apoptotic by exposure to UV light. Additionally, polyclonal IgM adsorbed with splenic leukocytes to deplete IgM-ALA clones was
not protective in IRI. (D) Western blot depicting IgM-mediated downregulation of LPS-induced phosphorylation of p65 NF-kB in BMDC. IgM was added either
before or after LPS activation. Figure and legend reproduced with permission from Ref. (4) Copyright 2015. The American Association of Immunologists, Inc.

TABLE 2 | In vitro effects of IqM-ALA on human and murine leukocytes.

T cells NKT-1 cells BMDC
Degree of Moderate Moderate Very high
membrane
binding
Cell receptor CD4, CD3, TcR, CD4 Binds CD86, CD40
binding downregulation of

CD4; inhibits HIV entry
Intracellular  Inhibits ZAP-70 Inhibits LPS-induced
signaling activation NFkB activation
Pro- Inhibits production Inhibits No effect on IL-12
inflammatory of IFNy, IL-17, production orIL-10
mediators TNFa, IL-2 of IFNy
Anti- Enhances production Switches BMDC to
inflammatory of IL-4, enhances regulatory phenotype
mediators T regs (PD-1, IL-10

dependent)

Proliferation  Inhibits proliferation
(alloantigen and

anti-CD3/28)

induced IFN-y production of splenic leukocytes even when IgM
is introduced 1 h after a-gal-ceramide (Figure 6A) (138). We
have not defined the mechanism for the inhibitory effect of IgM
on Type 1 NKT function.

In summary (see Table 2), the in vitro data with both human
and murine cells would indicate that IgM-ALA regulates leuko-
cyte function by binding and downregulating certain leukocyte
receptors (e.g., CD4 and CD2 on T cells, CD40, and CD86 on DC)
and inducing regulatory function in DC. Importantly, IgM does
not decrease Foxp3+ Tregs. IgM regulates leukocyte activation,
proliferation, and chemotaxis to attenuate excess inflammation
[Figure 6; Ref. (39)]. The marked individual variation in the
repertoire of IgM-ALA, with specificity to the different leukocyte
receptors, observed in both normal and disease states could
potentially explain the differences in the vigor and character of
inflammatory responses in different individuals exposed to the
same inciting agent. Additionally, differences in inflammatory
response may also be influenced by total levels of IgM-NAA or
IgM-ALA as we observed in transplant recipients (Figure 3).
Finally, IgM-ALA, by binding to leukocyte receptors and inhibit-
ing cell activation, can provide another mechanism to limit viral
entry into cells and replication as we have shown with the HIV-1
virus (Figure 2) (144).

IgM-ALA Inhibits the Innate Immune Inflammatory
Response in Renal Ischemia Reperfusion Injury

To test the in vitro inhibitory effects of IgM-ALA on DC and NKT
cells, we used an in vivo murine model of renal IRI (169). In this
model, renal vessels to both kidneys are completely occluded with
clamps for 26 or 32 min to induce either mild or severe ischemic
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renal tubular injury. The kidneys are then allowed to re-perfuse
by unclamping the blood vessels and the extent of renal injury or
decrease in renal function is quantitated at 24 h of reperfusion by
measuring for accumulation in the plasma of waste products (e.g.,
creatinine) that are normally only removed by the kidneys. In this
model, the initial ischemic injury is not sufficient to impair renal
function as quantitated by measuring plasma creatinine, but it is
the innate inflammatory response to products released by ischemic
renal cells (e.g., DAMPS and glycolipids) that significantly worsen
kidney injury that leads to loss of function. In this model, DAMPS
and glycolipids released by ischemic renal cells are taken up by
DC and in the splenic marginal zone, DC present glycolipids in
the context of CD1d to activate NKT cells, which rapidly release
IFN-y to activate innate effector cells especially granulocytes, mac-
rophages, and NK cells (169). Activated innate effectors migrate to
the kidney, where chemokines, released by ischemic cells, enhance
extravasation of inflammatory cells into the kidney interstitium.
The inflammatory effector cells in the kidney interstitium cause
further renal tubular injury with loss of kidney function that leads
to an increase in plasma creatinine. This acute loss in kidney func-
tion is referred to as acute kidney injury (AKI).

We used two approaches to test the protective role of IgM in
the suppression of this ischemia-induced innate inflammatory
response. First, we performed renal IRI in B6/S4-IgMko mice
(referred to as IgM ko) that lack circulating IgM but have nor-
mal levels of other immunoglobulins. These mice have normal
or increased levels of Tregs, B regs, and IL-10 and their normal
functioning B cells express membrane IgM or BcR but are unable
to secrete IgM. Unlike their WT counterpart, we demonstrated
that these mice are very sensitive to renal ischemia, developing
AKI with mild ischemia (26 min clamp time) that is insufficient to
cause AKI in their WT counterparts (Figures 9A,B). Replenishing
IgM in the IgM ko mice with a single 240 pg dose of polyclonal
IgM, to achieve plasma levels similar to that in their WT counter-
parts, protected these IgM ko mice from developing AKI with mild
ischemia, thus indicating that sensitivity to ischemia in the IgM ko
mice resulted from a lack of circulating IgM (Figures 9A,B).

In the second approach, a single dose (150 pg) of normal puri-
fied polyclonal IgM was administered intravenously to wild-type
C57BL6 (WT-B6) mice to increase baseline circulating IgM by
about 30-50% and to determine if increasing IgM would protect
these WT-B6 from severe renal ischemia (32 min clamp time).
These studies clearly indicated that increasing circulating IgM
levels protected mice from severe renal IRI (Figure 9C). We next
determined that this protection was mediated by IgM-ALA as
administering similar quantity of polyclonal IgM pre-adsorbed
with activated splenic leukocytes to remove IgM-ALA failed to
protect these WT-B6 mice from severe renal IRI (Figure 9C).

In both approaches, physiological doses of intravenous
polyclonal IgM mediated protection by decreasing the innate
ischemia-induced inflammatory response. Protected kidneys
had a very minimal inflammatory response with no or minimal
tubular injury that could be detected on histology. Based on
our in vitro data, in vivo IgM-ALA could mediate protection
through several mechanisms, including regulation of NKT and
DC and maintaining or enhancing Tregs, which also mediates
protection in this model of innate inflammation (178). Our prior

observations showing that IgM-ALA had several fold increased
binding to splenic DC, when compared to T cells, prompted us to
investigate the role of IgM-ALA in regulating DC in this model.
These studies are presented in the next section.

Protection from Renal Ischemia is Mediated by IgM
Induced Regulatory DC. Regulatory DC Require
Tregs, B cells, Circulating IgM, and IL-10 to Mediate
In Vivo Protection

To examine the in vivo role of IgM on DC, we used 7 to 8-day-
old cultured BMDC. In these studies, BMDC were activated ex
vivo for 48 h with LPS with or without polyclonal IgM. Activated
BMDC were washed and then 0.5 X 10° BMDC were infused
intravenously into mice 24 h before performing renal ischemia. In
these studies, IgM + LPS-pretreated BMDC protected mice from
ischemia induced AKI (Figures 8A) by inhibiting the increased
generation of circulating granulocytes and inhibiting innate acti-
vated leukocytes from infiltrating the ischemic kidney [Figure
10, Ref. (4)]. Importantly, protection with LPS-activated BMDC
was only observed when IgM was present during the 48-h culture
and not when IgM was added at the end of the 48 h LPS activation
(Figure 8C), indicating therefore that regulation of BMDC by IgM
is an active process requiring both NF-xB and CD40 downregula-
tion induced by IgM (Figure 8D). Preventing downregulation of
NF-kB and CD40 by adding the agonistic anti-CD40 antibody to
LPS + IgM during activation, negated the protective effect, thus
supporting that NF-xB and CD40 downregulation are required
to switch activated BMDC to a regulatory phenotype (4). It is
possible that IgM by binding to CD40 induces this regulatory
phenotype. Ex-vivo pretreatment of murine BMDC with human
IgM was also protective in renal IRI (Figure 8B), indicating that
the function of IgM-NAA is evolutionarily conserved among
species.

However, since LPS activation of BMDC generates apoptotic
cells, it is possible that protection from ischemia could be medi-
ated by complexes of IgM anti-PC and apoptotic cells, which
when injected, regulate endogenous DC (127). Such a possibility
seemed unlikely, as in the in vivo murine studies to demonstrate
the anti-inflammatory role of apoptotic cells, large quantities of
apoptotic cells (2.5 x 107 thymocytes) were used (127), while
in our studies, we only used 0.5 X 10° BMDC (4). However, to
exclude the possibility of apoptotic cell-mediated protection, we
used apoptotic BMDC by subjecting activated LPS + IgM pre-
treated BMDC (0.5 X 10° cells) to UV irradiation. Such apoptotic
LPS + IgM pretreated BMDC failed to protect mice from ischemia
induced AKI, thus excluding the role of apoptotic cell/IgM
complexes in inducing protection (Figure 8C). The latter experi-
ments indicated that IgM-ALA mediated protection by switching
LPS-activated BMDC to a regulatory phenotype. BMDC required
IL-10 but not IDO (indoleamine 2, 3-dioxygenase) to switch to
a regulatory phenotype as IgM + LPS pretreatment of IL-10 ko
BMDC, but not IDO ko BMDC, failed to protect mice from
developing AKI after renal ischemia (4).

We hypothesize that intravenously injected regulatory
BMDC inhibit the innate inflammatory response by entering
the splenic marginal zone where they inhibit NKT function.
However, in further studies, we show that injected regulatory
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BMDC require the presence of other in vivo suppressive In summary, IgM-ALA inhibits the ischemia-induced innate
mechanisms, such as circulating IgM, IL-10, Tregs, and B cells,  inflammatory response by several mechanisms, including
to mediate protection (4). switching activated DC to a regulatory phenotype, inhibiting
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NKT cell IFN-y production, and inhibiting chemotaxis of
leukocytes by binding to chemokine receptors. However, IgM-
ALA is in-effective on its own in inhibiting the ischemia-induced
innate inflammatory response and requires the presence of other
in vivo suppressive mechanisms, such as IL-10, Tregs and B cells.
Conversely, these other in vivo suppressive mechanisms, such
as Tregs and Bregs, cannot effectively protect against ischemia
induced innate inflammation without IgM-NAA as evidenced
in our renal ischemia experiments using IgM ko mice that lack
secretory IgM (Figures 9A,B).

Polyclonal IgM Inhibits Inflammation Mediated by
Adaptive Immune Mechanisms in Allograft
Transplantation

Because of our clinical observations (Figure 3) and the in vitro
studies demonstrating that IgM (a) inhibited alloantigen-activated
T cell proliferation and differentiation into Th-1 and Th-17
independently of DC (Figure 6) and (b) could induce regulatory
function in DC, we performed experiments aimed at determining
whether IgM could also inhibit allograft rejection, which is an
in vivo model of inflammation mediated by alloantigen-activated
DCand T cells (138). Two approaches were used to test the role of
polyclonal IgM. First, cardiac transplants were performed intra-
abdominally in B6/S4-IgM ko mice (referred to as IgM ko) or their
WT littermates using B6-bm12 donor hearts, which are minimally
incompatible at the MHC class II locus (Ia) with the recipient.
In this transplant model, there is a mild chronic form of cellular
rejection and a vasculopathy that is initiated by a T cell-mediated
inflammatory process and cardiac graft loss (defined as loss of
intra-abdominal cardiac pulsation) occurs at >2 months in WT
recipients. However, in IgM ko recipients, there is a more severe
acute cellular rejection and graft loss occurs in 2-3 weeks, which is
significantly earlier compared with their WT-B6/S4 counterparts,
where cardiac graft loss occurs after >2 months (Figure 11).
Histologically, there are considerably more TH-17 cells infiltrating
the cardiac allograft in the IgM ko recipient despite no significant
difference in infiltrating Tregs between the groups (138). The T
cell findings on histology mirror the in vitro studies where IgM
inhibited naive T cells and Foxp3+ T cells from differentiating into
TH-17 cells without affecting levels of Tregs (Figure 6D).
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FIGURE 11 | Allograft rejection is more rapid and severe in B6/
S4-IgMko mice. B6/S4-IgMko mice and their WT counterparts (WT-B6/S4)
received cardiac allografts from B6-bm-12 donors that are only incompatible
at the MHC-la locus. Graph depicts the post-transplant day when cardiac
contractility was found to be decreased by finger palpation. Histology depicts
Day 10 post-transplant B6-bm12 cardiac allograft histology. Figure and
legend reproduced with permission from Ref. (138). Copyright 2012. The
American Association of Immunologists, Inc.

In the second approach, we wanted to determine whether
increasing circulating levels of IgM in WT-B6 mice inhibited
the severe and rapid rejection that occurs in the setting of fully
MHC-incompatible donor hearts (i.e., from BALB/c donors). In
this model, rejection in WT-B6 recipients is detectable by day 5
and graft loss occurs by 7-9 days (138). In these studies, 175 pg
IgM was intravenously administered 24 h after ascertaining that
cardiac surgery was successful, and the dose of IgM was repeated
on days 3 and 5. Mice were euthanized on day 6. The data clearly
show that IgM inhibited the severe inflammation in the cardiac
allograft induced by rejection on day 6, as detected by H&E stain-
ing and immunofluorescence staining for neutrophils (7/4) and T
cells (CD3). Importantly, with immunohistochemistry, this lack
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ofleukocyte infiltration in the cardiac parenchyma of IgM-treated
recipients was also associated with no or minimal CXCL1+ leu-
kocytes and with no or minimal fragmentation of capillaries, as
identified by the endothelial cell marker CD31 (138).

In summary, we show that physiological doses (175 pg) of
polyclonal IgM can subdue inflammatory responses mediated by
an adaptive immune mechanism. Potential mechanisms include
the following (a) a direct inhibitory effect of IgM-ALA on T effec-
tor cells, but not Tregs, possibly by binding and down-modulating
CD3/TcR and certain specific co-stimulatory receptors, such as
CD4 and CD2 but not CD8. As a result, T effector cells are inhib-
ited from proliferating or producing certain specific cytokines
(e.g., TNF, IFN-y, IL-17 but not IL-6, and chemokines) or from
differentiating into TH-1 and TH-17 pro-inflammatory cells.
Importantly IgM-ALA does not affect levels of Foxp3+ Tregs, but
prevents Foxp3 + cells from differentiating into TH-17 cells under
pro-inflammatory conditions, (b) by binding to CD40 and switch-
ing activated DC to a regulatory phenotype with downregulation
of CD40 and p65NF-kB, and (c) by inhibiting chemotaxis. It is
highly unlikely that IgM anti-PC could have a significant role in
inhibiting allograft rejection in our studies as we used small doses
of polyclonal IgM (175 pg) while 1.5-2.0 mg of a monoclonal IgM
anti-PC (T15 idiotype) was used to inhibit an arthritis model of
inflammation mediated by adaptive immune mechanisms (127).

Polyclonal IgM Antibodies Inhibit
Autoimmune-Mediated Insulitis in NOD Mice

Insulitis in the NOD mouse is primarily mediated by autoimmune
T cells but there are data to indicate that B cells are also involved.
Depleting B cells or only B1 cells ameliorates insulitis indicating
that some of the IgG autoantibodies detected in NOD mice may
also be pathogenic (179-181). The role of B1 cells in generating
pathogenic IgG autoantibodies has also been described in other
autoimmune murine models (20, 94). Because our in vitro studies
demonstrated that polyclonal IgM inhibited T cell proliferation
and differentiation into Th-1 and Th-17 cells (Figures 6B-D) and
can also counter pathogenic IgG autoantibodies (as previously
discussed), we performed studies to determine whether IgM could
inhibit autoimmune insulitis that results in islet cell destruction
and diabetes mellitus (DM) in NOD mice (182). In these mice,
the autoimmune inflammatory process begins spontaneously
around 4-5 weeks after birth and the initial phase is character-
ized by a silent and non-destructive leukocyte infiltration of the
perivascular and periductal regions in the pancreas as well as the
peripheral islet regions by a heterogeneous mixture of CD4 and
CD8 T cells, B cells, macrophages, and DC (peri-insulitis). In
the invasive phase that begins at 8—12 weeks of age, the immune
infiltrate enters the islet inducing beta cell destruction (insulitis).
Significant destruction first becomes evident around 12-13 weeks
of age with mice exhibiting overt diabetes (DM).

We wanted to determine the effect of increasing IgM levels
on development of DM (182). NOD mice were administered bi-
weekly intra-peritoneal polyclonal IgM (50 pg/dose) beginning
eitherat 5 or 11 weeks of age and ending when mice were 18 weeks
old. At 25 weeks of age, 80% of control mice (n = 30) became
diabetic, while 0% of mice (n = 30) treated with IgM beginning
at 5 weeks developed DM. Importantly, only 20% of pre-diabetic

mice (n =20) treated with IgM beginning at 11 weeks of age devel-
oped DM at 25 weeks of age. This latter observation is particularly
notable as prior studies using co-stimulatory blockade failed to
prevent DM in this murine model. At 18-25 weeks of age the
pancreas revealed no or minimal insulitis in NOD mice treated
with IgM beginning at 5 weeks of age. Other investigators using
monoclonal polyreactive natural IgM in the neonatal period have
also obtained similar results (183, 184).

In summary, these studies indicate that polyclonal IgM inhibits
insulitis via several potential mechanisms, including inhibition of
autoimmune T effectors and possibly countering IgG autoanti-
bodies via anti-idiotypic mechanisms and by inhibiting the B cells
that produce them. Additionally, IgM by switching activated DC
to a regulatory phenotype and maintaining Tregs could enhance
this protective effect.

CONCLUSION

Figures12and 13 summarize our conceptsoftheinter-relationship
between pathogens and natural antibodies. In both murine and
human models, the evidence shows that these polyreactive and
low-affinity binding IgM-NAA function under physiological
conditions to (i) provide a first line of defense against invading
organisms, (ii) protect the host from autoimmune inflammation
mediated by autoimmune B and T cells that have escaped tolerance
mechanisms, (iii) protect the host from endogenous oxidized neo-
determinants and other neo-antigens that are unmasked during
tissue damage, and (iv) regulate excess inflammation, mediated
by both innate and adaptive immune mechanisms. Even though
the full repertoire of [gM-NAA develop during the first few years
oflife, both their levels and repertoire differ in healthy individuals
as well as in disease and could contribute to the varying inflam-
matory response, for example, after an infection or alloantigen
exposure (see Figures 2 and 5). We hypothesize that high
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protective levels of IgM-NAA are maintained by infections that
have been shown to increase [gM-NAA, especially IgM-ALA and
anti-PC [reviewed in Ref. (31, 39, 148)]. Such a hypothesis could
explain the significantly low incidence of autoimmune disorders,
such as SLE or sarcoidosis in rural parts of Africa where malaria
and other infections are endemic (185-187). We have shown that
IgM-ALA increases in active sarcoidosis (188). There are other
suppressive mechanisms (e.g., Tregs, B regs, IL-10, TGF-f) that
regulate inflammation and based on the different animal models
of inflammation, it would appear that IgM-NAA have a more
prominent role in regulating inflammation that involves patho-
genic IgG autoantibodies, macrophages, and NKT cells. However,
we show that IgM-NAA require Tregs, B cells, and IL-10 to be
fully effective in controlling inflammation (4). Conversely, our
studies and that of others, using mice deficient in IgM secretion,
would also indicate that Tregs and Bregs also require IgM-NAA
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Austria, ° Department for Health Science and Biomedicine, Danube University Krems, Krems, Austria

Hypothesis: Blood group antibodies are natural antibodies that develop early in life in
response to cross-reactive environmental antigens in the absence of antigen encounter.
Even later in life structural similarities in saccharide composition between environmental
antigens such as bacterial polysaccharides and blood group A/B antigens could lead to
changes in serum levels, IgM/IgG isotype, and affinity maturation of blood group anti-
A/B antibodies. We addressed the question whether immunization with pneumococcal
polysaccharide (PnP) vaccine Pneumo 23 Vaccine “Pasteur Merieux” (Pn23) could have
such an effect in patients with type | diabetes mellitus (DM 1), an autoimmune disease
where an aberrant immune response to microbial antigens likely plays a role.

Methods: Anti-PnP IgM and IgG responses were determined by ELISA, and the
DiaMed-ID Micro Typing System was used to screen anti-A/B antibody titer before and
after Pn23 immunization in 28 healthy individuals and 16 patients with DM . In addition,
surface plasmon resonance (SPR) technology using the Biacore® device and a synthetic
blood group A/B trisaccharide as the antigen was applied to investigate IgM and IgG
anti-A/B antibodies and to measure antibody binding dynamics.

Results: All healthy individuals and DM | patients responded with anti-PnP IgM and IgG
antibody production 4-6 weeks after Pn23 immunization, while no increase in blood
group anti-A/B antibody titer was observed when measured by the DiaMed-ID Micro
Typing System. Interestingly, isotype-specific testing by SPR technology revealed an
increase in blood group anti-A/B 1gG, but not IgM, following Pn23 immunization in both
patients and controls. No change in binding characteristics of blood group anti-A/B
antibodies could be detected following Pn23 vaccination, supporting the assumption of
an increase in IgG antibody titer with no or very little affinity maturation.
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Conclusion: The study provides evidence for epitope sharing between pneumococcal
polysaccharides and blood group ABO antigens, which leads to a booster of blood
group anti-A/B antibodies of the IgG isotype after Pn23 immunization in healthy individ-
uals. Manifest autoimmunity such as present in DM | patients has no additional effect on
the cross-reactive antibody response against pneumococcal polysaccharides and blood

group antigens.

Keywords: pneumococcal polysaccharide vaccine, 23-valent pneumococcal polysaccharide vaccine, anti-blood
group A/B antibodies, surface plasmon resonance, isoagglutinins, natural antibodies

INTRODUCTION

Natural antibodies are produced in the absence of overt exter-
nal antigenic stimulation early in life in all healthy individuals
with a functional immune system, presumably as a product
of germline gene segment assembly (1). Therefore, they show
low affinity to many microbial pathogens and certain cross-
reactivity, even to some self-antigens (1-4). Antibodies to
carbohydrate epitopes share certain characteristics with natural
antibodies, e.g., the absence of extensive class switching and
affinity maturation due to absent T-cell help (5). Isoagglutinins,
i.e., antibodies against carbohydrate epitopes that form the AB0O
antigens on red blood cells (RBCs), are considered prototypic
natural antibodies that were shown to be compromised in
patients with immunodeficiency (1, 4, 6). Their appearance
can be explained by inapparent stimulation particularly from
intestinal bacteria because antigens cross-reactive with blood
group polysaccharides are widely distributed in the environ-
ment (1, 7, 8). Natural anti-ABO antibodies have long been
considered to be predominantly of the IgM isotype, but antibod-
ies of the IgG isotype are also produced, especially later in life,
e.g., after alloimmunization in pregnancy or ABO-incompatible
blood transfusions (1). In the case of ABO blood groups,
individuals with blood group A develop an immune response
to B-like antigens of microorganisms and environmental
antigens like plants containing these epitopes (1, 9). B blood
group individuals develop anti-A antibodies, O blood group
individuals produce both anti-A and anti-B antibodies, while
AB blood group subjects have neither anti-A nor anti-B because
they express both antigens on their RBCs.

The human ABO blood group antigens are oligosaccharide
moieties formed on precursor backbones by glycosyltrans-
ferases (4, 9, 10). Blood group O individuals have carbohydrate
structures named H-antigen terminated in the sequence alpha-
Fuc(1,2)Gal. The blood group A antigen is then formed from the
H-antigen by an N-acetylgalactosaminyltransferase that uses a
UDP-N-acetylgalactosamine (GalNAc) donor, and the blood
group B antigen is formed by a galactosyltransferase that uses
a UDP-galactose (Gal) donor to convert the H-antigen (4). The
human A and B blood group antigens differ from each other
only in the substitution of an acetamino for a hydroxyl group
on the terminal saccharide residue, and this substitution can
be differentially recognized by specific antibodies (1, 4, 11, 12).
Interindividual variations in the titer of anti-blood group ABO
antibodies exist, representing modulation of the production of

these natural antibodies in response to cross-reactive environ-
mental antigens, e.g., through immunization (1). B cells could
thus recognize shared carbohydrate epitopes due to structural
similarities in saccharide composition, e.g., between microbial
polysaccharides (PnPs) and blood group A/B antigens, which
could also have an effect on blood group anti-A/B specific
antibody production after PnP-immunization. Previous findings
indicate shared epitopes between blood group oligosaccharides
and pneumococcal capsular polysaccharides, as antibodies cross-
reacting with human erythrocytes and pneumococcal antigens
have been described (7). Furthermore, it was shown that cross-
reactive carbohydrate determinants (CCDs) contained in blood
group antigens and microbial polysaccharides can be targeted by
immunoglobulins of different isotypes, in particular by IgE, but
also by IgG antibodies (13).

In addition to their role as a first line of defense against infec-
tion, natural antibodies have been shown to play an important
role in the initiation of autoimmunity (2, 8, 14-16). Natural
antibodies reacting with self-antigens were initially considered
to represent breakdown of tolerance, thus functioning as a tem-
plate for the generation of pathogenic autoantibodies produced
through a process of clonal selection, somatic hypermutation,
and class switching driven by antigen (14). More recently, these
antibodies have been attributed an additional role in the preven-
tion of autoimmune disease, e.g., by inhibiting activation of the
adaptive immune system by molecules released from apoptotic
cells that could facilitate autoimmune events (15, 16). Formation
of natural antibodies with high cross-reactivity could be regu-
lated differently in healthy individuals as compared to individu-
als with an autoimmune disease such as type 1 diabetes mellitus
(DM 1) known to present with abnormalities in antibody forma-
tion (17). In addition to high-risk HLA genes, environmental
factors are thought to play an important role in the pathogenesis
of DM 1, such as pancreatic virus infection, T cell-mediated
and autoantibody-mediated molecular mimicry, and bystander
activation of autoreactive lymphocytes by proinflammatory
cytokines derived from dendritic cells activated by infection-
related stimuli through innate pattern recognition receptors
suchas TLR (18-21). A single causative infectious agent for DM I
autoimmunity has not been found, pointing toward the possibil-
ity that different infectious agents are capable of non-specifically
enhancing the likelihood of autoimmunity. In addition to virus
infection (19, 20), bacterial infection might play a role in the
development of DM 1, as antibodies against mycobacterial and
proinsulin epitopes (22) as well as beta cell antigens (23) show
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cross-reactivity in children with new onset DM I. While human
IDDM autoantigens are typically T-dependent protein antigens,
microbial polysaccharides have been shown to modulate the
autoimmune response leading to DM1 (24). Innate signaling
via TLR and MyD88, pathways critical for T cell-independent
(TT) immune defense (25), can reverse anergy in autoreactive
B cells, suggesting that environmental factors associated with
bacterial infection and inflammation may alter tolerance (26).
Concerns that vaccination might lead to the development of
autoimmune disease such as DM I have been raised (27), which
could also relate to polysaccharide vaccines, as molecular
mimicry in bacterial polysaccharide components is capable of
inducing autoreactive antibodies, e.g., against some blood group
antigens or neuronal gangliosides (28). In the present study,
we investigated whether vaccination with Pneumo 23 Vaccine
“Pasteur Merieux” (Pn23) has an effect on blood group ABO
antibodies in healthy individuals and in patients with DM 1. To
screen for blood group anti-A/B antibodies, we used the com-
mercially available DiaMed-ID Micro Typing System based on
erythrocyte agglutination (6). To measure blood group-specific
anti-A/B antibodies in healthy individuals and in patients with
DM I in an isotype-specific manner, we used surface plasmon
resonance (SPR) technology and synthetic A/B trisaccharides
bound via amine-coupling to the CM5 chip (6, 11, 12). SPR
using blood group-specific A/B synthetic trisaccharides is the
ideal technology to investigate a potential IgM to IgG isotype
shift and to investigate changes in binding characteristics of the
relevant blood group anti-A/B antibodies under near to physi-
ological conditions in real time.

MATERIALS AND METHODS

Vaccination of Healthy Individuals and
Patients with Type | DM and Measurement

of Anti-PnPs Antibodies

During a clinical study published previously (17), healthy
individuals (#n = 39) and patients with type I DM (n = 20) were
immunized with the PnPs vaccine Pn23 (a 23-valent vaccine
containing pneumococcal capsular polysaccharide serotypes 1, 2,
3,4,5,6B,7,8,9N,9V, 10A, 11A, 12F, 14, 15B, 17E, 18C, 19A, 19F,
20, 22F, 23F, and 33F, Pasteur Merieux Connaught, Lyon, France)
after informed consent was obtained (17, 29). Type I DM patients
were, on average, 16 + 7.4 years (SD) at the onset of disease, and
at that time they tested positive for GAD autoantibodies. Age at
initiation of the vaccination study was 31.7 + 8.8 years (SD). For a
detailed description of patients and controls, see Ref. (17). Blood
samples were drawn 4-6 weeks after vaccination, the serum
was immediately separated from the cellular blood component,
dispensed into 500 pl aliquots, and stored until analysis in a
freezer at —20°C. For this follow-up study, serum aliquots stored
at —20°C were still available from 28 healthy controls and 16 DM
I patients; selection of this subset of the previous study was only
because no more serum was available from the other controls and
DM I patients of the original study. Anti-PnPs antibodies were
determined by a home-made ELISA detecting all serotypes as
previously described (17, 30).

Determination of Anti-A/B Antibody Titers
by the DiaMed-ID Micro Typing System

Titers of blood group anti-A and anti-B antibodies were deter-
mined by the DiaMed-ID Micro Typing System (Bio-Rad Lab.
Inc., Hercules, CA, USA) used according to the manufacturer’s
protocol. The ID-Card 50520 (NaCl) was used to measure IgM,
while the ID-Card 50531 [LISS/Coombs containing poly-
specific anti-human gamma globulin (AHG) serum] was used
to determine IgG in addition to IgM. The serum samples were
serially twofold diluted with 0.9% saline solution starting with
500 pl serum and 500 pl saline solutions. Also, 25 pl of each
dilution were pipetted into a single column of the microtube
gel card, and 50 pl of DiaMed-ID-DiaCell ABO/I-II test cell
suspensions A; or B (Bio-Rad Lab.) was added. ID-Card 50520
(NaCl) cards were incubated at room temperature for 15 min,
the ID-Cards (LISS/Coombs) at 37°C, and thereafter centrifuged
in a DiaMed-ID-Centrifuge 24 S for 10 min at 910 rpm. Results
were read immediately after centrifugation and were subdivided
into positive and negative results. The titer that led to visible
agglutination of erythrocytes dispersed in the gel was selected
positive. In an individual with blood group O, both anti-A and
anti-B antibody titers were used for statistical analysis, while in
an individual with blood group A, only anti-B antibody titers,
and in an individual with blood group B, only anti-A antibody
titers were used for statistical analysis; none of the study indi-
viduals had blood group AB.

Determination of Anti-A/B Antibodies

by Surface Plasmon Resonance

The erythrocyte aggregation assays based on the DiaMed-ID
Micro Typing System are semiquantitative assays that cannot
determine in an isotype-specific way a subtle increase of anti-A/B
IgG and/or IgM antibodies against blood group A/B antigens.
Therefore, we used SPR to measure anti-A/B antibodies as previ-
ously described (6, 11, 12). Amine-labeled blood group A and
B trisaccharides (Dextra Laboratories Ltd., Reading, UK) were
immobilized on two-channel sensor chips CM5 (General Electric
Health Care, Freiburg, Germany) using standard protocols (31,
32). In brief, the CM5 sensor chip surface was activated with
100 pl 0.05 mol/l N-hydroxy-succinimide and 0.2 mol/l N-ethyl-
N’-dimethylamino-propylcarbodiimide injected into the buffer
stream of HBS-EP (0.01 mol/l HEPES buffer, pH 7.4, containing
0.15 mol/l NaCl, 3 mmol/l EDTA, and 0.005% surfactant P20) as
described previously (6). The buffer stream was passed through
FC-1 and FC-2 of the two-channel Biacore® X instrument (GE
Health Care) at a flow rate of 5 pl/min for 20 min. Subsequently,
15 pl of a blood group A/B trisaccharide amine derivative solu-
tion at a concentration of 1 mg/ml, prepared with borate (pH 8.5),
was injected into the buffer stream and passed through FC-1 at
a flow rate of 5 pl/min and was halted after injection of 7 pl for
2 h; FC-2 served as a blank control. Residual active ester groups
on the sensor surface were then deactivated by injecting 100 pl
of 1 mol/l ethanolamine-HCI (pH 8.5) into the buffer stream
and passing it through FC-1 and FC-2, and by passing the buffer
stream through the cell until a stable baseline was achieved. To
measure anti-blood group A/B antibodies, serum was diluted by
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half with the HBS-EP, and 100 pl of the diluted plasma samples
were passed through FC-1 and FC-2 at a flow rate of 20 pl/min for
5-min duration. When the association phase was finished, bind-
ing of antibody was recorded and is expressed as resonance units
(RU at “stability” in Figure 1, corresponding to RUt0 in Figure 2,
panel 3). After each measurement, the antibodies bound to the
blood group trisaccharides were removed with 50 pl of 50 mmol/l
NaOH buffer at a flow rate of 60 pl/min for 50 s and the chip
regenerated to reach the same baseline as prior to the measure-
ment. The amounts of anti-A/B antibody that associated with
the blood group A/B trisaccharide antigen immobilized on the
sensor chip surface were obtained by subtracting the FC-2 value
from the FC-1 value.

Alternatively, a four channel Biacore® T200 device (kindly
provided by Florian Koelle, GE Health Care) was used, which
enabled us to measure both anti-A and anti-B antibodies on
one chip surface (CM5-chip) at the same time. The amount of
trisaccharides and the coupling procedure remained similar to
the two-channel system used previously, except the contact time
was adapted to 600 s and the flow rate to 10 pl/min. Flow cell
one (FC-1) and three (FC-3) were immobilized without trisac-
charides and served as blank during binding analysis. FC-2 was
immobilized with 1 mg/ml blood group A trisaccharide and
FC-4 with 1 mg/ml blood group B trisaccharide. For binding

analysis, serum was diluted by half with HBS-EP and injected in
FC-2 and FC-4 for 180 s at a flow rate of 10 pl/min. The flow-path
was 2-1 and 4-3. To determine IgM and IgG levels of A- and
B-bound antibodies, anti-human IgG Abs [polyclonal aHIgG
(y-chain), Sigma-Aldrich, St. Louis, MO, USA] and anti-human
IgM [polyclonal aHIgM (p-chain), Sigma-Aldrich, St. Louis,
MO, USA] were injected for 180 s at a flow rate of 10 pl/min
directly after the serum sample. For measurement of anti-A/B
antibodies RU at report point “stability” (see Figure 1, corre-
sponding to RUt0 in Figure 2, panel 3) and for levels of IgM/IgG
anti-A/B antibodies levels at report point “enhance_level” (see
Figure 1) relative to baseline were recorded. After determina-
tion of levels of IgM and IgG anti-A/B antibodies, the chip was
regenerated twice with 50 mmol NaOH for 30 s at a flow rate
of 10 pl/min with a stabilization period of 5 s after the second
regeneration to reach the same baseline as prior to the measure-
ment. For kinetic measurement, an association time of 200 s and
dissociation time of 800 s was chosen. Dissociation of bound
anti-A/B antibodies over time as a semiquantitative correlate for
the strength of antibody binding was calculated according to the
following formula: % dissociation = 100 — [RU at t1 (800 s)/
RU at t0 (200 s)] x 100 (see Figure 2, panel 3 as an example for
measurement of RU at t0 and at t1). To compute an affinity con-
stant Kp the concentration of IgG antibodies in microgram per

RU Quantification of anti-A IgG in human serum
8000
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=}
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o
6000 -+ RU at ,stability” | | RU at ,.enhance_level”
—_ K]
£ 40004 ° 3
© £ 1
2 2 g
=] © ©
" < k=
2 3 -~
@ c P4
2 g
2 2000+ 5
" P
[}
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3
° 7——*‘\
| Injection of patients serum |
-2000 t t t t t
0 100 200 300 400 500
Time
FIGURE 1 | Exemplary binding curve of quantification of anti-A IgG antibodies in human serum, as generated by BlAevaluation® software (GE
Healthcare). Injection of human serum was followed by a second injection of anti-IgG; response units (RU) at “stability” were recorded to assess the concentration
of anti-A blood group antibodies, while response units at “enhance_level” were representative for anti-A IgG concentration. The x-axis gives time in seconds, and the
y-axis represents response units (RU).
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FIGURE 2 | Determination of binding characteristics of anti-A IgG antibodies in human serum.

(Continued)

Frontiers in Immunology | www.frontiersin.org 146

November 2016 | Volume 7 | Article 493


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Wolfram et al.

Anti-A/B Antibodies after Pneumococcal Vaccination

FIGURE 2 | Continued

Panel (1) different concentrations of monoclonal anti-A IgG (internal control) were injected to correlate response units to micrograms per milliliter, (2) anti-A 1gG levels
in human serum were determined utilizing a second injection of anti-IgG (Sigma), (3) different dilutions of human serum were measured without addition of second
step reagent, and binding curves were recorded for a total of 1,200 s, (4) an estimate of Kp was calculated using the BlAevaluation Software (GE Healthcare) with
input of the concentrations of anti-A IgG determined in steps (2) and (3) as described in Section “Materials and Methods.”

milliliter must be known, thus RUs for different concentrations
of monoclonal anti-A/B IgG (clone 9A, Abcam, Cambridge,
MA, USA; clone NaM87-1F6, BD Pharmingen, San Jose, CA,
USA) were measured (Figure 2, panel 1). This enabled us to
correlate an increase in response units derived from anti-A/B
IgG measurements in patient serum with microgram per mil-
liliter of anti-A/B IgG antibody by regression analysis in order to
calculate the respective concentration of IgG anti-A/B (Figure 2,
panel 2). Subsequently two dilutions of patient serum — one of
them diluted 1:2 - and a blank were measured (Figure 2, panel
3), and the resulting binding curves were used to calculate Kp
(computed as Kp = Ko/Kon) with the BIAevaluation® software
from GE Healthcare. To fit the association/dissociation curve,
a 1:1 binding model was chosen. The molecular weight of the
analyte was assumed to be 150,000 Da (IgG). To assess the qual-
ity of the calculations, controls within the software were used.
No external calculations were performed nor parameters added.
Furthermore, as an internal control to test before each measure-
ment was started, anti-blood group A or B IgM mAbs (anti-A
murine monoclonal Abs clone MH04 and A3D3, anti-B murine
monoclonal Abs clone NB1.19, NB10.5A5, and NB10.3B4,
Ortho-Clinical Diagnostics, Neckargemiind, Germany), and
anti-blood group A IgG mAb (clone 9A, Abcam, Cambridge,
MA, USA; clone NaM87-1F6, BD Pharmingen, San Jose, CA,
USA) were used to guarantee optimal chip performance and full
recovery. For statistical analysis, both anti-A and anti-B antibody
titers (RU) were used in an individual with blood group O, while
in an individual with blood group A, only anti-B antibody titers,
and in an individual with blood group B, only anti-A antibody
titers were used for statistical analysis; none of the individuals in
this study had blood group AB.

Statistical Analysis

Statistically significant differences between study groups were
calculated using the non-parametric two-tailed Mann-Whitney
U-test. Results are depicted using box plot diagrams, with the
median represented by a cross, the interquartile range (IQR) rep-
resented by the box, and 5- and 95-percentile values represented
by the whiskers.

RESULTS

Anti-PnPs Response in Healthy Individuals
and in Patients with Type | DM after
Pneumovax®23 Immunization

The anti-PnPs antibody response prior and 4-6 weeks after immu-
nization with the unconjugated PnPs vaccine Pn23, a 23-valent

vaccine, was determined by ELISA in an isotype-specific manner
in 28 healthy individuals and 16 patients with DM I. All healthy

individuals included in this study showed a significant IgM
(Figure 3A) and IgG (Figure 3B) anti-PnPs antibody response
following vaccination. The results confirm previous findings in
patients with type IDM (17) showing a normal antibody response
to unconjugated pneumococcal polysaccharide, which is likely T1,
while primary antibody responses to T-cell-dependent antigens
are impaired (17).

Increase in Blood Group IgG Anti-A/B
Antibodies in Healthy Individuals and in
Patients with Type | DM after
Pneumovax®23 Immunization as

Determined with the Biacore® Device

To address whether immunization with Pn23 has an effect on
blood group anti-A/B antibodies in patients with DM-type
I as compared to healthy individuals, we first determined
antibody titers in the DiaMed-ID Micro Typing System, using
the ID-Card 50520 (NaCl) as well as the ID-Card 50531 (LISS/
Coombs containing poly-specific AHG serum) to determine
IgG in addition to IgM anti-A/B antibodies. We could observe
no difference in blood group anti-A/B antibody titer prior and
post immunization with Pn23 in both, healthy individuals and
patients with DM-type I when the assay used was based upon
erythrocyte aggregation in physiological NaCl (direct aggluti-
nation test, Figure 4A) or in the presence of anti-IgG Coombs
serum (indirect agglutination test, Figure 4B). Interestingly, in a
considerable percentage of study individuals of both groups (up
to approximately 25%) the A/B isoagglutinin titers were lower
than 1:4 in both agglutination systems, thus confirming previous
findings of a relatively low sensitivity of the agglutination system
to detect low isoagglutinin titers (6). To increase sensitivity, SPR
technology was applied to further analyze anti-A/B antibod-
ies, thus allowing real-time analysis of molecular interactions
between antibodies and the isolated blood group trisaccharide
antigen without molecular labeling leaving the structure of
both molecules intact (6, 32). With this technology, biologically
relevant antibody-antigen interactions can be assessed both
quantitatively and qualitatively, as the carbohydrate antigens
are presented in a physiological manner (11, 12, 31). Kinetics
and affinity were investigated by analyzing the time curve and
level of binding and concentration of anti-A/B antibodies in
the sample by measuring mass binding, which further allowed
the determination of the binding forces. The comparison of
the response on the active and control surface allowed for the
subtraction of bulk effects associated with buffer changes and
for the high serum concentration with its mass binding, thus
enabling the calculation of specific binding. Using SPR analysis,
we found specific anti-A/B antibody binding to the respec-
tive blood group A/B trisaccharides in all individuals tested
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FIGURE 3 | IgM/IgG antibody response to pneumococcal polysaccharides after immunization with Pn23 vaccine. Healthy individuals (n = 28) and
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after vaccination. Antibodies against pneumococcal polysaccharides (anti-PnPs) were determined by ELISA as described in Section “Materials and Methods” and
presented as IgM-Pn23-antibody response (A) or IgG-Pn23-antibody response (B). Results are depicted using box plot diagrams, with the median represented by
a cross, the interquartile range (IQR) represented by the box, and 5- and 95-percentile values represented by the whiskers; statistically significant differences
between study groups were calculated using the non-parametric two-tailed Mann-Whitney U-test.

(Figure 4C), as has also been described previously for individu-
als with intact antibody responsiveness (6, 12). For all probes, a
high association rate constant for the interaction and the use of
a high ligand density on the sensor chip surface was found that
promoted the mass transport limitation. As reference analyte
with a known concentration, commercially available blood
group anti-A or -B antibodies of IgM and blood group anti-A

IgG were used (Figure 2, panel 1 shows monoclonal anti-A IgG
as an example). For the example shown in Figure 2, panel 1, a
sensor response of 1,000 RU corresponded to a shift of 0.1° in
the SPR angle, which in turn correlates to approximately 16 pig/ml
of anti-A IgG injected. Since the individuals selected for deter-
mination of Kp [one healthy control (Ind1) and one DM I patient
(Ind2) as well as a control individual not vaccinated] contained
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FIGURE 4 | Analysis of blood group anti-A and anti-B isoagglutinin binding to A and B trisaccharide antigen in real time by surface plasmon
resonance (SPR) technology.
(Continued)

Frontiers in Immunology | www.frontiersin.org 149 November 2016 | Volume 7 | Article 493


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Wolfram et al.

Anti-A/B Antibodies after Pneumococcal Vaccination

FIGURE 4 | Continued

Serum samples of healthy individuals (n = 28) and patients with type | DM (n = 16) were serially twofold diluted with 0.9% saline solution and blood group anti-A
and/or anti-B IgM (A) were determined by ID-Card 50520 (NaCl), while the ID-Card 50531 (LISS/Coombs) was used to determine IgG and IgM isoagglutinins (B).
The titer that led to visible agglutination of erythrocytes dispersed in the gel was selected positive. Alternatively (C), serum samples diluted in HES-EP buffer (1:2)
were injected over either the blood group A or blood group B trisaccharide-coupled CM5 sensor chip. Binding kinetics, i.e., association and dissociation were
recorded as sensorgrams in resonance units (RU) against time in FC-I and FC-Il, and the amount of anti-A/B antibody that associated with the blood group A/B
trisaccharide antigen immobilized on the sensor chip surface was obtained by subtracting the FC-Il value from the FC-I value and is given as resonance units (RU).
Results are depicted using box plot diagrams, with the median represented by a cross, the interquartile range (IQR) represented by the box, and 5- and
95-percentile values represented by the whiskers; no statistically significant differences were found between study groups as calculated using the non-parametric

two-tailed Mann-Whitney U-test.

sufficient amounts of anti-A IgG for affinity analysis with very
low to undetectable anti-A IgM, titration was only performed
for IgG anti-A/B antibody. Of note, SPR technology is capable
to detect anti-A/B antibodies with values of 50-180 RU in serum
samples where the microtube column assay showed no erythro-
cyte aggregation. Even with this sensitive detection system, no
change in isoagglutinin titers was found following vaccination
with 23-valent PnPs, neither in healthy individuals nor in DM1
patients (Figure 4C).

Using the DiaMed-ID Micro Typing System in the direct and
indirect agglutination assay as well as SPR technology under close
to physiological conditions, both IgM- and IgG-antibodies were
measured simultaneously, without discrimination between IgM
and IgG response. To examine a possible booster effect of Pn23
vaccination on IgG anti-A/B antibodies only we applied isotype-
specific second step antibodies to discriminate between blood
group anti-A/B IgM and IgG antibodies. This system enabled us
to detect an induction of blood group anti-A/B IgG (Figure 5B)
but not IgM (Figure 5A) antibodies after immunization of
healthy individuals with Pn23, an antibody response resembling
a secondary/booster response. Interestingly, patients with type I
DM showed a comparable induction of IgG isoagglutinins after
immunization with Pn23 (Figure 5B), in agreement with their
intact antibody responsiveness to pneumococcal polysaccharide,
a T-independent antigen, while a significant impairment in
primary antibody response to vaccination with T-cell-dependent
antigens such as hepatitis A virus and diphtheria toxoid was
described previously (17).

Determination of Binding Characteristics
of Anti-A/B Antibodies after

Pneumovax®23 Immunization

To measure whether the induction of IgG-A/B antibodies
observed after Pn23 immunization was accompanied by
changes in binding characteristics of the blood group anti-A
antibodies, as would be the case for a T-dependent IgG-booster
response, we analyzed the binding dynamics of the anti-A/B
antibodies as described above (Figure 2). We found no sub-
stantial change in the percentage of dissociation (Figure 6A)
or the estimate of the affinity constant (Kp, Figure 6B) of blood
group-specific anti-A antibodies following pneumococcal vac-
cination, as calculated by BIAevaluation® software from GE
Healthcare. For estimation of the affinity constant Kp, healthy
individuals and patients with type I DM were selected that

had initially high anti-A-antibody titers (>1:256 or >700 RU),
associated with high anti-A IgG and low to undetectable anti-A
IgM antibody levels. Only three healthy individuals and two
patients with type I DM fulfilled this criterion. As shown in
Figure 6 (depicting results from one healthy individual, Ind1
and one DM I patient, Ind2), our study gives evidence that
immunization with Pn23 induces an increase in IgG anti-A/B
antibody titers but has no effect on binding characteristics of
blood group anti-A/B IgG antibodies, neither in the healthy
individuals nor in the patients tested.

DISCUSSION

Based on previous findings (7, 13) it was our hypothesis that
structural similarities in saccharide composition between
pneumococcal polysaccharides and blood group A/B saccha-
ride antigens could lead to production of cross-reactive blood
group anti-A/B antibodies after immunization with capsular
polysaccharide vaccines, because B cells could recognize shared
carbohydrate epitopes (2, 8, 10, 33, 34). In the current study, we
indeed show that immunization with Pn23 vaccine is followed by
induction of blood group anti-A/B antibodies of the IgG isotype
in healthy individuals. Anti-A/B IgG antibodies could only be
demonstrated when SPR technology using the Biacore® device
was applied, while conventional technology employing eryth-
rocyte aggregation assays using the DiaMed-ID Micro Typing
System were unable to detect this side effect of Pn23 vaccination.
Apparently, the increased sensitivity of SPR technology as com-
pared to conventional erythrocyte agglutination assays as well as
the near to physiological conditions of the molecular interaction
between antibodies and the specific blood group trisaccharide
antigen enabled us to detect the stimulation of small amounts of
cross-reactive IgG antibodies (11, 12, 31, 32). A previous study
described an alternative approach to measure isoagglutinins in
an isotype-specific and sensitive manner by using synthetic blood
group saccharides in ELISA and showed cross-reactivity between
alpha-Gal and blood group B oligosaccharide (13). The increase
in blood group anti-A/B IgG isotype response observed in our
study provides additional evidence for a limited cross-reactivity
between PnPs antigens and the carbohydrate moieties of blood
group A/B trisaccharides. Whether the observed induction of
IgG antibodies cross-reacting with A/B blood group antigens
is of clinical relevance in healthy individuals remains to be
determined but is unlikely due to the relatively small increase
(approximately twofold) observed. Patients with type I DM
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FIGURE 5 | Increase in blood group IgG anti-A/B antibodies in healthy individuals and in patients with type | DM after immunization with Pn23
vaccine as determined with the Biacore® device. To determine IgM (A) and IgG (B) anti-A/B antibodies in healthy individuals and patients with type | DM prior
and post immunization with Pneumo 23 Vaccine “Pasteur Merieux” (Pn23), an anti-human IgM mAb (A) or anti-human IgG Abs (B) were applied as the second step
reagents as described in Section “Materials and Methods.” Results are depicted using box plot diagrams, with the median represented by a cross, the interquartile
range (IQR) represented by the box, and 5- and 95-percentile values represented by the whiskers; statistically significant differences between study groups were
calculated using the non-parametric two-tailed Mann-Whitney U-test. For the IgM antibody response, no statistically significant differences were found between
study groups.

displayed a comparable cross-reactive IgG antibody response
against blood group antigens following Pn23 vaccination,
although these patients present an autoimmune disease with
profound immunological dysregulation (17, 18). Interestingly,
cross-reactive IgM antibodies were not inducible, neither in
DM1 patients nor in controls. This is characteristic of a booster
response effecting IgG responses only and contrary to the effect of
immunization with a conventional polysaccharide antigen such
as PnPs inducing both anti-PnPs IgM and IgG antibody responses
following booster vaccination (Figure 3).

An additional benefit of the SPR-based technology employed
in this study is the capability for real-time measurements of
affinity of antibody-antigen interactions without the use of
molecular labeling, leaving the structure of both interacting
molecules intact (11, 12, 32). Calculations of Kp as performed
in our study using human serum as a sample can only be
an estimate for the true affinity of a given antibody since we
are dealing with a variety of polyclonal antibodies of differ-
ent isotypes contributing to the overall affinity of the blood
group antibodies detected in the SPR analysis used. Isotype
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FIGURE 6 | Binding characteristics of anti-A/B antibodies after immunization with Pn23 vaccine. The percentage of dissociation (A) of blood group
anti-A/B antibodies before and after immunization with Pneumo 23 Vaccine “Pasteur Merieux” (Pn23) in healthy individuals (n = 28) and in patients with type | DM

(n = 16) was investigated using the Biacore device, the CM5 chip, and the synthetic blood group specific A/B trisaccharides as described in Section “Materials and
Methods.” Furthermore, the estimated affinity constant Ko (B) of blood group specific anti-A antibodies before and after pneumococcal vaccination were analyzed in
serum samples of three healthy individuals and two patients with type | DM selected for their initially high anti-A antibody titer (>than 1:256 or >than 700 RU). Kinetic
measurements of anti-A antibodies binding to surface bound trisaccharide before and after vaccination in two representative individuals (a healthy individual, Ind1,
and a DM | patient, Ind2) who fulfilled these criteria are given; one healthy individual that was not included in the vaccination protocol but showed high titer for blood
group anti-A antibodies was measured in parallel (Control). Green curves represent serum sample and red curves serum sample diluted by half; the black curves
depict the calculated fit. n.d., not detectable.
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bias has been limited since individuals with high blood group
A IgG but low to undetectable blood group A IgM antibody
were selected to estimate the binding affinity of anti-A IgG
antibodies. To determine the affinity (Kp) of serum antibod-
ies of a single specificity, isolation and immobilization of the
respective immunoglobulin clone would be required, which is
only possible in individuals with monoclonal gammopathy of
the desired specificity. Interestingly, we did not find a marked
change in binding characteristics of the cross-reactive blood
group anti-A/B antibodies, indicating that a relatively small
increase in IgG antibody titer occurred without additional affin-
ity maturation. An immune response to carbohydrate antigens
such as to pneumococcal capsular polysaccharide serotypes 1,
2,3,4,5,6B, 7, 8, 9N, 9V, 10A, 11A, 12F, 14, 15B, 17E 18C,
19A, 19E 20, 22F, 23F, and 33F is thought to be generally TI,
which can limit the B cell response to the production of IgM
antibodies mainly and limited amounts of IgG antibodies, and
the absence of affinity maturation of the rearranged antibody
genes might lead to the expression of germline sequences of
antibodies with limited affinity (5, 34, 35). In previous studies,
the affinity of anti-carbohydrate antibodies for their antigens
was shown to be 3-5 orders lower in magnitude than affinities
of anti-protein or anti-peptide antibodies for their antigens (2,
3, 8, 35). In this study, however, we found no evidence for low
affinity binding of blood group A/B antibodies obtained either
from healthy individuals or from patients with type I DM.
When a mixture of commercially available monoclonal blood
group anti-A IgM and IgG antibodies was formulated, simulat-
ing the amount and composition of naturally occurring blood
group anti-A antibodies, the dissociation rate was comparable
to the serum samples analyzed in Figure 6 (data not shown).
Germline antibodies recognizing carbohydrate epitopes might
display significant cross-reactivity because the number of
potential antigens the immune system must encounter appears
to extensively outweigh the recombinational potential of the
germline genes (2, 3, 34, 35). The recombinational potential of
the germline genes for anti-Gal antibodies specific for blood
group B substance in unimmunized individuals was shown
to be limited, because anti-Gal antibodies are encoded by a
group of 6-8 well-defined and structurally related germline
progenitors in humans (36). Anti-Gal was shown to be the
most abundant antibody in humans, constituting approximately
1% of immunoglobulins and found to be of IgG, IgM, and
IgA isotype (37, 38). Cryptic antigens capable to bind anti-Gal
are exposed on senescent human RBCs as well as on RBCs
of patients with p-thalassemia and sickle cell anemia, but the
amount of cryptic antigens expressed on RBCs was shown to
be low (38). The preferential anti-Gal IgG subclass found by
ELISA was IgG2 using Gal-specific synthetic saccharides, and
these IgG2 antibodies showed cross-reactivity with blood group
B antigen (13). ABO blood group antigens were shown to be
the ideal targets to explore the concomitant effect of muta-
tion on binding affinity and specificity of anti-carbohydrate
antibodies (33). Mutant anti-carbohydrate antibodies with
higher affinity achieved by single point mutations of specific
residues lining the pocket on binding to the A and B blood

group oligosaccharide antigens showed altered polarity, surface
complementarity, and side chain aliphatic character, leading
to improved binding affinity without loss of specificity (33).
Furthermore, the poly-specificity in germline encoded antibod-
ies to carbohydrate epitopes was shown to be due to greater
conformational ability in their combining sites, and this flex-
ibility helped to cope with new and changing pathogen surface
structures by recognizing distinct highly conserved epitopes
on bacterial polysaccharides (4, 33). Structural analysis of the
affinity-matured antibody 48G7 and its germline precursor
antibody showed that the germline precursor could undergo
an induced fit upon binding to its cognate hapten, while the
affinity-matured antibody 48G7 displayed lock and key binding.
An immunological relationship between specific substances of
ABO and type XIV pneumococcus gave further evidence for
shared carbohydrate epitopes by showing that adsorption of the
hemagglutinins in anti-type XIV horse serum with erythrocytes
of each of the A/B blood groups removed the agglutinins not
only of that group but also of the other groups (7). In addition
to pneumococcus, other germs have been shown to cross-react
with carbohydrate structures on the surface of human cells
(39-43). The core oligosaccharides of low-molecular-weight
LPS of pathogenic Neisseria spp. can mimic the carbohydrate
moieties of glycosphingolipids (40). The core oligosaccharides
of LPS of Campylobacter jejuni serotypes, which are associated
with the development of Guillian-Barre’ syndrome, can exhibit
mimicry of gangliosides (41). Finally, the O-chain of a number
of Helicobacter pylori strains exhibit mimicry of Lewis(x) and
Lewis(y) blood group antigens, giving evidence that molecular
mimicry can serve to camouflage the bacterial surface from
the host (42).

In conclusion, our study provides evidence for a limited
carbohydrate epitope sharing between PnPs and blood group
sugar epitopes in healthy individuals as well as in patients with
type I DM that could be observed after Pn23 immunization.
Cross-reactive anti-polysaccharide antibody responses were
comparable between patients and controls with respect to the
titer and the affinity. Blood group anti-A/B antibodies are con-
sidered to be naturally occurring antibodies that occur basically
in any individual with an intact immune response also in the
absence of antigenic encounter. The clinical relevance of the
slight increase in blood group anti-A/B IgG isotype response
in healthy individuals after Pn23 immunization is certainly
limited; our findings however indicate modulation of anti-A/B
IgG antibodies, e.g., a booster response during life not only by
encounter with the genuine antigen such as incompatible blood
transfusions or alloimmunization during pregnancy but also
through molecular mimicry of particular carbohydrate epitopes
shared by blood group AB substances and bacterial polysac-
charides such as PnPs.
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Background: The roles that CD16* monocyte subset plays in T-cell activation and B-cell
response have not been well studied in systemic lupus erythematosus (SLE).

Objective: The present study aimed to investigate the distribution of CD16* monocyte
subsets in SLE and explore their possible roles in T-cell activation and B-cell differentiation.

Methods: The frequencies of monocyte subsets in the peripheral blood of healthy con-
trols (HCs) and patients with SLE were determined by flow cytometry. Monocyte subsets
were sorted and cocultured with CD4+ T cells and CD19* B cells. Then, T and B cells
were collected for different subset detection, while the supernatants were collected
for immunoglobulin G, IgA, and IgM or interferon-y and interleukin-17A detection by
enzyme-linked immunosorbent assay.

Results: Our results showed that CD16* monocytes exhibited a proinflammatory
phenotype with elevated CD80, CD86, HLA-DR, and CX3CR1 expression on the cell
surface. It’s further demonstrated that CD16* monocytes from patients and HCs shared
different cell-surface marker profiles. The CD16* subset was enriched in SLE and had an
exacerbated capacity to promote CD4* T cell polarization into a Th17 phenotype. Also,
CD16* monocytes had enhanced impacts on CD19* B cells to differentiate into plasma
B cells and regulatory B cells with more |g production.

Conclusion: This study demonstrated that CD16* monocytes, characterized by differ-
ent cell-surface marker profiles, were enriched and played a critical role in driving the
pathogenic T- and B-cell responses in patients with SLE.

Keywords: systemic lupus erythematosus, CD16" monocytes, expansion, T cell activation, B cell response

INTRODUCTION

Systemic lupus erythematosus (SLE) is a chronic autoimmune disease with multiorgan damage
characterized by immunological abnormalities that include deficient innate immune response
and aberrant activation of autoreactive T and B cells, with subsequent production of pathogenic
autoantibodies against cell nuclear components and resultant end-organ injury (1-4). Functional
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abnormalities in peripheral blood monocytes play a significant
role in the pathogenesis of SLE, contributing to both aberrant
T-cell activation and B-cell tolerance (2).

CD16 (FcyRIII) is one of the Fc receptors for immunoglobu-
lin G (IgG) (FcyRs) (5). It is an activating FcyR that transmits
activation signals through an immune-receptor tyrosine-based
activation motif contained in its cytoplasmic region and medi-
ates endocytosis and phagocytosis of immune complexes,
including antibody-coated microorganisms (6). In both mice
and humans, blood monocyte subsets exhibit differential
surface expression of various FcyRs. For the past two decades,
CD16 distinguishes human monocytes into two major subsets
(CD16" and CDI16™ subsets). Subsequently, the third distinct
monocyte subset driven from CD16" monocytes was described,
which was defined as relatively higher levels of CD14 coupled
with lower CD16 expression. Therefore, human peripheral
monocytes could be categorized into three subsets: the non-
classical monocytes (NCM, CD14*CD16%), the intermediate
monocytes (IM, CD14**CD16%), and the classical monocytes
(CM, CD14**CD167). NCM and IM are collectively addressed as
CD16* monocytes (7, 8).

CD16* monocytes exhibit low levels of CCR2, the chemokine
receptor of CCL2 also known as monocyte chemoattractant
protein 1, and high levels of CX3CR1, known as the fracalkine
(CX3CL1) receptor (7, 9). Gene expression reveals that non-
classical and intermediate subsets are more closely related
(10, 11), which is further supported by separate microarray
study performed with rhesus monkeys that possess homologous
monocyte subpopulations (12). CD16* monocytes are considered
to be pro-inflammatory, as they are better than CD16~ mono-
cytes at producing the cytokines-tumor necrosis factor (TNF)-a,
interleukin (IL)-6, and IL-10 in response to microbial-associated
molecular patterns (13-15). The results accumulated over the past
decades suggest that CD16* subset is expanded in many different
types of diseases, mostly under infection or inflammatory condi-
tions (16-18). Some studies on monocyte subpopulations were
performed in patients with SLE. Monocyte subsets exhibited no
difference in expression of Mer tyrosine kinase between patients
with SLE and normal controls (19), and IM have modulatory
effects on CM (20). Mukherjee et al. showed that non-classical
inflammatory monocytes increased in patients with SLE (21).
Mikotajczyk et al. suggested that CD14dimCD16* monocytes are
associated with subclinical atherosclerosis in SLE (22).

Despite being the main driver of autoimmune diseases, the
adaptive immune responses are strongly affected by innate
immune cells. On the one hand, human peripheral blood
monocytes are shown to act as antigen-processing cells (APCs)
to activate T cells and secrete cytokines that shape T-cell differ-
entiation in inflammatory diseases, such as rheumatoid arthritis
and thrombocytopenia (23, 24). On the other hand, monocytes,
which are generally regarded as precursors of tissue macrophages
and dendritic cells (DCs) (25), can functionally promote B-cell
differentiation and antibody secretion in patients with SLE (26,
27). A substantial literature is available on rats demonstrating the
critical contribution of monocytes to autoreactive T-cell response
and B-cell tolerance (28-31). Furthermore, therapies targeting
monocyte-derived cytokines, such as TNFa, IL-6, or aberrant

B-cell activation, have been successfully put into clinical practice,
resulting in dramatically improved clinical outcomes in a number
of autoimmune diseases (32-34).

To date, the specific roles of monocyte subsets have not been
fully characterized with regards to T-cell activation and B-cell
differentiation in SLE. In the present study, the flow cytometry
analysis was first performed to compare the distribution of each
subset between healthy individuals and patients with SLE. The
expression of several cell-surface markers on each monocyte
subset was also compared, including costimulatory receptors
(CD80 and CD86), major histocompatibility complex (MHC)
class II (HLA-DR), scavenger receptor (CD163), and chemokine
receptors (CCR5, CX3CR1) from patients and healthy controls
(HCs). Also, the role of monocyte subsets in the polarization
of Th subsets was explored in patients with SLE. Furthermore,
the study also investigated the capacity of SLE monocyte sub-
sets in B-cell activation and differentiation. Understanding of
the mechanisms underlying monocyte subset-mediated T-cell
activation and B-cell responses in SLE might disclose novel
therapeutic targets to treat this disease.

MATERIALS AND METHODS

Patients and Controls

Sixty-two patients with SLE and 35 HCs were enrolled at the
Department of Rheumatology, Peking University People’s
Hospital, China, and blood samples were obtained from these
subjects. All of the enrolled patients fulfilled at least four of
the 2010 American College of Rheumatology revised criteria
for SLE (35). Demographic, clinical, and laboratory data
obtained from the medical records of the patients included
age, sex, disease duration, blood cell counts, 24-h proteinuria
excretion, anti-double-strand DNA (anti-dsDNA) antibody,
anti-nucleosome antibody (AnuA), anti-Sm antibody, anti-
SSA antibody, anti-SSB antibody, complement component
3 (C3), complement component 4 (C4), IgG, IgM, IgA, and
erythrocyte sedimentation rate (ESR). Anti-dsDNA antibody,
24-h proteinuria excretion, C3, and C4 levels were used to pre-
dict SLE disease activity. All participants signed the informed
consents to donate their blood samples and de-identified clini-
cal information for research. The study was approved by the
Institutional Medical Ethics Review Board of Peking University
People’s Hospital.

Cell Staining and Flow Cytometric

Analysis

Monocyte subsets were detected in freshly collected blood from
HC and SLE patients by flow cytometry using the following
antibodies: fluorescein isothiocyanate (FITC) anti-human CD14
(Biolegend, San Diego, CA, USA, catalog: 325604), allophyco-
cyanin (APC) anti-human CD16 (Biolegend, clone:3G8, catalog:
302012), Brilliant Violet 421 anti-human CD80 (Biolegend, cata-
log: 305221), Brilliant Violet 510 anti-human CD86 (Biolegend,
catalog: 305431), PerCP/Cy5.5 anti-human CD163 (Biolegend,
catalog: 333608), phycoerythrin (PE)/Dazzle 594 anti-human
HLA-DR (Biolegend, catalog: 307653), AF700 anti-human CCR5
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(Biolegend, catalog: 359116), and PE/Cyanine 7 anti-human
CX3CR1 (Biolegend, catalog: 347612).

T cell subsets were detected after cocultured with monocytes
using the following antibodies: PE-CF594 anti-human CD4
(BD Biosciences, San Diego, CA, USA, catalog: 562281), FITC
anti-human interferon (IFN)-y (Biolegend, catalog: 502506),
PE anti-human IL-4 (eBioscience, San Diego, CA, USA, catalog:
12-7049-42), APC anti-human IL-17A (eBioscience, catalog:
17-7179-42), and AF 647 anti-human Foxp 3 (Biolegend, catalog:
320114) Abs.

B cell subsets were detected after cocultured with monocytes
using the following antibodies: APC-Cyanine 7 anti-human CD19
(Biolegend, catalog: 302218), FITC anti-human IgD (Biolegend,
catalog: 348206), PE anti-human CD24 (eBioscience, catalog:
12-0247-42), PE-Cyanine 7 anti-human CD20 (eBioscience,
catalog: 25-0209-42), and APC anti-human CD27 (eBioscience,
catalog: 17-0279-42) mAbs were used.

Gating of the single cells in a forward scatter (FSC)-A and
FSC-H plot and settings of gates for detecting monocyte subsets
were shown in Figure 1A. Data were analyzed with Flow]Jo vX0.7
(Becton Dickinson).

Cell Isolation

Venous blood samples (12 mL) were obtained from all subjects.
Human peripheral blood mononuclear cells were isolated from
the blood of healthy individuals and patients with SLE using a
Ficoll gradient centrifugation protocol. Monocyte subsets were
purified by flow cytometry (BD FACSAria II) based on CD14 and
CD16 staining. B and T cells were also isolated by flow cytometry.
Figure S1 in Supplementary Material demonstrates the gating
strategies about the enrichment and purification of monocyte
subsets, B cells, and T cells during cell sorting. Sorted cells were
further assessed by flow cytometric analysis with purity >95, >95,
and >95% for monocyte subsets, B cells, and T cells, respectively
(Figure S2 in Supplementary Material).

Cell Coculture

Fresh SLE blood or healthy control bufty coat samples from
blood bank were collected for cell coculture assays. The
monocytes were incubated in RPMI 1640 supplemented with
10% heat-inactivated fetal calf serum, 100 U/mL penicil-
lin, and 100 pg/mL streptomycin. To evaluate the effects of
monocyte subsets on T-cell activation, each monocyte subset
was cocultured with autologous CD4* T cells (ratio 1:5) in
the presence of anti-CD3 (1 pg/mL) (eBioscience, catalog:
16-0037) and anti-CD 28 (1 pg/mL) (eBioscience, catalog:
16-0289) antibodies (36) and macrophage colony-stimulating
factor (M-CSF) (50 ng/mL) (Peprotech, Rocky Hill, CT, USA,
catalog: 300-35). After 5 days, T cells were stimulated for 5 h
with phorbol 12-myristate 13-acetate (PMA) (50 ng/mL),
ionomycin (1 pg/mL), and brefeldin A (BFA) (10 pg/mL) (Lian
ke, Hanzhou, China, catalog: CS0001, CS0002, and CS0003).
Then, T cells were assessed by staining with anti-IFN-y (Th1),
anti-IL-4 (Th2), and anti-17A (Th17) antibodies. Regulatory
T cells (Treg, Foxp3*CD4*%) were monitored by intracellular
anti-Foxp3 staining. Coculture supernatants were collected for
IFN-y and IL-17A measurement.

To explore the roles of monocyte subsets on B-cell response,
each monocyte subset was cocultured with CD19* B cells from
the same donors (ratio 1:2.5) in the presence of anti-CD40
antibody (37) (3 pg/mL) (eBioscience, catalog:16-0409) and
M-CSF (50 ng/mL) (Peprotech, catalog: 300-35) for 3 days,
after which B cells were assessed for the following subpopula-
tions: memory B cells (MBs, CD19*IgD~CD27*), plasma B
cells (PBs, CD19*CD20-CD27*), and regulatory B cells (Bregs,
CD19*CD24*CD27%). Coculture supernatants were also har-
vested for Ig measurement.

T-Cell Proliferation Assay

For labeling isolated T cells, the cells were incubated for 10 min
at 37°C in 5 mM carboxyfluorescein succinimidyl ester (CFSE)
(Invitrogen, Carlsbad, CA, USA, catalog: C34554) in phosphate-
buffered saline/0.1% bovine serum albumin (BSA/0.1% PBS).
Labeling was stopped by adding five volumes of ice-cold RPMI
1640 to the cells. The cells were washed three times before use.
Labeled T cells were cocultured with each monocyte subset for
60 h, as described above. T-cell proliferation was defined as CFSE
low population indicative of cell division as detected by flow
cytometry.

Enzyme-Linked Immunosorbent Assay
Commercially available enzyme-linked immunosorbent assay
(ELISA) kits used for measuring IFN-y, IL-17A, or Ig levels in
the supernatants were as follows: IFN-y ELISA kit from R&D
systems (Minneapolis, MN, USA, catalog: DY285); IL-17A
ELISA kit from Neobioscience Technology Co., Ltd. (Shenzhen,
China, catalog: EHC 170); and IgG, IgA, and IgM ELISA kits from
eBioscience (San Diego, CA, USA, catalog: 88-50550, 88-50600,
and 88-50620).

Statistical Analysis

All values were expressed as means + SD. Data were analyzed
for significance using the Statistical Package for Social Sciences
version 23.0 (SPSS, Chicago, IL, USA) by non-parametric paired
t test and Mann-Whitney U test. Spearman’s correlation coef-
ficient (r) was applied to determine the correlation between two
numerical data. A P-value <0.05 was considered statistically
significant.

RESULTS

CD16* Monocyte Subset Demonstrated
Different Phenotypes from CD16- CM

Human peripheral blood monocytes could be categorized into
CD16" monocytes and CD16™ monocytes based on differential
CD16 expression. The expression of several surface markers,
including costimulatory receptors (CD80 and CD86), MHC
class IT (HLA-DR), scavenger receptor (CD163), and chemokine
receptors (CCR5and CX3CR1), was analyzed to determine the
phenotypic difference between CD16* monocyte subset and
CD16~ CM in HC donors.

CD16* monocyte subset demonstrated higher expression
of CD80, CD86, and HLA-DR compared with CD16~ CM in
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control donors (P < 0.001). No difference in CD163 expres-
sion was detected between CD16% and CD16~ monocytes
(P > 0.05). CCR5 expression was significantly lower in CD16*
subset compared with CD16~ monocytes (P < 0.01). Also, the
chemokine receptor CX3CR1 was significantly more expressed
on CD16* monocytes than on CD16~ monocytes (P < 0.001)
(Figure 1B).

CD16* Monocyte Subset Was Enriched
in Patients with SLE

Skewed monocyte subsets have been reported in several autoim-
mune inflammatory diseases such as rheumatoid arthritis (17).
The distribution of monocytes was measured in a cohort of 62
patients with SLE and 35 age-matched HCs to investigate whether
this change also existed in SLE. The patients with SLE consisted of
57 female and 5 male subjects, and the median disease duration
was 60 months with a range of 3-432 months.

The frequencies of CD16* monocyte subset were significantly
elevated in patients with SLE than in healthy individuals (SLE:
33.78 + 16.19% vs. HC: 19.1 + 7.49%, P < 0.001). Patients
with SLE exhibited a significantly higher percentage of NCM
(SLE: 14.92 + 12.51% vs. HC: 11.27 + 4.83%, P < 0.05) and
IM (SLE: 18.86 + 9.44% vs. HC: 7.84 + 5.09%, P < 0.001), with
obviously reduced frequencies of CM (SLE: 64.96 + 16.87% vs.

HC: 78.72 + 8.50%, P < 0.001) (Figure 2) when compared with
control donors.

In patients with SLE, the frequencies of CD16* monocytes
were positively correlated with serum IgA concentrations
(r=10.267; P < 0.05) and anti-dsDNA antibody levels (r = 0.349;
P < 0.01), which implicated that patients with elevated frequen-
cies of CD16" monocytes would be at a high risk of Ig production
or autoantibody development. On the contrary, the percentage
of CD16~ subsets was negatively correlated with serum IgA
(r=-0.26; P < 0.05) and anti-dsDNA antibody levels (r = —0.345;
P < 0.01). The frequencies of NCM subset were correlated with
anti-dsDNA antibody levels (r = 0.302; P < 0.05), while the
frequencies of IM subset were correlated with serum IgA levels
(r=0.287; P < 0.05). Other laboratory data, including IgG, IgM,
C3level, C4level, AnuA, ESR, and 24-h proteinuria excretion, did
not show significant correlation with monocyte subsets (Table 1).
The frequencies of monocyte subsets were further compared
between patients with and without particular antibodies, includ-
ing AnuA, anti-Sm Ab, anti-SSA Ab, and anti-SSB Ab. Detailed
analysis of such autoantibodies in the patient cohort revealed no
predictive factors for the expansion of CD16* monocytes (Table
S1 in Supplementary Material). The correlation analysis revealed
slightly weak correlation between monocyte subsets and serum
anti-dsDNA Abs or IgA levles, indicating that monocyte subset
might contribute to B cell response in SLE.
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TABLE 1 | Correlations between each monocyte subset frequencies and clinical parameters in SLE.

Clinical parameters CD16* subset (%) NCM (%) IM (%) CM (%)
Spearman’s r P Spearman’s r P Spearman’s r P Spearman’s r P

IgA 0.267* 0.038 0.012 0.925 0.287* 0.025 -0.26* 0.043
1gG 0.061 0.642 0.045 0.733 0.095 0.472 —-0.055 0.678
IgM —-0.095 0.472 -0.15 0.252 -0.1 0.466 0.09 0.494
C3 0.092 0.481 0.116 0.372 0.06 0.648 -0.071 0.584
C4 0.061 0.642 0.004 0.979 0.185 0.156 —0.031 0.816
Anti-dsDNA Ab 0.349** 0.006 0.302* 0.018 0.129 0.32 —-0.345"* 0.006
ANuA 0.079 0.533 0.093 0.484 0.055 0.682 —-0.098 0.462
ESR -0.171 0.187 —0.091 0.484 -0.14 0.281 0.164 0.206
24-h proteinuria 0.059 0.681 —0.051 0.722 -0.228 0.107 0.188 0.187
*P < 0.05.

*P <0.01.

SLE, systemic lupus erythematosus; Anti-dsDNA Ab, anti-double-strand DNA antibody; AnuA, anti-nucleosome antibody; C3, complement 3; C4, complement 4, ESR, erythrocyte
sedimentation rate. Spearman’s correlation coefficient (r) was applied to detect correlation between two numerical data.

CD16* Monocytes in Patients with SLE
Shared Different Cell-Surface Marker
Profiles from CD16* Monocytes in HCs

CD16" monocytes from patients with SLE were characterized
by lower expression of HLA-DR (P < 0.05) but higher CD163
and CCR5 (P < 0.001) expression compared with the monocytes
from control donors (P < 0.001) (Figures 3C-E; Table S2 in
Supplementary Material). CD16~ monocytes from patients with
SLE also expressed less HLA-DR but more CD163 compared
with those from HCs (P < 0.001) (Figures 3C,D; Table S2 in
Supplementary Material). Specially, CX3CRI1 expression on
CD16™ monocytes was elevated in patients with SLE (P < 0.01)
(Figure 3F; Table S2 in Supplementary Material). No difference
in CD80 and CD86 expression on both CD16" monocytes and
CD16~ monocytes was detected between patients with SLE and
HCs (Figures 3A,B; Table S2 in Supplementary Material). In SLE
patients, CD16* monocytes also shared different phenotypes from
CD16™ monocytes (Figure 3). CD163 is an anti-inflammatory
marker, whereas HLA-DR is a proinflammatory marker. These
data demonstrated the downregulation of proinflammatory sur-
face markers but the upregulation of anti-inflammatory markers
in SLE, which was different from the presumptive results. This
discrepancy might be due to a negative feedback existing to
maintain monocyte homeostasis in SLE.

CD16* Monocytes Perpetuated
T-Cell-Mediated Inflammation in SLE

Purified monocyte subsets with CD4* T cells from the same
donors were cultured in the presence of anti-CD3 and anti-CD28
antibodies and M-CSF to evaluate the effects of CD16% and
CD16™ monocytes on T-cell function. Anti-CD3 and anti-CD28
antibodies were added for supporting T-cell activation, while
M-CSF was added for monocyte survival maintenance.

CD16* Monocytes Were More Functionally Effective
on Promoting T-Cell Responses Compared with
CD16- Monocytes in HCs

CD4* T cells demonstrated stronger Thl (IFN-y*CD4*) and
Th2 (IL-4*CD4*) cell responses in the presence of CD16*

monocytes (P < 0.05) (Figures 4A,B). CD4* T cells cocultured
with CD16™ monocytes also contained higher numbers of Thl
cells than did CD4* T cells cultured alone (P < 0.05) (Figure 4A).
Nevertheless, CD16™ monocytes did not efficiently promote Th2
activation in HCs (Figure 4B). No difference in the induction of
Th17-cell activation was observed (Figure 4C). Compared with
the CD16™ subset, CD16* monocytes had no effect on promoting
Treg (Foxp3* CD4") differentiation in HCs (Figure 4D).

CD16* Monocytes Enhanced Th17-Cell
Differentiation in SLE

In patients with SLE, the differentiation of CD4* T cells into Th1,
Th2, and Th17 cells increased in the presence of either CD16" or
CD16™ monocytes (Figures 4A-C). Specially, CD16" monocytes
induced more Th2 responses compared with CD16~ monocytes
in patients with SLE (P < 0.05) (Figure 4B). CD16* and CD16~
monocytes from SLE patients were both potent at promoting
CD4* T cells to differentiate into Treg cells, although CD4*
T cells cocultured with CD16* monocytes demonstrated weak
effects on Treg responses than did CD4* T cells cocultured with
CD16™ monocytes (P < 0.01) (Figure 4D).

The two monocyte subsets, particularly CD16" monocytes,
induced a significant increase in Th17 cells in patients with SLE
compared with HCs (P < 0.05) (Figure 4C). However, no differ-
ence was found in the induction of Th1, Th2, and Treg cells by
CD16" monocytes and CD16~ monocytes between patients with
SLE and HCs, respectively (Figures 4A,B,D).

CD16" Monocytes Induced T Cell Proinflammatory
Cytokine Production in SLE

Next, whether CD16" monocytes could influence the secre-
tion of IFN-y and IL-17A by T cells was assessed. Both CD16*
monocytes from patients with SLE and HCs upregulated IFN-y
secretion. However, no difference was found in the secretion
of IFN-y induced by CD16" monocytes and CD16~ monocytes
between patients with SLE and HCs, respectively (Figure 5A). The
two monocyte subsets, particularly CD16* monocytes, induced a
significant increase in IL-17A secretion in patients with SLE com-
pared with HCs (Figure 5B), which was consistent with the flow
cytometry data. Of note, the baseline concentrations of IFN- y and
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IL-17A in HCs were higher than SLE, probably due to the in vitro
operation-induced slight activation (collected from buffy coat).

CD16* Monocytes Promoted T-Cell Proliferation

in SLE

The percentage of CFSE®*CD4* T cells in T cells cocultured
with CD16" monocytes was significantly higher compared

with those in T cells cocultured with CD16~ monocytes or T
cells cultured alone (P < 0.01 and P < 0.05), indicating that
CD16* monocytes were the predominant monocyte subset
stimulating T-cell proliferation in HCs. Similarly, CD16*
monocytes from SLE patients also induced significant CD4*
T-cell proliferation (P < 0.05). Importantly, CD16" subset from
patients with SLE also promoted CD4* T-cell proliferation.
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stimulation for 5 h on day 5. The percentage of Treg (CD4*Foxp3*) was also analyzed. Representative pseudocolor dots depicted Th1 (A), Th2 (B), Th17 (C), and
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However, CD16™ monocyte subset was more efficient than
CD16™ subset at promoting CD4* T-cell proliferation in SLE
(P < 0.05) (Figures 6A,B). T-cell proliferation was enhanced
when cocultured with both SLE monocyte subsets, particularly
CD16* monocytes, suggesting the potential proinflammatory
phenotype of monocyte subsets in SLE when compared with
HCs (Figure 6C).

CD16+ Monocyte Subset Exacerbated

B-Cell Activation in SLE

To test the effects of CD16% and CD16™ monocytes on B-cell
activation, purified total B cells (CD19%) were cocultured with
or without autologous monocyte subsets in the presence of anti-
CD40 antibody and M-CSE. Anti-CD40 antibody and M-CSF
supported B-cell and monocyte survival, respectively. Then,
the levels of IgG, IgA, and IgM were detected in the coculture
supernatants to explore further whether each monocyte subset
could impact the total antibody response.

CD16* Monocytes Induced CD19+ B Cells to
Differentiate into MBs and PBs but Inhibited the
Generation of Breg Cells in HCs

CD16" monocytes promoted CD19* B cells to differentiate into
MBs and PBs in HCs (Figures 7A,B). However, CD19* B cells
cocultured with CD16™ monocytes did not exhibit significantly

increased frequencies of MBs and PBs. Both CD16* and CD16~
subsets suppressed CD19* B cells to differentiate into Breg cells
(Figure 7C). CD19" B cells demonstrated more Breg differentia-
tion inhibition, although not significant, in the presence of CD16*
monocytes compared with CD16~ subset (Figure 7C).

Both PB Activation and Breg Differentiation Induced
by CD16* Monocytes Were Exacerbated in Patients
with SLE

Both CD16" and CD16~ monocytes had no effects on MB
responses (Figure 7A), while both monocyte subsets, particu-
larly CD16% monocytes, were effective at inducing B cells to
differentiate into PBs in SLE (Figure 7B). In SLE, both CD16*
and CD16™ monocytes slightly promoted Breg differentiation
(Figure 7C).

MB activation induced by CD16* monocytes was sig-
nificantly attenuated in patients with SLE compared with HCs
(P < 0.05), and MB activation induced by CD16~ SLE subset
was even inhibited (P < 0.05) (Figure 7A). In contrast, PB
activation induced by CD16* monocytes and CD16~ subset
was enhanced in SLE (Figure 7B). The phenomenon was also
observed in Breg cell differentiation (Figure 7C). In patients
with SLE, both CD16* and CD16~ subsets promoted Breg cell
responses, which were different from the inhibitory roles of
CD16* and CD16™ monocytes on Breg differentiation in HCs
(Figure 7C).
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FIGURE 6 | CD16* monocytes promoted T-cell proliferation in SLE. CFSE-labeled CD4* T cells isolated from freshly collected SLE blood or blood bank
collected HC blood buffy coat were cocultured with CD16+ and CD16- monocytes for 60 h in the presence of anti-CD3 (1 pg/mL) and anti-CD 28 (1 ug/mL)
antibodies and M-CSF (50 ng/mL). CFSE histograms depicted the number of events (y-axis) and the fluorescence intensity (x-axis), with proliferating cells displaying
a progressive loss in fluorescence intensity following cell division, indicative of proliferating cells. (A) Representative histogram plots from a patient with SLE displayed
the frequencies of CFSE®" T cells in monocyte/T-cell cocultures and T cells cultured alone. (B) Percentages of CFSE®" T cells in CD4+ T cells after coculture with
each monocyte subset from five healthy donors and six patients with SLE. (C) The percentage increase in CFSE®" T cells in cocultures of monocytes and T cells
compared with CD4* T cells cultured alone was compared between five healthy individuals and six patients with SLE. Data were expressed as mean + SD and
analyzed by non-parametric paired t test and Mann-Whitney U test. *P < 0.05, **P < 0.01; NS, no significance.

CD16* Monocytes Were More Effective in Stimulating
B-Cell IgG Secretion in SLE

Both CD16* monocytesand CD16~ monocytes efficiently induced
CD19* B cells to secrete IgG and IgA in HCs. In particular, CD16*
subset was less efficient than CD16~ monocytes at promoting IgA
production. Both CD16* and CD16~ subsets had no effect on IgM
response (Figure 8A).

Both CD16* and CD16™ monocytes were potent at inducing
CD19* B cells to produce IgG in SLE. CD19* B cells cocultured
with CD16* monocytes from SLE patients secreted elevated
levels of IgA. On the contrary, CD19* B cells cocultured with
CD16~ monocytes exhibited increased production of IgM in
SLE (Figure 8B). Compared with HCs, IgG responses induced
by CD19* B cells in the presence of CD16* (P < 0.05) and
CD16~ (P < 0.01) subsets were significantly exacerbated in
patients with SLE. CD16~ monocytes from patients with SLE
induced less IgA secretion compared with CD16~ monocytes
from HCs (P < 0.05). No difference in IgM response induced by

CD16" and CD16™ subsets between patients with SLE and HCs
was observed (Figure 8C). Of note, the baseline concentrations
of Ig levels in HCs were a bit higher than SLE, probably due to
the in vitro operation-induced slight activation (collected from
bufty coat).

DISCUSSION

This study showed that an enrichment of CD16% monocytes
in the peripheral blood of patients with SLE is associated with
serum autoantibody production and that CD16" monocytes
exhibited a proinflammatory phenotype with high CD80, CD86,
HLA-DR, and CX3CR1 expression. In SLE, CD16" monocyte
subset induced both Th1/Th2 cell expansion and promoted Treg
development and had an enhanced capacity to promote T-cell
proliferation and differentiation into a Th17 phenotype. The
study demonstrated for the first time that CD16* monocytes from
patients with SLE could efficiently drive B-cell responses, with
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exacerbated impacts on PB and Breg differentiation as well as IgG
production but attenuated effects on the generation of MB cells.
This study showed that the frequencies of CD16* subset
increased, while CD16™ monocytes decreased in patients with
SLE. Further analysis showed that the proportions of non-clas-
sical and IM were higher in SLE than their healthy counterparts,
which was consistent with the findings of Mukherjee (21). This
observation was also consistent with the data showing that CD16*
monocyte subsets are enriched in some autoimmune diseases
and may be involved in the induction of inflammatory immune
response (38-41). The possible explanation of monocyte altera-
tion is that the in vivo cytokine and hormone environments in
SLE may lead to the conversion of CD16™ monocytes into CD16*
monocytes (20). It was shown that CD16% monocytes were the
producers of proinflammatory cytokines, including TNFa,
IL-1, and IL-6 (13-16, 42). Mikotajczyk et al. demonstrated
that CD14dimCD16* monocytes might be an important sub-
population of proinflammatory monocytes related to increased

development of atherosclerosis in SLE (22). The elevated sur-
face expression of CD80, CD86, HLA-DR, and CX3CRI (43)
on CD16" monocytes further indicated their involvement in
inflammatory immune response. The chemokine receptor CCR5
plays an important role in recruiting these cells into inflamed
organs and consumes its own ligands to restrain local chemokine
levels, thereby limiting inflammatory cell influx (44). The CCR5
downregulation on CD16" intermediate and non-classical
subsets may explain their anti-inflammatory features during the
disease course. Both CD16* subsets and CD16™ monocytes from
SLE patients exhibited a widely changes on cell-surface marker
expression, which may be explained by immunosuppressive
therapy in patients with SLE (45), but it remains unknown
whether treatment with SLE agents can change the monocyte
phenotypes and further study was necessary for reasonable
explanation in the future.

Disturbed T-cell signaling and Th17/Treg imbalance are
documented to play an important role in developing SLE
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and could be responsible for an increased proinflammatory
response, especially in the active form of the disease (4, 46, 47).
Human monocytes are well known to influence CD4* cells to
differentiate into discrete Th cell subsets. The results presented
in this work investigated the effects of each monocyte subset on
the control of Th and Treg development in patients with SLE
and their healthy counterparts. In contrast to CD16~ mono-
cytes, CD16" subset significantly promoted the expansion of
IL-4-producing T cells in HCs. Also, CD16* monocyte subset
had no effects on Treg induction, supporting its defective
inflammation regulatory roles. CD16% subset seemed to be
equivalent to CD16~ subset at inducing the activation of
IEN-y-producing T cells. Interestingly, Th17 cell development
was not influenced by both CD16* inflammatory monocytes
and classical CD16™ monocytes in HCs. These data suggested
the predominant role of circulating CD16* monocyte subset
in controlling the balance in Th-polarized immune response.
CD16" blood monocytes as well as CD16~ subsets can modu-
late Th1, Th2, and Treg development in patients with SLE. The
critical finding of the present study was the identification of
each monocyte subset that could modulate Th17 expansion in
patients with SLE, to a lesser extent, than in HCs. In recent
years, IL-17-producing CD4* T cells have emerged as a major
pathogenic T-cell population that is present at increased fre-
quencies in SLE and that correlates with disease severity (47).
Recovery of the immune balance between Th17 and regulatory
T cells may serve as a treatment for SLE (48). The underlying
mechanisms of this expansion of the Th17-cell population are
not fully understood, but the present results demonstrated that
SLE monocyte subsets were able to drive remarkable Th17-cell
expansion in vitro, indicating a central role of abnormal mono-
cyte distribution in this process.

Autoantibodies are a hallmark of SLE, and B-cell deletion
remains one of the main effective therapies in this disease (49).
The present study demonstrated for the first time that both CD16*
and CD16~ monocytes from patients with SLE exhibited exacer-
bated capacity for B-cell response, leading to abnormal antibody
secretion. In particular, CD16* and CD16~ monocytes from
patients with SLE could efficiently induce more PBs compared
with CD16* and CD16~ monocyte subset from HCs. Although
HC monocytes were able to induce IgG secretion, CD16%, and
CD16™ monocytes from patients with SLE were more efficient
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Immunology, Havana, Cuba

The traditional definition of natural antibodies (NAbs) states that these antibodies are
present prior to the body encountering cognate antigen, providing a first line of defense
against infection thereby, allowing time for a specific antibody response to be mounted.
The literature has a seemingly common definition of NAbs; however, as our knowledge of
antibodies and B cells is refined, re-evaluation of the common definition of NAbs may be
required. Defining NAbs becomes important as the function of NAb production is used to
define B cell subsets (1) and as these important molecules are shown to play numerous
roles in the immune system (Figure 1). Herein, we aim to briefly summarize our current
knowledge of NAbs in the context of initiating a discussion within the field of how such
an important and multifaceted group of molecules should be defined.

Keywords: natural antibody, antibodies, natural antibody repertoire, B-1 cells, B cell subsets, B cells

NATURAL ANTIBODY (NAb) PRODUCING CELLS

Both murine and human NAbs have been discussed in detail since the late 1960s (2, 3); however,
cells producing NAbs were not identified until 1983 in the murine system (4, 5). These cells, named
B-1 cells, were originally identified by their expression of CD5 and were further characterized by
surface expression of IgMPeh, JgD'ev, CD19heh, B220"¥, CD23", and CD43* (6), which contrasts
with the surface phenotype of follicular B-2 cells: CD5-, IgM'¥, IgD"¢" CD19*, B220*, CD23*, and
CD43". Later, an additional population of B-1 cells was identified, which shared the characteristics
of CD5" B-1 but lacked CD5 expression (7). These two populations of B-1 cells are termed B-1a
(CD5%) and B-1b (CD57) cells. B-1 cells also express CD11b; however, this expression is limited to
B-1 cells residing in the body cavities and is lost upon migration to the spleen (8, 9). Furthermore,
the B-1 cell population can be divided not only phenotypically but also functionally into natural or
antigen-induced antibody secreting cells (10).

B-1 cells are found in various tissues of adult mice, which include the peritoneal cavity, pleural
cavity, spleen, bone marrow, lymph nodes, and blood [reviewed in Ref. (11)]. The tissue location
may influence the functional role of B-1 cells. The peritoneal and pleural cavities have been shown
to be an important reservoir for B-1 cells that respond to various stimuli (12-16) and subsequently
migrate to the spleen/mesenteric or mediastinal lymph nodes, respectively, where they begin to
secrete antibody (17). In mice depleted of B cells, peritoneal B-1 cells have the ability to fully
reconstitute natural serum immunoglobulin (Ig) M as well as B-1 cells in all tissue locations (18);
yet, in normal healthy mice, peritoneal B-1a cells do not directly contribute to natural serum IgM
(19). Instead, the direct sources of natural serum IgM are B-1a cells located in the spleen and
bone marrow (19). It has been shown that peritoneal B-1a cells recirculate from the peritoneum
to the blood in a CXCL13-dependent manner (20). Interestingly, in the absence of CXCL13, mice
are devoid of peritoneal B-1 cells but still have splenic B-1 cells; yet, despite having normal levels
of serum IgM these mice have significantly less natural IgM specific for phosphorylcholine (20).
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FIGURE 1 | Overview of natural antibodies’ (NAbs) attributes. Graphical
representation of the various NAb functions (outside green circle), epitope
recognition (inside yellow circle), isotype (inside red circle), and cells shown to
produce NAbs (inside blue circle).

This study suggests that it is possible for peritoneal B-1 cells to
contribute to the splenic B-1 cell population and this recircula-
tion might be particularly important for certain NAb reactivites.
To date, the exact developmental relationship between the NAb
secreting splenic/bone marrow B-1a cells and peritoneal B-1a
cells is still unknown.

Beyond heterogeneity at different tissue sites, various subpop-
ulations of B-1a cells have been defined based on surface marker
expression. In the peritoneal cavity, B-1a subpopulations include
PD-12(PD-L2+7)(21,22),CD25(CD25*-)(23),CD73 (CD73""°)
(24), and PC-1 (PC-1""°), The PD-L2, CD25, and CD73 subsets
showed no difference in the amount of natural IgM secretion
between positive and negative subsets (21-24). Conversely, PC-1
B-1a cell subsets differed in the level of natural IgM secretion.
PC-1° B-1a cells were shown to produce the large majority of
natural IgM (25). PC-1" B-1a cells produced a significantly lower
level of natural IgM and contained B-la cells producing the
antiphosphatidylcholine (anti-PtC) specificity (25, 26). B-1a cells
have also been shown to produce IL-10 in the absence of stimula-
tion (27); however, the relationship between regulatory (B10) cells
(28) and B-1a cells is still unknown. In the bone marrow, a fetal-
derived B cell subset was recently identified, which phenotypes
as a plasmablast/plasma cell (CD5 IgM*IgD-CD138"B220"/-
FSCMCDA43*) (29); it is unknown whether this population is a
terminally differentiated B-1, B-2, or novel population of cells
(19). In the spleen, a population of CD138 + B-1a cells is present
in unimmunized mice, which rapidly respond to stimulation
prior to immigration of peritoneal B-1 cells to the spleen (30). The
spleen is also home to marginal zone B cells, which also produce
NAbs (31); however, it has been demonstrated that greater than
90% of NAD is produced by B-1 cells (18).

Given the evidence described previously, it is clear in mice,
more than one B cell population is responsible for NAb produc-
tion and not all subsets of B-1 cells spontaneously secrete NAbs
that accumulate in serum. Thus, the generalization that all B-1
cells secrete NAbs should be avoided. This point has important
implications when comparing the molecular repertoire of a
certain B-1 cell subset as it relates to the total natural serum
IgM repertoire, which would include the molecular repertoire of
numerous B-1 cell subsets from various locations (10).

Natural antibody secreting cells in humans were first
identified as CD5* peripheral B cells (32-35). Later, it was
demonstrated that CD5-CD45RA™ peripheral B cells could also
produce natural IgM (36). Much of the early work in humans
focused on characterization and comparison of polyreactive
antibodies, which were shown to utilize VH4 more frequently
than monoreactive antibodies (37). More recently, strides
have been made to refine the phenotypic characterization of
NAb producing cells in the human system by starting with
functional characteristics such as natural/spontaneous antibody
secretion. This approach yielded a new phenotypic definition,
CD20*CD27*CD43*CD70-CD38™*, of NAb secreting cells,
the majority of which express CD5 (1, 38). Nevertheless, the
phenotype of antibody secreting cells in the peripheral blood of
humans is still evolving. Further investigation of NAb secreting
cells in the human system is needed to elucidate the specific
types of cells that are capable of producing NAbs, as well as the
location of these cells beyond peripheral blood.

NAb REACTIVITY

Although NAbs are known for their broad reactivity against
self-antigens, some have the ability to recognize evolutionar-
ily fixed epitopes present in foreign antigens. Whether or not
NAD recognition of foreign structures is always the result of
cross-reactivity against self-antigens is still a matter of debate.
Generally, the most well-characterized epitopes to date include
phospholipids, oxidized lipids, glycolipids, and glycopro-
teins. The best characterized B-1 cell-derived NAb binds the
phospholipid phosphorylcholine and utilizes VHS107.1 (39).
Phosphorylcholine is found within the bacterial cell wall of
Streptococcus pneumoniae (40) and is also exposed on apop-
totic cells and oxidized lipids (41-45). In normal healthy cells,
phosphorylcholine is hidden within the head group of another
well-characterized NAb epitope, PtC. PtC is a normal constitu-
ent of cell membranes, which is exposed upon treatment with
the protease, bromelain (46-49). Early studies revealed NAb
binding to red blood cells treated with bromelain were B-1 cell
derived and utilized VH11 (50, 51), VH12 (52), and Q52 (53).

Antibodies that recognize glycan epitopes are also highly
abundant in both mice and humans (54, 55). Glycan epitopes
are observed on both glycoproteins and glycolipids and can
be present in autologous or pathogen-associated exogenous
structures. In mice, the specificities of such antibodies are thor-
oughly reviewed by New et al., which include alpha-1,3-glucan,
N-acetyl-D-glucosamine, and alpha-1,3-galactose epitopes (56).
In humans, the best known antiglycan antibodies react with
blood group antigens A and B (57), the xenoantigen Gal-alpha-1,
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3Gal-beta-1,4GIcNAc (58, 59), Forssman glycolipid antigen,
and gangliosides such as the tumor-associated antigen Neu-
5GcGM3 (60).

NAb FUNCTIONS

Natural antibodies provide various essential functions
within the immune system. The most prevalently studied
function is the ability to provide protection against bacte-
rial, viral, and fungal infections. Such protection is afforded
by NAbs’ epitope recognition. In particular, NAbs have
been shown to provide protection against S. pneumoniae
(61-63), sepsis (64), Borrelia hermsii (65), influenza virus
(66), Listeria monocytogenes (67), vesicular stomatitis virus
(67), lymphocytic choriomeningitis virus (67), Cryptococcus
neoformans (68), and Pneumocystis murina (69). In addition
to NAbs to the aforementioned organisms, B-1 cells produce
“induced” antibody responses against S. pneumoniae (61),
B. hermsii (65, 70, 71), influenza virus (12, 66, 72), and
Francisella tularensis (13, 73).

Beyond protection against various infections, NAbs serve a
number of other essential functions in the immune system. These
functions have been reviewed extensively elsewhere (56) and
include regulation of B cell development (10, 74, 75), selection
of the B cell repertoire (74, 76), regulation of B cell responses
(77), clearance of apoptotic debris (45), vascular homeostasis/
protection against atherosclerosis (78-81), allergic suppression
(82, 83), and protection from cancer (84, 85) (Figure 1). Despite
this broad range of identified NAb functions, the role of NAbs in
the immune system continues to expand.

NAb CHARACTERISTICS

In mice, typical characteristics of NAbs include germline-like
nucleotide structure, repertoire skewing, IgM, IgA, or IgE (86)
isotype, and T cell independence. Classically, NAbs are defined
as being germline like as evidenced by these antibodies lacking
non-templated nucleotides (N-additions) and having little to no
somatic hypermutation (39, 87, 88). Antigen receptor diversity
is increased during VDJ recombination when the enzyme TdT
is present, which adds N-additions to the V-D and D-J junc-
tions (89). Such germline characteristics have been shown to
be essential in NADbs’ ability to protect against infection. The
prototypical B-1la anti-phosphorylcholine antibody, T15, has
no N-addition (90, 91). In mice with forced expression of TdT,
all anti-PC antibodies generated after vaccination with heat
killed S. pneumoniae contain N-additions; however, these anti-
phosphorylcholine antibodies containing N-additions were
shown to provide no protection against S. pneumoniae infection
(92). This study highlights the importance of germline structure
in the protection provided by evolutionarily conserved NAb. In
addition, NAbs derived from murine B-1a cells have a restricted
repertoire. On average 5-15% of peritoneal B-1a cells recognize
PtC and utilize VH11 and VHI12 (93).

Other studies have shown that these “classical” characteris-
tics of NAbs do not always apply. For instance, B-1a cells from
6- to 24-month-old mice produce Igs with significantly more

N-additions (94, 95). Furthermore, it was demonstrated that B-1a
cells accumulate somatic hypermutations with increasing age,
which is AID dependent (96). In this same study, isotype switch-
ing was also increased in B-1a cells with age (96). Nonetheless,
throughout the decades of NAb investigation, IgG and IgA have
been shown to be present within the NAb pool (97-99); however,
natural IgG and IgA levels decrease significantly in germ-free
mice, whereas IgM levels remain unaffected (100). This suggests
the amount of natural serum IgG and IgA are dependent upon
exogenous antigen stimulation, whereas the level of natural
serum IgM is not.

In humans, studying NAbs in the absence of antigen expo-
sure is a challenge; however, studies performed during early
human life provide a period of limited exogenous antigen
exposure in the presence of undistributed, strictly controlled
intrauterine antigen milieu (101). It was demonstrated that
inside the fetal B cell population at 12-14 weeks of human
gestation, only IgM and IgD transcripts were detected (101).
Yet, after 26 weeks of gestation, B cell clones encoding IgG
start to appear in a frequency similar to a frequency observed
in healthy infants, which suggests IgM is not the only iso-
type present in the prenatal repertoire of human B cells.
Furthermore, somatic hypermutations occur during human
fetal B cell development even in a T cell-independent fashion
(101). As described in mice, early human NAbs are also diverse
in isotype and structure.

Non-templated nucleotides (junctional diversity) are also
an important mechanism of generating Ig structural diver-
sity, which along with combinatorial diversity and somatic
mutation results in numerous Ig specificities (102-104).
In mice, natural B-1a cell-derived IgM is characterized by a low
number of N-additions (105). Interestingly, TdT expression is
restricted to adult life in mice (89), which is after the majority
of fetal derived B-1a cell development has occurred (105, 106).
Therefore, in mice, fetal-derived B-1a cells lack N-additions
(106), whereas adult bone marrow-derived B-1a cells display
a high level of N-additions (95, 107-109). In contrast, TdT is
expressed during both fetal and adult life in humans, and as
a result, both fetal and adult derived human B cells express
Ig with numerous N-additions (110). Yet, it has been shown
human and mouse fetal sequences share both similarities
and differences in their repertories (111). For example, even
though TdT is present throughout early human life, it has been
demonstrated that the number of N-additions/CDR-H3 length
in B cells from preterm and term infants are shorter than that
of adults (112).

DEFINING NAbs

As one reads through the body of NAD literature from the early
1960s to the present day, it becomes increasingly difficult to
find a common concrete definition. The most frequently used
definition describes NAbs as preimmune antibodies generated
in the absence of exogenous antigenic stimulation, which are
non-specific, broadly cross-reactive, low affinity, germline-
like antibodies. As summarized in Figure 1, NAbs have many
attributes, although NAbs cannot be defined by several of these
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characteristics. Furthermore, NAbs cannot be defined based
on a single B cell subset or location. Different subsets of B cells
in different locations are capable of secreting NAbs. Neither
a specific isotype nor a specific function can define NAbs.
Therefore, the characteristics left to define NAbs include how
they are generated (presence or absence of endogenous and/or
exogenous antigen) and their structural composition (germline-
like or diverse).

In terms of specific reactivity to exogenous antigens, studies
have indicated that B-1a cells in the peritoneal cavity serve as a
long-term reservoir of “natural” antibody-producing cells after
first exposure to the antigen (17). However, if these B-1 cells
have previously seen their cognate antigen it might be more
appropriate to term these as memory B-1 cells. In fact, some
subsets of peritoneal B-1a cells share similarities to memory
B cells such as PD-L2 and CD73 expression (21, 24). Thus, it has
been suggested that within the B-1 cell population, those residing
in the bone marrow and the spleen are the true NAb-secreting
cells (17), whereas body cavity B-1 cells constitute a population
of responder (memory type) lymphocytes, which after stimula-
tion migrate and differentiate to IgM-secreting cells. As such,
it is possible body cavity B-1 cells should not be considered NAb
secretors since intentional stimulation is required to upregulate
the secreting process.

Other studies indicate exogenous antigens are required for
selection of the overall B cell repertoire (76). In addition, alter-
ing antigenic exposure during neonatal life has been shown to
significantly change the repertoire of adult B cells (82). B-1a cells
are generated mainly during the fetal/neonatal period; therefore,
any antigen exposure during neonatal life would be expected
to significantly influence the development of B-1a cell-derived
NAbs. Interestingly, it has been suggested that the neonatal
period is subject to increased intestinal permeability and this
access point for antigen exposure could direct the develop-
ment of NAbs (56). Nonetheless, no significant difference was
observed between the B-1a cell derived IgM repertoire in germ-
free mice when compared with specific pathogen-free mice
(96, 98,113, 114). In adult humans, the issue of antigen exposure
is more of a problem as the antigenic exposure of humans cannot
be controlled; therefore, studying a pre-immune repertoire is
nearly impossible.

Schroeder and colleagues demonstrated the importance of
both endogenous self-antigens and germline structure of anti-
bodies in shaping the NAD repertoire. They showed the ability
of the T15 NAb to clear endogenous antigen (oxidized low-
density lipoprotein) is only dependent upon selection driven
by self-antigens regardless of germline antibody structure,
whereas the effectiveness of T15 to protect against exogenous
antigen (phosphorylcholine/S. pneumoniae) is dependent upon
both germline conservation and selection by self-antigen (115,
116). This is in line with studies by Kearney et al. demonstrating
the influence of exogenous antigen upon the effectiveness of
anti-phosphorylcholine antibody against S. pneumonia versus
allergy (82). Together, these studies demonstrate how endog-
enous antigen, exogenous antigen, and germline composition
create and alter the NAb repertoire.

Overall, these NAb studies call into question how NAbs can/
should be accurately defined. Recently, this point has been plainly
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FIGURE 2 | Determining how to define natural antibodies (NAbs). (1) Most
frequently used definition of NAbs: preimmune antibodies generated in the
absence of exogenous antigenic stimulation, which are broadly reactive, low
affinity, germline-like antibodies selected in the presence of endogenous
antigen (depicted in green). These antibodies are pre-existing/always present in
the serum. The dotted outline represents the intrinsic properties the cell might
have (e.g., increased levels of IgM and/or CD86/CD80, lower activation
threshold). The dark outline indicates the cell is secreting Ig. (2—4) In panels
2-4, we suggest possible antigenic experiences of NAbs; however, further
investigation is required to determine whether antibodies produced after such
antigenic experiences are the same as preimmune, pre-existing NAbs in terms
of germline structure and/or repertoire. (2) Here, we suggest a NAb producing
cell may require an extra antigen experience (light push™) to start immediately
(within hours) secreting. This antigen experience contrasts the strong activation
required for naive B-2 cells (depicted in red) to differentiate into plasma cells
(PC), which results in highly specific non-germline antibody (depicted in blue).
However, it is unknown what affect this light push might have upon the
antibody produced by the NAb producing cell (this is depicted by giving the
cell both blue and green antibody colors). (3) We suggest a NAb producing cell
that is already secreting NAbs experiences antigen, which induces
differentiation into a plasma cell (PC). Again, it is unknown what affect this
differentiation might have upon the antibody produced (this is depicted by
giving the cell both blue and green antibody colors). (4) Finally, we depict NAb
producing cells experiencing strong/specific activation and subsequently
following the traditional pathway leading to memory and plasma cell
differentiation.
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discussed in two separate reviews. The first by Baumgarth
et al. (17), suggests an explicit definition: “we suggest the term
natural IgM production be restricted to the truly antigen-
independent elaboration of IgM in the spleen and bone marrow
and not be extended to antigen-induced responses by B-1 cells”
The second by New et al. (56) states: “Thus, the generalization
often made that the NAb repertoire develops independently of
exogenous is not universal for all NAb specificities, and further
research focusing on the factors contributing to the development
and the composition of the NAb repertoire is warranted.” Herein,
we suggest that these seemingly separate points of view can find
common ground with further investigation.

It is clear a NAD repertoire can be created in the absence of
exogenous antigens and/or germinal center maturation, and
perhapsthisisthedefinition of NAbsinits purest form. Yet, ithas
also been demonstrated that NAbs are affected by the presence
of exogenousantigen, whichisencountered in normal function-
ing systems. As an attempt to incorporate the role of antigen in
the NAb repertoire, we propose the following starting point for
investigation. To be a NAD, two requirements are necessary:
(1) the ability to exert a protective, regulatory, or other biologi-
cal function and (2) pre-existing/immediately responsive anti-
body. In the first requirement, the biological function might be
protective, regulatory, or provide afunction yet to be elucidated.
In the second requirement, the antibody must already be pre-
sent and secreted, or the NADb encoding cell would need only
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