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Abstract

We investigated the function of the newly discovered myosin family protein Myosin 18A
(Myo18A) in antibody-mediated immunity by generating B cell-conditional Myo18A-deficient
mice. Myo18A deficiency led to expansion of bone marrow progenitor B cells and mature B cells
in secondary lymphoid organs. Myo18A-deficient mice displayed serum IgM hyperglobulinemia
and increased splenic IgM secreting cells, with older mice switching to IgG1 hyperglobulinemia
and autoantibody development. Immunization of Myo18A-deficient mice with inactivated
influenza virus led to development of more potent neutralizing antibodies against the major
antigen hemagglutinin, associated with persistent accumulation of antigen-specific germinal center
B cells and more antigen-specific bone marrow plasma cells. /n vitro stimulation with TLR7 and
BCR ligands revealed a greater ability of Myo18A-deficient B cells to differentiate into antibody
secreting cells, associated with higher AID and Blimp-1 expression. Overall, our study
demonstrates that Myo18A is a novel negative regulator of B cell homeostasis, differentiation and
humoral immunity.

INTRODUCTION

The B cell antibody response is tightly regulated to facilitate pathogen-specific immunity
and prevent self-reactivity. Membrane and actin cytoskeleton dynamics play an important
role in regulating B cell activation following crosslinking of the B cell receptor (BCR) by
antigen (1-4). Ezrin, a membrane-cytoskeleton crosslinker, and Myosin 2A (Myo2A), the
only conventional class Il myosin expressed in lymphocytes, regulate BCR clustering (4),
signal transduction (5-7), B cell antigen extraction, plasma cell differentiation, and humoral
immune response (8-10).

The recently described class XV1I1 unconventional myosins are most closely related to
Myo2A, and regulate important cellular processes in non-lymphoid cells (11-13). Myosin
18A (Myo18A) contains protein-protein interacting KE (Lysine-Glutamic acid) rich and
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PDZ domains (domain contained within the proteins PSD95, DIgl and Zo-1), and an
extended coiled-coil domain, the latter enabling homodimerization and interaction with
Myo2A bipolar filaments (12, 14). We previously reported that Myo18A is expressed in both
precursor and mature B cells, and interacts with ezrin, Myo2A and tyrosine phosphorylated
proteins (15), suggesting that it may regulate physiological functions of B cells. Here, we
show that Myo18A is a novel regulator that not only limits naive B cell and immunoglobulin
levels, but also restricts antigen-induced humoral immunity by restricting B cell
differentiation into antibody secreting cells.

MATERIALS AND METHODS

Mice

Heterozygous Myo18A knockout first, conditional ready mice (Myo18AFRT/*) were
developed with KOMP (University of California, Davis) (MGI:4419827). Mice with floxed
Myo18A alleles (Myo18AFL/FL) were generated in house by crossing Myo18AFRT/* with
ACTB:FLPe mice (Jackson labs) (16). B cell-specific conditional knockout mice (Myol18A
BKO) were generated by crossing Myo18AFL/FL mice with Mb1C"e* mice (17), and have
the genotype Myo18AFL/FL Mb1Cre/+ Mb1Cre/+ mice, in which one Iga. allele is replaced
with the gene for Cre-recombinase, served as controls in all experiments. Experimental and
control animals were not littermates or co-housed in the same cage. Male and female mice
aged 2-3 months were used for flow cytometry and immunization experiments and 6-8-
month-old mice for autoreactivity studies. All animal experiments were approved by the
Cleveland Clinic Institutional Animal Care and Use Committee.

Virus, immunization and neutralization assay

Influenza A/Puerto Rico/8/1934 (PR8) (Mt. Sinai strain; HIN1) (18) was inactivated prior to
immunization by exposure to UV. Mice were immunized i.p. with 2,500 hemagglutination
activating units (HAUs) of UV-inactivated PR8 (UV-PR8) (18). Blood was collected from
the tail vein prior to and weekly following immunization, and blood, spleen and bone
marrow were collected for analysis. Virus neutralization assay was performed as described
(19). The frequency of infected cells was normalized to a virus only control, and a non-
linear regression curve was generated using the dose-response inhibition model to calculate
the serum dilution factor leading to half maximal infection (50% neutralization dilution,
NDsg), using Prism7 software (GraphPad).

Flow cytometry and western blotting

Purified B and T cells were isolated using MACS purification kits (Miltenyi Biotec) (Table
S1). Western blotting for Myo18A was performed as previously described (15). B cell
progenitors and subsets were identified from single cell suspensions of bone marrow, spleen
and draining lymph nodes by staining with indicated antibodies and LIVE/DEAD stain
(Table S1). Activation markers were analyzed on splenic CD19* B cells using specific
antibodies (Table S1). Cells were acquired with a BD LSR Fortessa flow cytometer (BD
Biosciences) and analyzed using FlowJo software (TreeStar) using established gating
strategies (Fig. SLA-C). HA-specific B cells were identified using a PE-conjugated PR8 HA
probe gifted by Dr. Troy Randall (University of Alabama, Birmingham) (20).
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ELISA and ELISPOT

ELISA was performed to quantify total IgM, IgG, and IgG subclass (IgM, 1gG, 1gG1,
1gG2b, 1gG2c or 1gG3) using indicated reagents (Table S1) as previously described (7). HA-
specific IgM and 1gG were measured using PR8 HA-coated ELISA plates (18). The area
under the curve (AUC) was calculated for each serum sample using Prism 7 (GraphPad)
software. IgM and IgG antibody secreting cells were quantified by ELISPOT as previously
reported (7).

Autoantibody array

Serum samples from 6- to 8-month-old animals were analyzed at the University of Texas
Southwestern Medical Center Microarray Core using autoantigen microarray panel 1,
profiling 95 autoantigens and 8 internal controls. To quantify serum reactivity to
autoantigens, the net fluorescent intensity (NFI) of each antigen was calculated by
subtracting the local background and negative control. The signal-to-noise ratio (SNR) was
calculated by subtracting the median background from the median foreground and dividing
by the standard deviation of the background for each antigen. The autoantibody score (Ab-
score), calculated as logo((NFI*SNR) + 1), is depicted for both genotypes.

In vitro differentiation and qRT-PCR

Purified B cells were stimulated with 1 pg/ml Resiquimod (R848; InvivoGen) alone, or with
10 pg/ml goat anti-mouse IgM, u chain specific F(ab’), (Jackson ImmunoResearch
Laboratories) for 48 h, and IgM* ASCs quantified by ELISPOT assay. RNA was isolated
from naive and stimulated B cells, followed by cDNA synthesis, and gRT-PCR performed
using the PowerUp SYBR Green Master Mix (Applied Biosystems) on a QuantStudio 5
Real-Time PCR system (Applied Biosystems). Gene expression was analyzed using forward
and reverse primers (Table S1) for Aicda (AID), Prdm1 (Blimp-1), and Actb (B-actin)
(Integrated DNA Technologies). Expression was calculated by normalizing target gene
expression to the housekeeping gene B-actin (ACt), and calculating the relative fold
induction of stimulated cells versus naive B cells (272ACt),

Statistical analysis

Statistical significance was determined by calculating P values by two-sided unpaired #test
unless otherwise stated. Significant differences between Mb1€"®* and Myo18A BKO mice,
with Pvalues of less than 0.05, 0.01, 0.001 and 0.0001, are indicated as *, **, ***and ****
respectively. For all figures, mean + SEM is shown and each symbol indicates an individual
biological replicate. In Figure 4 statistically significant differences between mock, day 7,
and day 28 UV-PR8 immunized mice are indicated with T for Mb1C"e/* mice and # for
Myo18A BKO mice; where Pvalues of less than 0.05, 0.01 and 0.001, are indicated as t/#,
T/ and t11/###, respectively. Data were plotted and analyzed using Prism 7 software
(GraphPad).
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RESULTS AND DISCUSSION

Myo18A regulates B cell development

To investigate the function of Myo18A in B cells we developed Myo18AFRT/* mice with one
gene-trapped Myo18A allele (Fig. 1A). Breeding of heterozygous Myo18AFRT/* mice
revealed a sub-Mendelian ratio of approximately %4 fully wild type and %™ heterozygotes
(Table S2). Genotyping of embryos showed that systemic genetic deletion of Myo18A was
embryonically lethal by day E9.5 (Table S2), consistent with reports in Drosophila (21, 22)
and zebra fish (23, 24) where Myo18A is required to maintain myofiber integrity during
development. Myo18A BKO mice were developed as described in Methods (Fig. 1A). B cell
specificity of the Myol18A deletion was confirmed by immunoblotting of splenocytes, and
purified B and T cells with an antibody specific to Myo18A (Fig. 1B). In humans, the 3’
UTR of the MYO18A gene overlaps with the 7/AFI gene (25). Although a homolog of
TIAF1 has not been annotated in the mouse genome, it is important to note that our
knockout leaves the corresponding portion of the Myo18A gene intact. Therefore, the effects
described here are because of Myo18A deletion alone. Nonetheless, there is a potential for
differences between the regulation of and by Myo18A in mice and human B cells. As we
have previously shown that B cell progenitors express Myo18A (15), we performed flow
cytometry analysis of bone marrow cells from Mb1€"®* and Myo18A BKO mice to
investigate whether Myo18A deficiency affects B cell development. Myo18A BKO mice had
increased bone marrow pro-pre-B cells, and immature B cells compared to Mb1C™/* mice
(Fig. 1C), whereas mature recirculating B cells were not altered (Fig. 1C). The expansion of
B cell progenitors in the bone marrow suggests that Myo18A controls the earliest stages of
B cell development in a B cell-intrinsic manner. Others have reported a link between
increased Myo18A expression in bone marrow stromal cells and enhanced hematopoietic
support (26). However, our data suggest a unique regulatory role for Myo18A in B cell
progenitors that is distinct from the function attributed to it in bone marrow stromal cells.
Cytokine signals from the microenvironment, such as IL-7 and thymic stromal
lymphopoietin TLSP, and B cell intrinsic signals from the pre-BCR and BCR are all
important in B cell development (27), and may be altered in Myo18A-deficient progenitors.

Myo18A regulates peripheral B cell homeostasis

We next evaluated the effect of Myo18A deletion on peripheral B cell and other immune cell
populations. Myo18A BKO mice had a significant increase in the number of splenocytes
compared to Mb1€"®/* controls (Fig. 1D) concomitant with elevated B cells and no change in
T cell numbers (Fig. 1E, Fig. S1D). The follicular (Fo) B cell subset was significantly
expanded in Myo18A BKO mice compared to Mb1C"/* controls while marginal zone (MZ)
B and total B1 B cells were not affected (Fig. 1F). Within the B1 B cell subset, however, the
CD5* Bla population was expanded in Myol8A BKO mice (Fig. 1G). Splenic B cells from
Myo018A BKO mice had similar levels of surface immunoglobulins (Fig. S1E) and activation
markers MHC-I1, CD69, CD44, and CD80 (Fig. S1F). Myo18A BKO mice also had more
cells in their lymph nodes (LNs) compared to Mb1C"®* mice (Fig. 1H), and the number of
both B and T cells was increased in LNs of Myo18A BKO mice (Fig. 11). Elevated B cell
numbers in both spleens and lymph nodes of Myo18A BKO mice suggests that Myo18A
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expression in B cells regulates peripheral homeostasis, via higher bone marrow B cell output
or increased B cell entry or retention in secondary lymphoid organs.

Hyperglobulinemia in Myo18A-deficient mice

To address if dysregulated numbers of peripheral B cells affect antibody production, we
quantified serum immunoglobulins in Mb1C™* and Myo18A BKO mice. Serum IgM was
significantly elevated in naive 2- to 3-month-old Myo18A BKO mice compared to Mb1€re/+
(Fig. 2A) but IgG was not (Fig. 2B). To investigate if higher IgM was due to altered splenic
antibody secretion capacity in Myo18A BKO mice we quantified antibody secreting plasma
cells (PC) by flow cytometry and ELISPOT assay in naive 2- to 3-month-old Mb1€"e/* and
Myo018A BKO mice. Myo18A BKO mice had more PCs (Fig. 2C) and twice as many IgM
secreting cells in their spleens compared to Mb1C™®/* mice (Fig. 2D). The number of IgG
secreting ASCs also trended higher in Myo18A BKO mice compared to Mb1C* mice (Fig.
2E). In contrast, bone marrow PCs (Fig. 2F), and IgM (Fig. 2G) and IgG (Fig. 2H) ASCs
were similar in Mb1C"®* and Myo18A BKO mice. These data demonstrate a higher overall
antibody secretion capacity in Myol18A BKO mice, indicating that Myo18A regulates B cell
differentiation into plasma cells in the spleens.

Myo18A-deficiency increases the generation of autoantibodies

We next examined if the hyperglobulinemia observed in 2-3-month-old mice persisted or
worsened upon aging. Six-month-old Myo18A BKO mice did not show a difference in
serum IgM concentrations (Fig. 3A) but had a significant increase in serum 1gG compared to
age-matched Mb1C"e* mice (Fig. 3B). Quantification of IgG subclasses by ELISA showed
higher 1gG1 levels, with unaltered 1gG2b, 1gG2c, and IgG3 levels (Fig. 3C). Because naive
Myo018A BKO mice have elevated T cells in their lymph nodes, persistent B-T interactions
may induce activation signals that lead to class switching. An accumulation of isotype
switched B cells and 1gG-secreting plasma cells may explain the elevation in 1gG levels in 6-
month-old Myo18A BKO mice. As elevated B cell numbers and serum 1gG levels
sometimes correlate with presence of autoreactive antibodies we employed an autoantigen
array to quantify antibodies against 95 common self-antigens in the sera of 6-month-old
Mb1C€"¢* and Myo18A BKO mice. Overall, Myo18A BKO mice had significantly higher
concentrations of autoreactive antibodies of both IgM (Fig. S2A) and IgG (Fig. S2B)
isotype. IgM and IgG antibodies against a number of nuclear antigens including histone
H2B, citrullinated histones, Smith antigen D2 (Sm D2), nucleolin, ribosomal
phosphoprotein P1, and proliferating-cell nuclear antigen (PCNA) were increased in
Myo18A BKO mice (Fig. 3D, E). Autoreactive antibodies against the extracellular matrix
components fibrinogen S, citrullinated fibrinogen and aggrecan, were also significantly
higher in Myo18A BKO mice (Fig. 3D, E). Bla B cells not only make much of the natural
IgM (28), but also express autoreactive BCRs (29-31). Further, Bla B cells can switch from
IgM to IgG expressing cells and differentiate into 1gG-secreting cells (31, 32). Therefore, it
is conceivable that expansion of CD5* Bla B cells in Myo18A BKO mice supports both,
increase in serum IgM levels as well as IgM and IgG autoantibodies to self-antigens. While
we did not observe higher autoantibodies to chromatin and dsDNA in Myo18A BKO mice,
circulating antibodies to the lupus-associated Sm autoantigen were increased, (32, 33). Overt
clinical signs of ongoing autoimmune or inflammatory disease, such as weight loss,
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increased dermatitis, or swelling of joints and limbs, were not evident in the Myo18A BKO
mice. Other pathological symptoms of autoimmunity, such as glomerular inflammation and
deposition of 1gG were also not observed in the Myo18A BKO mice. These data indicate
that the deletion of Myo18A leads to increased expansion and differentiation of Bla B cells
and increase in certain autoantibodies, but the progression to full blown autoimmune disease
may require additional hits in the follicular B cell and T cell compartments.

Myo18A deficiency elicits a more robust antigen-specific B cell antibody response

Since the induction of antibody responses by follicular B cells are important for
neutralization and clearance of viruses, we examined the effect of Myo18A deficiency on
antigen-specific immunity by immunizing Mb1€"®* and Myo18A BKO mice with UV-PRS.
Compared to Mb1C™* Myo18A BKO mice developed higher serum anti-HA IgM (Fig.
4A), and anti-HA 1gG (Fig. 4B). Day 28 sera from Myo18A BKO mice blocked /n vitro
infection of MDCK cells with live PR8 virus at higher serum dilutions than sera from
Mb1Cr¢*  resulting in a significantly higher NDsg value (Fig. 4C). These data show that the
deletion of Myo18A in B cells enables a stronger antigen-specific neutralizing antibody
response to immunization. The greater neutralization capacity antiserum from immunized
Myo18A BKO mice may result from a quantitative increase in HA-specific 1gG, an increase
in the affinity of such antibodies, and/or an increase in neutralizing antibodies against other
flu antigens. We next examined the cellular basis for the stronger anti-HA antibody response
in Myo18A BKO mice by performing flow cytometry analysis of spleen cells from mock
immunized mice which received PBS, or mice immunized with UV-PR8 for 7 or 28 days. In
all three groups, Myo18A BKO mice had more splenocytes than Mb1C"/* mice (Fig. 4D).
HA-specific B cells were elevated in UV-PR8 immunized Myo18A BKO mice relative to
Mb1Cre* mice on day 7, with further increase on day 28 (Fig. 4E). Greater expansion of
HA-specific germinal center (GC) B cells was observed in Myo18A BKO mice after 7 days
compared to Mb1€"™®* mice, and while Mb1€"®* GC B cells contracted by 28 days,
significantly higher numbers of HA™ GC B cells persisted in Myo18A BKO spleens (Fig.
4F). Myo18A BKO mice had significantly more HA-specific IgG* ASCs in their bone
marrow (Fig. 4G) than Mb1C™/* mice, indicating an improved long-lived plasma cell
response. Because naive Myol8A-deficient B cells do not exhibit pre-existing activation
prior to immunization (Fig. S1E, F), the increase in antigen-specific GC B cells suggests that
either more B cells are activated post-immunization and entering the GC reaction, or there is
greater expansion of B cells within the GC. Alternately, improved survival and persistence of
B cells during GC selection may explain the observed increase in antigen-specific GC B
cells I the later phase of the immune response.

Myo18A-deficient B cells exhibit greater differentiation

To determine the mechanism underlying enhanced humoral immunity observed in UV-PR8
immunized Myo18A BKO mice we modeled the response of splenic Myo18A-deficient B
cells to R848, a TLR7/8 agonist and influenza virus ssSRNA mimic, and anti-IgM, a
surrogate for antigen /n vitro. Increased IgM* ASCs were detected in B cells from Myo18A
BKO mice compared with Mb1€"/* upon stimulation for 48 h with R848 alone as well as
with R848+anti-IgM (Fig. 4H). To delineate the molecular basis of increased differentiation,
we analyzed the expression of key transcription factors AID and Blimp-1 in naive and
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R848+anti-lgM-stimulated B cells by gRT-PCR. Blimp-1 was induced upon stimulation of B
cells of both genotypes by R848; however, Myo18A-deficient B cells displayed greater fold
induction relative to naive cells than did Mb1€"®/* B cells (Fig. 41). Simultaneous TLR7 and
BCR stimulation led to even greater expression of Blimp-1 but the expression was again
significantly higher in Myol18A-deficient B cells (Fig. 41). Similar results were obtained for
the GC differentiation transcription factor AID (Fig. 4J). These data demonstrate that
Myo18A restricts B cell differentiation to ASCs in a B cell-intrinsic manner, and that its
deletion releases B cells from this inhibition.

Unconventional myosin family proteins have a vast array of functions in a variety of immune
and non-immune cells (34). Here we report a novel role for the newest member of this
family, Myo18A in B cell development, homeostasis, and antibody-mediated immunity.
Conditional genetic deletion of Myo18A in B cells resulted in expansion of both developing
and mature B cells, hyperglobulinemia, autoantibody development, persistent GC output and
stronger neutralizing antibody response to influenza A virus. Taken together, our data
demonstrate that Myol18A is a novel regulatory checkpoint protein whose absence leads to
exaggerated B cell differentiation and antibody responses.
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KEY POINTS
Myo18A maintains the number of progenitor and mature B cells
Myo18A restricts B cell differentiation into antibody secreting cells

Myo018A regulates autoreactive and antigen-specific B cell antibody
responses
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Figure 1. B cell-specific deletion of Myo18A leadsto expansion of bone marrow B cell
progenitors and peripheral B cell subsets.

(A) Strategy for development of B cell-specific Myo18A conditional knockout (Myol18A
BKO). (B) Lysates from Mb1C"/* and Myo18A BKO splenocytes, B cells, and T cells
probed for Myo18A and B-actin. (C) Bone marrow progenitor (Pro-Pre, B220'°IgM"),
immature (Imm, B220'°IgM*) and recirculating mature (Mat, B220"1gM*) B cell
populations in 2- to 3-month-old Mb1€™/* and Myo18A BKO mice. (D-G) Number of
splenocytes (D), CD19* B cells and CD3* T cells (E), splenic follicular (Fo: CD19*
CD93-CD23*CD21iM), marginal zone (MZ: CD19*CD93~CD23~CD21") and B1 B cells
(CD19* CD93-CD23-CD217) (F), and CD5" Bla and CD5~ B1b cells (G) in naive 2- to 3-
month old Mb1C* and Myo18A BKO mice. (H-1) Number of lymph node (LN) cells (H),
and B and T cells (I). n = 4 per genotype for C, and 5 per genotype for D-1. Representative
data from 2-4 experiments.
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Figure 2. Deletion of Myol18A resultsin hyperglobulinemia.
(A-B) Serum concentration of total IgM (A) and 1gG (B) in naive 2- to 3-month old

Mb1Cr¢* and Myo18A BKO mice. (C) Number of CD197B220!°CD138* splenic plasma
cells (PC). (D-E) ELISPOT assay for IgM* (D) and IgG™ (E) antibody secreting cells
(ASCs) quantified as ASCs per million splenocytes. (F) Number of CD19-B220'°CD138*
bone marrow plasma cells (PC). (G-H) ELISPOT assay for IgM* (G) and 1gG* (H) antibody
secreting cells (ASCs) quantified as ASCs per million bone marrow cells. n=8 per genotype
for A-B, and 5 per genotype for C-H. Representative data from 2-5 experiments.
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Figure 3. Myol8A-deficiency leadsto development of self-reactive antibodies.
(A-C) Serum concentration of IgM (A), IgG (B), and 1gG subclasses 1gG1, 1gG2b, 1gG2c,

and 1gG3 (C) in 6- to 8-month old Mb1C"®* and Myo18A BKO mice. (D-E) Heatmaps of
normalized Ab-score data for IgM- (D) and IgG-reactive (E) autoantigens in Mb1€"* and
Myo18A BKO mice. n = 6—7 mice per genotype. Representative data from 3 experiments.
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Figure 4. Deletion of Myol8A promotes morerobust flu virus-specific cellular and antibody
response by enhancing B cell differentiation.

Serum anti-PR8 HA IgM (A) and IgG (B) in immunized Mb1€"* and Myo18A BKO in
quantified as area under the curve (AUC). (C) Neutralization capacity of day 28 serum
expressed as 50% neutralization dilution (NDsp). (D-G) Number of splenocytes (D) HA
*CD19* B cells (E), HA*CD19*GL7*CD95* GC B cells (F), and HA*1gG* ASCs (G) in
Mb1Cr¢* and Myo18A BKO mice immunized with UV-inactivated PR8. (H-J)
Differentiation of B cells /n vitro assessed by ELISPOT for IgM* ASCs (H), and Blimp-1 (1)
and AID (J) gene expression, in 48 h cultures of R848 and anti-lgM-stimulated B cells from
Mb1Cr¢* and Myo18A BKO mice. n = 4-5 per genotype for A-F, and 3 for G-J.
Representative data from 1-3 experiments.
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