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FcuR in human B cell subsets in Primary Selective IgM
Deficiency, and Regulation of FcuR and production of Natural
IgM antibodies by IGIV

Sudhir Gupta, Sudhanshu Agrawal, Sastry Gollapudi, and Hiromi Kubagawa"
Division of Basic and Clinical Immunology, University of California at Irvine, Irvine, California

Abstract

IgMFcR (FcuR) are expressed on B cell and B cell subsets. Mice deficient in secreted IgM and
FcuR share properties of impaired specific antibody response and autoimmunity with patient with
selective IgM deficiency (SIGMD). Intravenous immunoglobulin (IGIV) regulates immune
response, including modulation of IgGFc receptors. However, there are no data on the expression
of FcuR in patients with SIGMD, and the effects of IGIV on FcuR. In this study, we investigated
FcuR expression in naive marginal zone (MZ), IgM memory, and class-switched memory B cells
in patients with selective IgM deficiency and healthy controls. Furthermore, we examined the
direct effect of IGIV on FcuR expression and on the upregulation of FcuR by TLR2 agonist
(Pam3). Finally, we examined the effect of IVIG on spontaneously produced IgM and natural IgM
anti-phosphorylcholine (PC) antibodies by B cells and B1 cells. FcpuR expression is significantly
decreased in MZ B cells in patients with SIGMD as compared to control. IGIV, at
immunomodulatory concentrations, inhibited FCuR upregulation by Pam3 in MZ B cells, and IgM-
depleted IGIV inhibited spontaneous secretion of natural IgM anti-PC antibodies and not total IgM
by B1 cells. These data suggest that decreased FcUR expression on MZ B cells may play a role in
the pathogenesis of SIGMD, and an inhibition of TLR-2-induced upregulation of FcuR by IGIV
may be one of the mechanisms of its anti-inflammatory action. IGIV-induced inhibition of natural
IgM antibodies may be one of the mechanisms of 1GIV-induced immunoregulation.
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1. INTRODUCTION

Although IgM Fc receptor (FcuR) was described on T cells and B cells more than 35 years
ago [1-6], unlike other FcRs, it has defied genetic identification until recently when
Kubagawa and colleague [7] identified a cDNA coding a bona fide FcR that is defined as a
60 kd transmembrane sialoglycoprotein expressed predominantly on B and T cells, and
weekly on NK cells.

Recent studies of mice deficient in FcuR have established a role of IgM in immune
homeostasis and regulation of antibody response, therefore, in microbial defense, and
suppression of autoantibody response via FcUR [8, 9]. These FcpuR-deficient mice produce
significantly less specific antibody response to protein antigens, and have impaired germinal
center formations (B cells), and increased autoantibodies formation as the mice age. The
phenotype of FcuR-deficient mice resembles that of mice lacking secreted IgM with regard
to specific antibody responses and development of autoantibodies [10-14]. In humans,
patients with selective IgM deficiency (SIGMD) are also more susceptible to infections,
display impaired specific antibody response to pneumococcal polysaccharide, and develop
autoimmune diseases; the latter is more common in adults than in children [15, 16].

Intravenous immunoglobulin (IVIG, current terminology IGIV, which will be used
throughout this manuscript) has been used in a variety of autoimmune diseases and has been
shown display immunomodulatory properties targeting a variety of cells of the immune
system [17-19]. IGIV preparations contain a plethora of natural antibodies of 1gG isotype
against a variety of self antigens [20, 21]. The immunomodulatory effects of 1gG are
mediated via both Fab and Fc portion of 1gG molecules, the latter via IgG FcR effects on a
variety of cells types [17, 22, 23]. However, the effects of IGIV on FcuR, especially its
expression in B cell subsets and the production of IgM natural antibodies, have not been
reported. Furthermore, the expression of FcuR on B cells in patients with SIGMD has not
been studied.

Our present study demonstrates that IGIV influences both the expression of FcuR and
natural IgM antibody production by B1 cells. Furthermore, FcuR expression is decreased in
marginal zone B cells from patients with SIGMD.

2. MATERIAL AND METHODS

2.1 Subjects

Peripheral blood mononuclear cells (PBMNCSs) were isolated from blood of patient with
primary SIGMD (serum IgM 4mg/dl to 32mg/dl) and age and gender matched healthy
subjects by Ficoll-hypaque density gradient. Human Subject Committee of the Institution
Review Board of the University of California, Irvine approved the protocol. Patients with
selective IgM deficiency have been followed for at least last 5 years, and have reproducible
selective IgM deficiency. All these patients presented with a history of recurrent upper
respiratory tract infections. Their clinical and immunological characteristics have been
published [15]
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2.2 Antibodies and reagents

B cell subsets were identified with following anti-human antibodies: CD19 PE Cy5.5, anti-
IgM APC, CD27 FITC, anti-IgD PerCP Cy7, CD21 PerCP Cy7, FCuR PE (clone HM14),
mouse IgG1xPE (isotype), CD20 PE and CD43 APC, all from BD Pharmingen (San Jose,
California). TLR2 (Pam3CSK4), CpG (ODN 2006) were purchased from InvivoGen (San
Diego, California). In Initial experiments, HM14 mAb monoclonal antibody against FcuR
[7] provided by Kubagawa was used. Thereafter, commercial antibodies (same clone) were
used.

2.3 Depletion of contaminating IgM from IGIV

IGIV preparations are contaminated with IgM in quantities sufficient to interfere with
natural IgM antibody assay, therefore, for natural IgM secretion experiments IGIV
preparation used in this study (contained IgM12-15 ng/ml) was dialyzed, and contaminating
IgM was removed from the IGIV preparation by absorption using magnetic particles coated
with goat anti-human IgM antibody (Biomag anti human IgM beads, Bangs Laboratories,
Fishers, IN). In brief, Biomag beads were washed to remove the storage buffer and
incubated with IGIV solution for 3 hours at room temperature with end over end mixing.
After incubation, the tube was placed in a magnetic stand; beads were allowed to migrate to
the magnet and collected the IgM depleted solution. These preparations had undetectable
levels of IgM and anti-PC antibodies.

2.4 Immunophenotyping

PBMNCs were incubated with various concentrations of IGIV ranging from replacement
concentration (1.25 pg/ml) to immunomodulatory concentrations 10 pg/ml or more) in the
presence or absence of TLR2 agonist Pam3 and TLR9 agonist CpG for 24 hours and stained
for surface markers defining various subsets of B cells as below. Antibody panel for 5-color
B cell Phenotype

Panel  FITC PE PE- Cy5.5 APC PerCP- Cy7

1 CD27 FCuR  CD19  anti-lgM IgD

Following staining, cells were washed with phosphate buffered saline and analyzed. Flow
cytometry was performed using BD LSR Flow (Becton-Dickinson, San Jose, CA) equipped
with argon ion laser emitting at 488nm (for FITC, PE, and PerCP excitation) and a spatially
separate diode laser emitting at 631 nm (for APC excitation). Forward and side scatters were
used to gate and exclude cellular debris. Ten thousand cells were acquired and analyzed
using Flowjo software (Treestar, Ashton, OR). Percent positive cells and mean fluorescence
intensity (MFI) were determined. MFI data are expressed as A MFI after subtracting the
isotype background control. B cell subsets were identified by following phenotype: naive B
cells-CD19+/CD27-/IgD+/IgM+, MZ B cells-CD19+/CD27+/1gD+/IgM+, IgM memory-
CD19+/CD27+/1gD-/IgM+, Class switch memory-CD19+/CD27+/IgD-/IgM-, and B1 cells-
CD20+/CD27+/CD43+/CD70-.
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2.4 B Cell enrichment and B1 cell isolation

For experiments of natural IgM production, CD20+ B cells were isolated by negative
selection with EasySep B cell enrichment cocktail and magnetic nanoparticles (Stem cell
Technologies,Vancouver, BC, Canada). Briefly, unwanted cells were specifically labeled
with bispecific tetrameric antibody complexes that recognize unwanted cells and dextran.
Dextran-coated magnetic nanoparticles were added, and magnetically labeled cells were
then separated from unlabeled target cells using a magnet. For B1 cells separation, cells
were stained with CD20 PE and CD43 APC, and sorted for CD20+/CD27+/CD43+ (B1) and
CD20+/CD27+/CD43- (B2) B cells by FACSArria Il. Purity of B1 cells was >95%. B2 cells
were contaminated with <5% B1 cells.

2.5 Detection of total IgM and IgM anti-phosphorylcholine (PC) antibodies

Sorted B1 and B2 cells (2.5 x 10*/ml) were incubated with different doses of lgM-depleted
IGIV ranging from replacement concentration (1.25 pg/ml) to immunomodulatory
concentration (10 pg/ml) for 5 days to detect natural antibodies. Supernatants were collected
and stored at =70°C for ELISA. PC-1gM ELISA (Alpha Diagnostic, San Antonio, TX) and
IgM ELISA Kits (Genway, San Diego, CA) were used to detect spontaneously secreted anti-
PC IgM antibodies and IgM as per manufacturer protocol.

Statistical analyses

Statistical analysis was performed using Graph pad prism (GraphPad Inc., San Diego, CA).
Differences between patient and control subject delta MFI and percent positive were tested
using paired t test. Differences between un-activated and activated condition were tested
using paired t test. A p-value of <0.05 was considered statistically significant.

3. RESULTS

3.1 FcuR expression is decreased on MZ B cells in patients with SIGMD

PBMNCs from ten healthy controls and patients with SIGMD were stained with monoclonal
antibodies defining various B cell subsets, and with anti-FcuR antibodies. Ten thousand cells
were acquired, and analyzed for both proportions of FcuR positive B cell subsets and for
MFI as an indicator of density of FcuR, using multicolor flow cytometry. The MFI of FcuR
on MZ B cells from patients with SIGMD was significantly lower (P<0.05) as compared to
that from normal control. Fig. 1A shows a representative flow cytometric profile and, Fig.
1B (right panel) shows data from 10 patients and 10 controls. However, no significant
difference was observed in the proportions of FcuR+ B cell subsets (Fig. 1B left panel).

3.2 TLR2 and TLR9 stimulation upregulates FCUR expression

We have demonstrated that B cells without co-stimulatory signals can be stimulated directly
with TLRs [24]. Therefore, we examined the effect of TLR-stimulation on FcUR expression
on B cell subsets. Two TLR agonists were selected, Pam3 for TLR2 and CpG for TLR9,
since TLR2 and TLR9 among TLRs provide strong signals to B cells. PBMNCs were
stimulated with Pam3 (5 ug/ml) and CpG (10 pg/ml) for 24 hours and FcuR expression was
examined on various subsets of B cell subsets using monoclonal antibodies and
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corresponding isotype controls. Pam3 increased significantly the proportions of FCuR+ naive
B, MZ B, and memory B cells, whereas, CpG increased the proportions of naive and IgM
memory B cells (Fig. 2A). Pam3 upregulated the MFI of FcuR on naive and MZ B cells but
CpG had no effect on the FcuR density on MZ B cells (Fig. 2B). Therefore, Pam3 was used
for subsequent experiments.

3.3 IGIV has no direct influence on FcuR in B cell subsets

PBMNCs were incubated with various concentrations of IGIV for 24 hrs. at 37°C. The
proportions of FcuR+ of B cell subsets and the density of FcuR (MFI) on various B cell
subsets were measured with subsets-defining monoclonal antibodies and isotype controls,
using multicolor flow cytometry. Pam3 was used as a positive. IGIV did not influence the
proportions of FcuR+ B cell subsets (Fig. 3A) or the density (MFI) of FcuR on any of B cell
subsets (Fig. 3B).

3.4 IGIV inhibits TLR2-induced upregulation of FCUR on marginal zone B cells

PBMNCs were pre-incubated with various concentrations of 1GIV (1.25 pg-10 pg/ml) for 2
hours, and then Pam3 (5ug/ml) was added. Cells were cultured for 24 hours, washed, stained
with monoclonal antibodies and corresponding isotype controls, and analyzed by multicolor
flow cytometry. IGIV, in a concentration-dependent manner, inhibited upregulation of
density of FcuR on MZ B cells [Fig. 4A]. A trend of inhibition was also observed on naive B
cells; however, differences were not significant. No effect was observed on the proportions
of FcuR+ B cell subsets [Fig. 4B].

3.5 IGIV inhibits spontaneous secretion of total IgM and natural IgM anti-
phosphorylcholine (PC) antibodies by B1 cells

IGIV has been shown to contain natural 1gG autoantibodies against various self-antigens
[20, 21, 25-27]. Natural antibodies or autoantibodies are spontaneously produced in absence
of external stimuli, predominantly of IgM isotype, low affinity, and polyreactive with
specificity against self-antigens including PC [28]. An effect of IGIV on natural IgM
antibodies has not been evaluated. Therefore, we examined the effect of IgM-depleted IGIV
preparation on spontaneously secreted IgM and IgM anti-PC antibodies. Since B1 cells are
considered to produce natural antibodies, sorted B1 and B2 cells were incubated with
various concentrations of IGIV for 5 days, and supernatants were analyzed for
spontaneously secreted IgM and anti-PC IgM antibodies. IgM and anti-PC IgM antibodies
were produced predominantly by B1 cells; a small amount of these antibodies produced B2
cell preparations may be due to contaminating B1 cells. Furthermore, IgM-depleted IGIV, in
a concentration-dependent manner, inhibited significantly anti-PC 1gM antibodies by B1
cells (Fig. 5A), but had no significant effect on total spontaneous IgM produced by B1 cells
(Fig. 5B). IgM-depleted IGIV has no detectable anti-PC antibodies (data not shown).

4. DISCUSSION

FcuR was recently defined as a 60 kd transmembrane sialoglycoprotein expressed
predominantly on B and T cells, and weekly on NK cells [7]. The interaction of FcuR to its
IgM ligand is distinct from that of pIgR and Fca/pR with IgM and polymeric IgA. Finally
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FcuR recognizes a molecular configuration on IgM that conferred by Cu3/Cp4 domains; in
contrast plgFcR recognizes Cu4 domain.

Recent studies of mice deficient in FcuR and secreted IgM have established that that IgM
plays a role in immune homeostasis, microbial defense, and suppression of autoantibody
response via FCUR [8, 9]. These FcuR-deficient mice produce significantly less specific
antibody response to protein antigens, and have impaired germinal center formations, and
increased autoantibodies formation as the mice age. In humans, patients with SIGMD are
also more susceptible to infections, display impaired specific antibody response to
pneumococcal polysaccharide, and develop autoimmune diseases in adults [15, 16], and
decreased germinal center B cells (manuscript submitted). In this study, we have observed
that FcpR are expressed on all subsets of B cells from healthy subjects, which is in
agreement with data reported by Kubagawa et al [7]. Furthermore, we observed decreased
expression on MZ B cells in patients with primary selective IgM deficiency. The
pathogenesis of primary SIGMD remains unclear. A number of mechanisms have been
proposed [16]. It is possible that decreased MZ B cells may also play a role in the
pathogenesis of SIGMD.

IGIV has also been used as an immunomodulatory agent in a variety of autoimmune
diseases [17, 18, 25, 26]. The mechanisms of IVIG-mediated immunoregulation have been
extensively studied. Revetch’s group was first to report that immunomodulatory effect of
IVIG is due to stimulation of inhibitory FcR for 1gG (FcyRIIb) on B cells [20]. Kaveri and
colleagues [19, 23] have demonstrated that IVIG induces the generation of Treg, diminishes
IL-17, and inhibits the maturation and function of dendritic cells, thereby, regulating
autoimmune response. Recently, B cells, such as B1 and MZ B cells, have been
demonstrated to play a role in innate immunity. We have reported production of
proinflammatory cytokines, chemokines, and growth factors by human B cells in response to
direct stimulation of B cells by TLR agonists [24]. A role of IGIV in the regulation of
expression of FCcUR has not been studied. In this study, we have demonstrated that IGIV
inhibits TLR-induced upregulation of FcuR, which may be one of the mechanisms for anti-
inflammatory effects of IGIV.

Monomeric IgM is expressed as membrane bound antibody on all naive B cells and is the
first surface immunoglobulin to appear during ontogeny in human [28]. Secreted pentameric
IgM generates 10 linked antigen binding sites resulting in higher valency than other
immunoglobulins. Secreted IgM comes in two flavors, the natural IgM (innate) and antigen-
induced IgM (adaptive or immune). The natural IgM is spontaneously produced by B1 cells
in the absence of pathogens (antigen) and is present in germ-free mice and newborn humans,
whereas immune IgM is produced by B2 cells following antigen encounter [21, 27, 29-33].
Natural IgM is found in both mice and humans, and constitutes the majority of total
circulating IgM. Natural IgM is generated from germline configured transcripts in B cells,
prior to class switched recombination (CSR) and somatic hypermutation (SHM), and is of
low affinity; however, its high valency allows to bind to antigens with a wide range of
avidities, therefore, are polyreactive [34]. Although discovered more than 100 years ago,
natural antibodies were thought to recognize only self-antigens, and therefore, important in
removal of self-antigens (products of apoptotic cells). However, studies of mutant mice
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deficient in IgM secretion generated by ablation of the | heavy chain secretory exon, has
established roles of both natural and adaptive IgMs in protection against microbes in
infection and self-antigens in autoimmune diseases [12, 14, 35-37].

There has been much controversy regarding characterization of human B1 cells. CD5+ B
cells are capable of producing autoantibodies and are expanded in autoimmune diseases (38—
40), and therefore, CD5 was considered a marker of B1 cells; however, CD5 is also
expressed on B2 cells following activation. Furthermore, both CD5+ and CD5- B cells can
produce IgM autoantibodies (41, 42). Therefore, Griffin et al (43), using functional
characteristics, identified the phenotype of human B1 cells as CD20+/CD27+/CD43+/
CD70-. Therefore, we identified and sorted B1 cell using this phenotype.

Follicular B2 are generally involved in the response to T-dependent antigens, whereas B1
and MZ B cells, sometimes referred to as innate-like B cells based on their similarities, are
involved in other functions, including production of natural IgM in the absence of an
immune response (spontaneous), and response to T-independent antigens [44—-46]. It is
interesting to note that our study demonstrates that IGIV affects predominantly MZ B cells
and IgM-depleted IGIV inhibits production of natural anti-PC IgM antibodies by B1 cells at
high concentrations. IgM-depleted IGIV has no detectable anti-PC antibodies. Whether this
effect of IGIV on natural autoantibodies play a role in immune homeostasis remains to be
determined. In contrast, Berry et al (47) reported that replacement dose of IGIV (low dose)
stimulates B cell proliferation and immunoglobulin, including IgM production in some
patients with primary immunodeficiency. These patients have low levels of serum IgM.
These investigators did not examine the effect on normal B cells. Furthermore, levels of
serum IgM do not change in patients with primary immunodeficiency diseases that are
treated with replacement dose of IGIV. Therefore, some of the effects observed by Berry et
al (47) may have been contributed by contaminating IgM in IGIV or are /in vitro artifact.

In summary, changes in FcuR in MZ B cells in SIGMD may play a role in its pathogenesis.
A modulation of FcuR on B cell subsets, and regulation of natural IgM autoantibodies by
IGIV may be one of the mechanisms for its anti-inflammatory and immunomodulatory
effects.
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Figure 1. FcuR expression in subsets of B cells in selective IgM deficient patients and control
subjects by Flow cytometry

Fig. 1A shows a representative flow cytometric plot. Numbers in the corner of each quadrant
indicate percentages and numbers in the center indicate the mean fluorescence intensity
(MFI) of FcpR. Fig. 1B shows percentage of FcuR+ B cell subsets (left panel) and right
panel shows the MFI of FcuR from 10 patients and 10 healthy matched controls. Data on
MFI is expressed as A MFI after subtracting isotype background control (mean + SEM).
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Figure 2. Effect of TLR2 and TLR9 agonists on the FcUR expression by B cell subsets
PBMCs from controls were cultured in the absence (media) or presence of CpG (10 pg/ml)

and Pam3 (5 pg/ml) for 24 hours. Percentage of FcuR+ B cells (A) and MFI of FcuR (B)
were determined in each B cell subset by multicolor flow cytometry (n = 5). Each symbol
represents data from an individual. The horizontal wide and narrow bars indicate the
arithmetic mean and 1 SE, respectively. Note the significant upregulation of FcuR
expression, especially its density, on naive, MZ and IgM memory B cells by TLR2 agonist

(Pam3) stimulation.

Hum Immunol. Author manuscript; available in PMC 2018 February 14.



Page 12

Gupta et al.

Marginal Zone

Naive

p<ns
..
L ]
o

S
&

IgM memory

Class switch memory

p<ns,

p<ns
.
L]
-
i
Y
Marginal Zone
L]

I

T

1

f

I

®

p<ns.

L __e_ea__
i Qv\,__.._e____
I b‘w\_\o____
[ \__-__Q_
B h\,_____.u\

i h.&\_\.e\

- sz,

%y,

100+

80

@
2=
=

o

Naive
p<ns

.

8-‘0_
=

100-{.%%

150+
100+

- we, . _l_ub._u [ e,
- Op A - Tw‘ - i u_vx_.____c
R /
5 Kl 0
Yo i or
[ %as, 8 il A,
O 3 M = i L= f
" Sy E v . Alg
4 s o ot
[“2a,, 2 e | T2
)y
[ $2y , e [ ¢y ,
19, _.T oy
- U\ Ll . B Q.ﬂuo
(-] bﬂ* = w w - *
§ 8
14N
o tefei o - @,
" e,
o . LI_I+ e } uv\_.@
- 0p ‘
ey ON. . _I+0._ s o
i a..v\r. m \____0\
L S . . TT . - o, -
A__mv\ = c . _ﬁl s i v
o, 2 v S,
O H o
F s @ il_ * [¥e,
s, ] 19y
Lo 3 - 5o
L Ay, o < N
o Q.___h.b&. ._ L _ . L @b@*
w (-]
4N

40ug/ml) and Pam3 for 24 hours. Frequency (%) of FcuR+ B cells (A) and MFI of FcuR (B)
in each B cell subset were assessed by multicolor flow cytometry (n = 4). “n.s.” indicates not

PBMCs from healthy individuals were incubated with different doses of IGIV (1.25 ug to
significant (p>0.05).

Figure 3. Direct effect of IGIV on FcuR expression on B cell subsets
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Figure 4. Effect of IGIV on TRL2-induced upregulation of FcuR expression by B cell subsets
PBMCs from healthy individuals were incubated without (media) or with IGIV (1.25 ug to

10 ug/ml) for 2 hours, and then stimulated with Pam3 (5 pg/ml) for 24 hours. PBMNCs
incubated without IGIV and Pam3 served another control. Frequency (%) of FcuR+ B cells
(A) and MFI of FcuR (B) in each B cell subset were assessed by Flow cytometry (n = 4).
Note that IGIV significantly inhibits the Pam3-induced upregulation of FcuR density by MZ

B cells in a dose-dependent manner.
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Figure 5. Effect of IGIV on the secretion of spontaneously produced IgM and natural IgM anti-
PC antibodies by B1 cells

B1 (CD27+/43+) and B2 (CD27+/CD43-) cells sorted from normal PBMNCs (2 x 104/ml)
were cultured with the indicated concentrations of IgM-depleted IGIV for 5 days. The
resultant supernatants were assayed for IgM anti-PC antibodies (A) and secreted total IgM
(B) by ELISA. Results are expressed by mean + 1 S.E. from five different healthy
individuals.
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