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Bacterial lipopolysaccharide (LPS) is a T cell-independent adjuvant known to
abrogate peripheral tolerance. For the first time, the potential of LPS to induce antigen-
specific B cell responses to acetylcholine receptor (AChR) in myasthenia gravis (MG)
was evaluated in wild type (WT), CD4-/-, and CD8-/- C57BL/6 mice. Historically, MG
has been induced in mice by immunization with AChR emulsified in complete Freund’s
adjuvant (CFA). WT mice immunized with AChR in LPS developed an MG-like disease
(LPS-EAMG) similar to a disease induced by immunization with AChR in complete
Freund’s adjuvant (CFA-EAMG). The CD4-/- mice were resistant to the development of
CFA-EAMG, but had significantly higher frequencies of 1gG expressing AChR-binding
B cells than WT mice. However, CFA-AChR immunization of CD4-/- mice failed to
differentiate these cells to secrete anti-AChR 1gG. The CD4-/- mice were susceptible to
the development of LPS-EAMG and also had significantly higher frequencies of IgG
expressing AChR-binding B cells than WT mice. WT and CD4-/- mice in the LPS-
EAMG model had significant amounts of secreted high-affinity anti-AChR 1gG2,

immune complex deposits (IgG, C3, MAC) in muscle, and elevated sera levels of the B
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cell survival factor, BAFF. Our results indicate that LPS abrogated B cell differentiation
to antibody secreting cells in the LPS-EAMG model. Furthermore, CD8-/- mice were
also susceptible to the development of LPS-EAMG, but were resistant to the
development of moderate or severe signs of EAMG. While CD8 deficiency did not affect
the quantity or avidity of secreted anti-AChR antibodies, it significantly reduced the
survival of circulating 1gG expressing AChR-binding B cells. The findings, accordingly
have allowed us to identify an alternate cellular mechanism for the development of

EAMG.
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Chapter 1: Introduction

MYASTHENIA GRAVIS

Myasthenia gravis (MG) is a chronic autoimmune condition characterized by
fluctuating voluntary muscle weakness (1). Like many autoimmune diseases, the cause is
unknown, but both genetic and environmental factors are thought to contribute to disease
development (2). There are 200-400 cases of MG per million persons and the prevalence
has been continually growing since the 1950°s (3). The disease prevalence is higher in
men with the average onset of age in the 50s. However, in women the disease often
develop between the ages of 20- 40. Symptoms of MG are dependent upon the muscles
affected, which vary significantly from patient to patient. However, the most frequent
symptoms of MG are caused by weakness in the ocular and bulbar muscles, and include
facial weakness, diplopia, ptosis, and difficulty in swallowing, chewing, and talking.
Limb, trunk, and respiratory muscles may also be affected, causing fatigue and feelings
of heaviness (4). Two-thirds of the patients initially present with the ocular muscle
weakness (5). In 90% of the cases the disease will progress to other muscles of the body.

Various studies have confirmed that the symptoms of MG are caused by
antibodies (Abs) interfering with cell signaling at the neuromuscular junction (NMJ) (6-
8). Current therapies aim to prolong the lifespan of the neurotransmitter acetylcholine
(cholinesterase inhibitors) and to suppress the immune system [steroids (prednisone or
cyclosporine), thymectomy, plasma exchange, and intravenous immunoglobulin (IVIG)]

(2). If the condition is left untreated, muscle atrophy may occur and may be fatal if



respiratory muscles are affected. With few patients going into remission, treatment is

lifelong, expensive, and has potential side effects.

PATHOGENESIS OF MG

Muscle movement occurs by electrical depolarization of muscle membranes. The
neurotransmitter, acetylcholine, is secreted by neurons and triggers the opening of the
gated-ion channels acetylcholine receptors (AChR) thus depolarizing muscle membranes
(Figure 1) (3, 4). Approximately 85% of patients have Abs specific for AChR (9, 10).
Anti-AChR Abs interfere with neuromuscular transmission in three ways: destruction of
postsynaptic AChR by complement activation (Figure 1A), antigenic modulation (Figure
1B), and inhibition of AChR function (Figure 1C). A subset of MG patients (7-10%),
have anti-muscle specific tyrosine kinase (MUSK) Abs which mediate pathogenesis of
MG by a different mechanism (11). Other auto-Abs found in MG patients include Ab
directed against titin, myosin, actin, [FN-a, IL-12, and tropomysin (4). The role of some
of these auto-Abs is unclear. The focus of this dissertation is on anti-AChR Ab positive
MG and the mechanisms of production of anti-AChR Abs.

Patients with anti-AChR Abs are generally classified as either early-onset without
thymoma (<50 years old), late-onset without thymoma (>40 years old), and patients with
thymoma . Approximately 80% of MG patients have thymic abnormalities, such as

thymitis, thymoma, or involusion (12). The thymus is considered by many to be the site



A Complement binding and activation at the NMJ

Figure 1: Mechanisms of antibody-mediated disruption of AChR. (A) Anti-AChR Abs bind to AChR and
activate complement system culminating in the formation of MAC and the subsequent destruction of the
postsynaptic NMJ membrane. (B) Anti-AChR Abs crosslink AChRs accelerating AChR degradation at
NMIJ. (C) Abs bind AChR and block acetylcholine from binding to receptor. [ Image modified from Conti-

Fine BM 2006 J Clin Invest (3).]



of autosensitization to AChR, where both thymic myoid cells and thymic epithial cells
have been shown to express AChR (13). Recently, others have shown TLR4 and BAFF
expression in the thymus of some patients with MG (14, 15). In addition to MG patients,
those with systemic lupus erythematosus, rheumatoid arthritis, and rheumatic heart
disease, among other autoimmune conditions, manifest thymic abnormalities (16). Since
the thymus is a primary immune organ responsible for T cell development and selection,
thymic abnormalities may alter the selection of the developing T cell repertoire. The

contribution of T cells in the induction of MG will be discussed in the following sections.

MATURATION OF ANTI-ACHR ANTIBODY RESPONSES

There are five criteria that classify MG as an Ab-mediated autoimmune disease
(3). First, patients with MG must have high-affinity Abs in their sera which are specific
for self-antigens (auto-Abs). Second, auto-antibodies in MG patients such as anti-AChR
or anti-MUSK have been shown to interact with AChR or MUSK and interfere with
function of the NMJ. Third, passive transfer of Abs from MG patients into animals
produces MG-like disease. Fourth, immunization of animals with target antigens, AChR
or MUSK, causes MG-like disease. Finally, plasma exchange alleviates symptoms in MG
patients.

The B cell receptor (BCR), immunoglobulin (Ig), is responsible for the specific
recognition of antigens (Ag) (17). A mature B cell produces membrane bound Ig or
secreted forms of Ig, Abs, that bind a specific antigen. Igs have characteristic Y shapes

which are composed of two heavy and light chains. The two sides are identical and
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consist of one heavy and light chain. Antigen specificity is a result of the interface
between heavy and light chains in the arms of the Ab molecule (two antigen binding sites
per molecule) (18). The tail of the Ab molecule consisting of the constant heavy chain is
similar among Abs of similar class. There are five classes of Ig molecules (IgG, IgM,
IgD, IgE and IgA). Each class of Ig has distinct effector functions and half-lives(19). Ab
diversity during B cell development in the bone marrow is antigen independent and is the
result of DNA rearrangements of both chromosomes in cells that express Ig genes (17).
Ig diversity is continually created by activation of mature B cells in the periphery by
recombination of multiple genes and the capability of the cell to alternate alleles to
produce functional Igs (20).

Upon antigen activation of BCR in the periphery, a subtype of B cells, B2 cells,
either remain in marginal zone and differentiate into short lived plasma cells (marginal
zone B cells) that have germ-line encoded BCR or B cells migrate to primary follicles
(follicular B cells), where interactions with follicular dendritic cells (FDCs) and T cells
forms germinal centers (GCs) (Figure 2) (21). Due to somatic hypermutations (SH),
antigen activated B cells acquire non-germ line point mutations at a rapid rate (0.3
mutations in variable region of Ig genes per cell division) for optimal recognition of
antigens (22). When B cells receive appropriate signals from CD4+ T cells, Ig function is
diversified further by class switch recombination (CSR), the somatic-recombination of
heavy chain region of Ig genes (ie. [gM = IgG) (23). Therefore, CSR is termed a T-cell
dependent antibody response. The GC formation coincides with various changes in B
cells such as clonal expansion, BCR diversification by SH and CSR, and differentiation

into long lived plasma cells or memory B cells (24, 25). The exact details of these GC



reactions are not clear. However, GC reactions are thought to regulate the selection of B

cells that have Igs which have been mutated for optimal recognition of antigens.
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Figure 2: Current model of B lymphocyte differentiation. (1) Immature B cells leave the bone marrow and
migrate into secondary lymphoid organs as transitional B cells. (2) Peripheral B cells that have high
reactivity for self-antigen (Ag) are deleted by apoptosis or become anergic. B1 cells are self-replenishing
cells with germ-line encoded Ig and are responsible for spontaneous secretion of natural Abs, while B2
cells after antigen encounter undergo a series of non-germ line point mutations and recombination of Ig
genes. (3) Capture of Ag is mediated by the BCR complex which includes Ig, CD19, and CD21/CD35
(complement receptors). Ag complexed with C3 lowers the activation threshold of B cells. (4) Follicular
dendritic cells (FDR) may phagocytize Ag but also capture immune complexes (Ab-C3-Ag) directly from
B cells. Ag is taken up by FDCs or B cells and is rapidly processed and presented in association with MHC
class I and II molecules to T cells, leading to the formation of germinal centers (GC). (5) B cells with high
affinity for Ag either become antibody secreting plasma cells, memory cells, while B cells with low affinity

for Ag undergo apoptosis or become anergic. [ Image modified from Carroll MC 2004 Nat Rev Immunol

21)]



Multiple studies have shown that activated B cells, blasts, may undergo SH which
is GC-independent and consequently prone to defects such as autoreactivity (26). This
provides a mechanism to explain why even in healthy individuals an autoreactive mature
B cell population exists. Extrafollicular SH Ig diversification may be crucial in protecting
host from invasion by rapidly mutating microbes. One theory is that the host risks
autoreactive SH to protect from death by infection (20). Others have suggested that a low
level of self-recognition is beneficial and responsible for the activated phenotype of a
particular subset of B cells that specialize in recognizing T-independent antigens;
marginal zone B cells (MZB) (27). MZBs derive their name from where they reside in the
spleen and are responsible for the earliest antibody responses during first infection with a
particular microbe.

Pathogenic anti-AChR Abs are high affinity IgG1 which suggests B cell immune
responses are T cell-dependent (28). IgG1 has the ability to induce receptor-mediated
phagocytosis and cytotoxicity in other immune cells, and is capable of activating both the
classical and alternative complement component systems (19). MG patients have higher
serum levels of IL-18 and IL-12, most likely produced by CD4+ T cell, which support
both CSR to IgG and activation of cytotoxic CD8+ T cells (29, 30). CD4+ T cells also
boost B cell activity by secreting multiple cytokines such as IL-4 and IL-10 (3, 31). The
role of CD4+ T cells will be discussed in more detail in Chapter 5. It is still unclear

whether CD8+ T cells contribute significantly in the pathogenesis of MG (see Chapter 6).



EXPERIMENTAL AUTOIMMUNE MG

In mice, experimental autoimmune myasthenia gravis (EAMG), an MG-like
disease is induced by immunization of C57BL/6 mice with Torpedo californica AChR
(TAChR) emulsified in complete Freund’s adjuvant (CFA) which contains heat killed
Mycobacterium (32, 33). EAMG shares several characteristics in common with MG such
as the presence of high-affinity anti-AChR in serum, IgG and complement deposits at
NMJ, decrease in AChR at post-synaptic membrane, and destruction of the post-synaptic
membrane folds, and an association of susceptibility with MHC allotype (34, 35). The
main difference between EAMG and MG is the lack of thymic pathology in mice. The
thymic pathology is not specific to patients with MG and has not been shown directly to
trigger MG or EAMG in other animal models. We do not know whether thymic
hyperplasia or thymomas are a cause or effect of MG due to AChR expression on thymic
myoid cell. The pathogenesis of EAMG in mice models human MG closely and is
considered an ideal model for immunotherapy development for antibody-mediated
autoimmune diseases. Furthermore, mouse models have been critical to understanding the

mechanisms in which tolerance is established.

THE ROLE OF INFECTION IN AUTOIMMUNITY

Many studies have indicated that microbes may be important for the development

or enhancement of autoimmune responses (36). Autoimmune diseases are usually

characterized by periods of severe symptoms, termed flares, which are followed by



periods of mild to absence of symptoms. These disease flares are often associated with
infection (37). Several hypotheses regarding the role of infections in inducing or
enhancing autoimmunity have been proposed (38, 39). Bystander activation of
autoreactive cells may occur by the release of sequestered antigen from infected cells.
Chemokines and cytokines produced during a particular immune response may also favor
the survival and activation of autoreactive cells. Another possibility is that a microbial
antigen may resemble a self antigen (molecular mimicry). AChR shares protein sequence
homology with hundreds of microbial proteins from viruses or bacteria ( ie. E. coli, S.
cerevisiae, V. cholerae, S. typhimurium, Human Rotavirus, Herpes Simplex 1 virus,
Vaccinia virus) (12, 40, 41). Post-infectious MG has been documented with chronic
infections with HSV-1, Varicella-Zoster, HIV, and in patients with various suspected
acute infections (42-46). The association between infection and MG is difficult to prove,
since illness from infection precedes MG-like disease. This suggests that MG may result
from multiple exposures to different pathogens and regulatory mechanisms such as
peripheral tolerance and regulatory T cells may diminish with repeated pathogen
exposures or with time. The mechanisms in which microbes alter peripheral tolerance in
patients with MG or in animal models of EAMG needs to be investigated further.
Immunization of animals with CFA is thought to mimic an acute slow-growing
infection, like Mycobacteria infection would cause (38). Conserved patterns from classes
of pathogens such as bacteria, viruses, fungi and parasites are recognized by Toll-like
receptors (TLRs) (47). Pathogen-specific motifs can be components of the surface of
pathogens such as lipopolysaccharide (LPS) and peptidoglycan, or genomic components

(DNA, RNA and dsRNA). Mycobacterial components such as CpG oligoneuclotides,



muramyl dipeptide, trehalos dimycolate, and lipoarabinomannans are all capable of being
recognized by TLRs (48). TLRs non-specifically recognizing pathogens and stimulate
the production of inflammatory cytokines (IL-1, IL-8, IL-6, and TNF-a) and interferons
(48, 49). Inflammatory cytokines are important in the recruitment of leukocytes to the site
of infection and the activation of phagocytes. Pro-inflammatory cytokine production
induces activation of antigen presenting cells (dendritic cells, macrophages and B cells)
by inducing CD80, CD86, CD40 and MHC I and II expression (37). Recently, animal
models of SLE, a disease characterized by high affinity anti-dsDNA antibodies, showed
that mice lacking TLR-9 form antibodies that do not class switch to isotypes capable of
fixing complement, IgG2a and IgG2b (50, 51). Despite the potent CD4+ T cell activation
in TLR deficient mice, antibody responses where diminished significantly. Immunization
of animals with CFA and TAChR results in higher levels of circulating antibodies.
Therefore, B cells may need TLR activation for normal function and also chronic
stimulation may be the key to breaking B cell tolerance.

Recent studies of patients with MG indicate that innate immune responses may
play an important role in disease development. MG patients have been reported to have
an increased thymic expression of Toll-like receptor 4 (TLR4)(14). Some molecular
mimics of AChR have been identified in microbes which produce LPS (for example E.
coli, V. cholerae, and S. typhimurium) (39, 40). LPS induces the maturation of both
macrophages and dendritic cells (DCs) and stimulates the production of IL-10, IFNy, and
BAFF, and other pro-inflammatory cytokines (47, 52, 53). Expression of BAFF, an
essential B cell survival factor, which has been shown in vitro to induce CSR of both

mouse and human B cells, is also increased in the thymus of MG patients (15, 54).
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Therefore, we hypothesized that innate immune responses to AChR triggered by LPS
would induce EAMG. Since the etiology of human MG is unknown, and possible
microbial activation of immune responses might trigger autoimmunity, the development

of a mouse model of MG triggered by innate immune responses is necessary.

OBJECTIVES OF THIS DISSERTATION

This dissertation aims to elucidate what signals are required for pathogenic Ab
production in EAMG. To accomplish this goal a more direct and specific signal for B cell
activation is the desired approach. Heat-killed desiccated Mycobacterium is complex
having features that may alter B cell recognition such as the formation of denatured
aggregated insoluble complexes of proteins. Studying specific TLRs signalling may be
difficult when using whole bacteria since multiple ligands are present. The preceding
discussion indicated that the B cell mitogen, LPS, may be implicated in the activation of
autoeactive B cells. Highly purified LPS which has been tested to contain no agonist for
other TLRs was used as an adjuvant in conjunction with AChR (LPS-AChR) to develop a
new mouse model of MG (Chapter 3). A flow cytometry method was also developed to
track AChR-specific B cells during the induction of EAMG (Chapter 4). We also
investigated the contribution of CD4+ T cells and CD8+ T cells in the maturation of anti-
AChR Ab responses in LPS-AChR induced EAMG (Chapter 5 and 6).

The proposed studies will increase our understanding of the mechanisms involved
in the activation of autoreactive B and autoreactive T cells in EAMG. These aims

evaluate AChR-specific B cells activation, survival, and function. Furthermore,

11



elucidating how LPS manages to break T and B cell tolerance will bring us closer to
understanding potential conditions that lead to the development of MG and has broad

applications to all autoimmune disease pathogenesis.
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Chapter 2: Methods

INDUCTION OF EAMG

C57BL/6, CD4 -/- C57BL/6 and CD8 -/- C57BL/6 CD4"™™* mice were
purchased from Jackson Laboratories (Bar Harbor, Maine, USA). AChR extracted from
Torpedoc californica was purified on a neurotoxin affinity column, as previously

described (33). EAMG was induced in anesthetized mice on day 0 by multiple s.c.
injections in shoulders and foot pads with 20 ug AChR and 5 pg LPS in PBS (100 pl)
emulsified in 100 pl IFA (LPS-AChR) or 20 pg AChR in PBS (100 pl ) emulsified in
100 pl CFA (CFA-AChR). A separate group of mice were immunized with 100 ul of
LPS (5 pg) emulsified in incomplete Freund’s adjuvant (LPS) or 100 ul of PBS
emulsified in CFA (CFA) for use as adjuvant controls. Both groups were anesthetized,
and then immunized (200 pl/animal) with multiple s.c. injections in shoulders and foot
pads. Mice were immunized with similar doses of AChR and respective adjuvant, on
days 1, 28, and 56. All animals were housed in a barrier facility at the University of

Texas Medical Branch and maintained according to the Institutional Animal Care and

Use Committee guidelines.

MEASURING GRIP STRENGTH

Mice were exercised by 30 paw grips on the cage top grid. Following exercise,
grip strength was measured by a dynamometer (Chatillon Digital Force Gauge, DFIS 2,

Columbus Instruments). The maximal force (T-peak) applied to the dynamometer was
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recorded, while pulling the mouse by its tail until release of paw grip from the grid. This
measurement was repeated 5 times for each mouse. Grip strength ratio for each mouse at
each time point was determined by dividing the average grip strength post immunization
by the average grip strength prior to immunization. A ratio greater than 1 indicates a gain

in grip strength and a ratio less than 1 indicates a loss of grip strength.

CLINICAL EVALUATION OF EAMG

Evaluation of disease severity and muscle weakness was performed immediately
prior to blood draw and at 2 weeks after each immunization and measured as follows:
Grade 0, normal mobility, posture and grip strength; Grade 1, hunchback posture,
restricted mobility and decreased muscle grip strength after paw grip exercises; Grade 2,
without exercise, observed hunchback posture, restricted mobility and decreased muscle
grip strength; Grade 3, dehydrated and moribund with grade 2 weakness, death, or

euthanasia due to paralysis.

CONJUGATION OF ALEXA FLUOR 647 TO ACHR

AChR was purified from Torpedo californica electric organs (Aquatic Research
Consultants, CA) according to published method (33). AChR was concentrated by
centrifugation with CentriconYM (10,000 molecular weight) centrifugal filters

(Millipore, MA). AChR was then dialyzed in PBS by using Spectra/Por dialysis tubing
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(12-14,000 molecular weight). AChR was labeled with Alexa Fluor 647 Protein Labeling

Kit (Invitrogen) according to the manufacturer’s instructions.

BLOOD COLLECTION AND ALEXA FLUOR 647-ACHR LABELING OF
CELLS

Blood was collected from the tail vein into K2EDTA microtubes indicated times
points post immunization. Blood was centrifuged at 500g for 15 min, and plasma
removed for analysis of secreted anti-AChR Igs. Blood was then treated with BD Pharm
Lyse Buffer. Fcy receptors were blocked with anti- CD16/32 Ab (Ab 93, eBioscience).
Fifty ul of whole blood was stained for surface markers with Alexa fluor 647 —~AChR or
Alexa fluor 647-Ovalbumin (Invitrogen) and PE-Cy7-anti B220 (RA3-6B2,
eBioscience), then fixed and permeabilized by using a Cytoperm/Cytofix kit (BD
Biosciences) according to standard protocols for flow cytometry. Cells were then stained
with anti-IgG2b (R12-3, BD Biosciences) and anti-IgM (eB121-15F9, BD Biosciences)
Abs or isotype controls. Cell populations were determined using a BD FACS Canto and

FlowJo v 7.2 (Tree Star).

DETECTION OF IGM, IGG2, C3, AND MAC DEPOSITS AT THE NMJ BY

IMMUNOFLUORESCENCE MICROSCOPY

Frozen sections (10 um thick) were obtained from the tricep muscle and stored at

-80°C. Slides were allowed to air dry and then were fixed in cold acetone. After being
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washed with PBS, slides were incubated with Alexa Fluor 555-a bungarotoxin (1/100)
(Invitrogen), and one of the following: Alexa Fluor 350 goat anti-mouse IgG2 (1/1000)
(polyclonal, Invitrogen); rat anti-mouse C3 (1/50) (RmC11H9, Cedarlane Laboratories);
or FITC rat anti-mouse IgM (1/500) (II/41; BD Pharmingen), overnight at 4°C. Slides
were washed with PBS. For C3 staining, Alexa Fluor 350 anti-rat IgG (1/100) was used
as the secondary antibody (polyclonal, Invitrogen), and slides were incubated for 2 hr at

RT. Sections were washed with PBS and viewed using a Olympus IX-70 microscope.

ELISA FOR ANTI-ACHR ANTIBODIES AND AVIDITY

Purified mouse muscle AChR (0.5 pg/ml) was coated on a 96-well microtiter
plate (Dynatech Immulon 4 HBX; Dynatech Labs., Chantilly, VA) with 0.1 M of
carbonate bicarbonate buffer (pH 9.6) overnight at 4°C. The avidity index (AI) was
determined by modification of our anti-AChR antibody ELISA method (55). Plates were
blocked for 30 min with 10% FBS in PBS and then washed. Sera were diluted 1:100 in
PBS with .05% Tween 20 and incubated at 37°C for 2 hrs. Plates were washed, then 2M,
1 M, 0.5 M of NaSCN, or PBS was added to dissociate low-avidity anti-AChR antibodies
for 15 min at RT. Plates were washed and specific mouse isotypes were determined by
HRPO conjugated anti-IgM, anti-IgG1, or anti-IgG2, diluted 1:1000 in PBS. Plates were
incubated for 1hr at 37°C. Finally, plates were washed and developed with ABTS Simple
Solution (invitrogen). The absorbance at 405 nm was read. Al was calculated as follows:

AI=(OD with NaSCN/OD without NaSCN).
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FLOW CYTOMETRY OF LN CELLS

Lymph nodes were obtained from immunized mice on day 80. Following
mechanical dissociation of lymph node cells, single-cell suspensions was made by using
a 40-um nylon cell strainer (BD Falcon). The following antibodies were used for flow
cytometry analysis: APC-anti-mouse TCRJ3 (H57-597; eBioscience), PE-anti-mouse
CDA40L (MR1; eBioscience), FITC- anti-mouse CD8a. (53-6.7; eBioscience), PE-anti-

mouse CD4 (GK1.5; BD Pharmingen). Data were acquired ona FACS Canto (BD

Biosciences) and analyzed using FlowJo v 7.2 software (Tree Star).

RADIOIMMUNOASSAY (RIA) FOR QUANTIFICATION OF ACHR IN

MUSCLE

The total concentration of AChR per mouse carcass was determined according to
a previously published method (33). Triton X-100 solubilized mouse muscle extracts
were incubated with ['2]] a-bungarotoxin (BTX)-labeled (5x 10~ M), with and without
benzoquinonium (10> M) and mixed with 10 ul of mouse anti-AChR serum. The
resulting complex was precipitated by goat anti-mouse serum and then centrifuged.
Radioactivity of the pellet was counted in a Packard gamma counter (Packard Instrument
Co., Meriden, CT), and cpm values of samples with benzoquinonium were subtracted
from cpm values of samples without benzoquinonium. The results were expressed as

125
[

percentage of loss of [ “’I]-labeled BTX- binding sites per gram of mouse carcass from

immunized mice compared to naive mice.
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ELISA FOR BAFF

BAFF was measured using sandwich ELISA. Immulon 4 HBX plates were coated
with 1.5 pg/ml anti-mouse BAFF (5A8; Alexis Biochemicals) in 0.1M carbonate buffer

pH 9.5 overnight at 4°C. Plates were washed with PBS supplemented with an additional

1% NaCl and 0.01% Tween 20. Plates were blocked with 2% BSA for 1hr at RT and then
washed. Sera were diluted 1 to 50 in PBS 0.01% Tween 20. Next, 100 ul of diluted sera
were incubated overnight at 4°C. Plates were washed five times and then incubated for 1
hr at 37°C with 1.5 pg/ml biotinylated anti-mouse-BAFF (1C9, Alexis Biochemicals) in
PBS with .01% Tween 20. Plates were washed five times and then incubated for 30 min
at 37°C with streptavidin-HRP (1/250) in PBS with .01% Tween 20. Finally, plates were
washed and developed with ABTS Simple Solution (Invitrogen), and absorbance was

read at 405 nm.
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Chapter 3: Bacterial Lipopolysaccharide Promotes

Progression of EAMG

INTRODUCTION

Autoimmune diseases may be characterized by periods of severe symptoms,
termed flares, which are followed by periods of mild or the absence of symptoms. These
disease flares are often associated with infection(37, 43, 44, 56). Many studies have
indicated that microbial infection may be important for the development or the
exacerbation of autoimmune responses by triggering the production of inflammatory
mediators such as IL-12, IFN-y, IL-6, and TNF-a (31, 48, 49). Experimental
autoimmune myasthenia gravis (EAMG), encephalomyelitis (EAE), thyroiditis (EAT),
uveitis (EAU) are just a few animal models of autoimmune diseases that are induced by
immunizing animals with an autoantigen emulsified in CFA, which contains heat- killed
Mycobacterium tuberculosis (38, 57). Repeated immunization of mice with AChR
emulsified in CFA induces EAMG, while repeated immunizations of AChR emulsified in
incomplete Freund’s adjuvant (CFA without M. tuberculosis) or with alum induces only
mild disease or may actually induce tolerance (58-60). Therefore, the induction of EAMG

is dependent upon the immunization with both AChR and heat- killed M. tuberculosis.

Another common adjuvant, LPS, a major component of the outer membrane of
Gram-negative bacteria, was shown to induce or exacerbate the severity of disease in
various models of autoimmunity, including experimental autoimmune arthritis, EAT, and
SLE-prone MRL/lpr mice (56, 57, 61, 62). LPS is also known to induce strong
inflammatory responses by activating the TLR4-MD2-CD14 receptor complex expressed

by DCs and to a lesser extent on macrophages, endothelial cells, epithelial cells, and B
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cells (14, 47). However, the role of LPS in MG induction has not been investigated. Of
note, recent research in the mouse model of autoimmune Hashimoto’s disease, EAT,
suggests that the mechanism leading to disease in LPS-induced EAT is not the same as
CFA-induced EAT (63). Since the etiology of human MG is unknown and the immune
response triggered by different pathogens (or adjuvants) may be different, various mouse
models for autoimmune disease is needed to understand the pathways that lead to
autoimmune disease. In this chapter, we describe the development of a novel mouse

model of EAMG using LPS in the place of desiccated Mycobacterium as an adjuvant.

RESULTS

LPS-AChR immunization induces EAMG in C57BL/6 mice like that seen following
CFA-AChR immunization

To assess whether LPS can induce EAMG, male C57BL/6 mice, 8 weeks old, were
randomly divided into five groups (n-5-8 per group). A group of mice remained untreated
throughout the experiment (naive). EAMG was induced by immunizing mice
subcutaneously with AChR (20 pg) emulsified with either CFA or IFA and LPS (5 pg).
Since the effect of LPS immunization alone is unknown in this model, a group of mice
were immunized subcutaneously with PBS emulsified in IFA and LPS (5 pg) or CFA.
Mice were immunized a second time on day 30 in a similar manner. The first clinical sign
of EAMG in mice is a loss in muscle strength in upper limb muscles after exertion by
paw grip exercises. The kinetics of variations in muscle strength was evaluated by

determining the grip strength ratio after exercise for each mouse. A ratio > 1 indicates an
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Figure 3: Grip strength ratio kinetics and sera anti-AChR Ab titers. (A) Kinetic of grip strength ratio at
indicated time points for naive, LPS-AChR and LPS immunized mice or (B) naive, LPS-AChR and CFA-
AChR immunized mice. Square indicates mean grip strength ratio for indicated group at that specific time
point. Error bar indicates SEM. A Student’s t-test was used to compare mean grip strength ratio of LPS-
AChR (A) or CFA-AChR(B) immunized to naive mice * p<.05, ** p<.01, while + p<.05 indicates
differences between LPS-AChR and LPS (A) or CFA-AChR (B) immunized mice. (C) Anti-AChR IgM
and IgG2 were measured at day 42 by ELISA. Square indicates OD value for each individual mouse. Bar
indicates mean OD value ( n=5-8, t-test, * p<.05, ** p<.01, ***p<.001 compared to naive, + p<.05

compared to LPS immunized mice. Experiment is representative of three independent experiments.
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increase in limb strength, and a ratio < 1 indicates a loss of grip strength. LPS-AChR
immunized mice had significantly lower average grip strength ratio compared to LPS
immunized and naive mice by day 42 post primary immunization (Figure 3A). However,
there was no significant difference in the average grip strength ratio between LPS-AChR
and CFA-AChR immunized mice (Figure 3B). These data indicate that LPS-AChR
immunization may induce clinical signs of EAMG.

In order to establish that the loss in limb strength may be due to the induction of
anti-AChR Abs, we measured sera anti-AChR Abs by ELISA at day 42, the time of onset
of muscle weakness (Figure 3C). All immunized mice had significantly elevated sera
anti-AChR IgM compared to naive mice. Both LPS and LPS-AChR immunized mice
produced statistically significant amounts of anti-AChR IgM and IgG2b. Of note, CFA
immunization of mice did not induce anti-AChR IgG2b secretion but induced the
production of anti-AChR IgM. While CFA-AChR immunization of mice induced
production of both anti-AChR IgM and IgG2. These results indicate that immunization
with CFA requires the addition of AChR for CSR of IgM to IgG2 while LPS does not.
However, the addition of AChR in the LPS immunized mice had significantly enhanced

the production of anti-AChR IgG2 (Figure 3C).
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Figure 4: Comparison of kinetics and avidity of anti-AChR Abs between CFA-AChR and LPS-AChR
immunized mice. (A) Sera anti-AChR IgM and IgG2 concentrations were determines at various time points
post primary immunization. Anti-AChR Ab response is shown as mean OD with SEM (n= 5-10) (B) Mean
avididty index (Al) of anti-AChR IgM and IgG2 at onset of EAMG, day 42. Statistical significance (*
p<.05) was determined by a Student’s t-test comparing data from LPS-AChR to CFA-AChR immunized

mice. Arrows indicate time of boost immunization. Experiment was repeated with similar results.
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To further characterize the Abs produced by mice which develop EAMG, we next
analyzed the kinetics of anti-AChR AB production and the avidity of AChR-specific Abs
(Figure 4). LPS-AChR immunized mice had elevated levels of anti-AChR IgM at days 28
and 42 compared to mice immunized with CFA-AChR (Figure 4A). In addition to the
elevated quantity of anti-AChR IgM produced by LPS-AChR immunized mice, the
avidity of the anti-AChR IgM was statistically stronger for mouse AChR than the IgM
produced by CFA-AChR immunized mice (Figure 4B). There were no significant
differences between the avidity of anti-AChR 1gG2 between LPS-AChR and CFA-AChR
immunized mice. CFA-AChR immunization led to earlier production of anti-AChR 1gG2
than LPS-AChR immunization. These data further demonstrate a difference in the

quantity and quality of anti-AChR Abs induced by the adjuvants LPS and CFA.

LPS-AChR immunization of mice leads to significant reduction of muscle AChR

and the deposition of Immune complexes at the NMJ

To determine whether anti-AChR Abs cause a loss of muscle AChR, we used a
radioimmunoassay (RIA) to quantify a-bungarotoxin (Btx) binding sites in the muscles
of LPS-AChR-immunized mice. Btx, a component of the venom from the Bungarus
multicinctus snake, binds specifically to muscle AChR. The percentage of loss of Btx-
binding sites was determined by comparing AChR content from immunized to that from
naive mice (Figure 5). LPS-AChR- immunized mice [mean 31.24 £+ 13.07% (n=5)] have
an average of 9% greater loss of functional AChR than do CFA-AChR-immunized mice

[mean 22.17 £ 11.31% (n=5)]. There were no significant differences in AChR loss
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between CFA-AChR and LPS-AChR immunized mice (t-test, p= 0.6 ). These results
confirm that there is a loss of functional muscle AChR following LPS-AChR

Immunization.
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Figure 5: LPS-AChR immunization of mice leads to loss of functional muscle AChR. Mouse muscle
extracts were analyzed by RIA for AChR content. EAMG was induced in C57BL/6 mice by multiple
immunizations. Mean percentage of AChR loss compared to naive mice for LPS-AChR or CFA-AChR

immunized mice.

ACHhR loss in MG and EAMG is mediated by IgG and complement deposits at the
motor end plate. Frozen limb muscle sections obtained from mice at four weeks post
boost immunization with LPS-AChR were double stained with Btx to locate AChR at the
NMJ and with anti-IgG, anti-C3, or anti-C5b-C9 (MAC) to determine the location of
immune deposits in limb muscles (Figure 6). Pathogenic IgG, C3, and MAC deposits co-
localized to the NMJ following LPS-AChR immunization, which suggested that IgG

could bind AChR and activate complement at the motor endplate. Similar results were
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previously reported by others for immunization with CFA-AChR (we confirmed these

results in Chapter 5).

Naive LPS-AChR Naive LPS-AChR
- - - N
” - - )
Btx
MAC

Figure 6: Antibodies mediate muscle weakness of LPS-AChR immunized mice. EAMG was induced in

C57BL/6 mice by multiple immunizations with AChR in IFA and LPS. Cryostat sections of right tricep
mucle were stained with a-bungarotoxin (Btx) (red) to identify NMJ and anti-IgG (green), anti-C3 (blue),

or anti-c5b-9 (MAC). Data shown are representative of sections obtained from several mice from each

group (n=5). 200 X magnification.
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To determine whether mice with EAMG have altered TLR4 expression, we
measured the percentage of TLR4 expressing peripheral blood mononuclear cells
(PBMCs) by flow cytometry on day 42, when signs of EAMG were first observed
(Figure 7). The percentage of TLR4+ MHC class II (I-A/I-E) expressing cells was
compared across all treatment groups. CFA-AChR and LPS-AChR immunization led to a
3-fold and 2-fold increase respectively, in the frequency of circulating TLR4+ antigen
presenting cells (I-A/I-E+) compared to naive and CFA immunized mice. Immunization
with LPS alone induced TLR4 expressing cells at higher frequencies that LPS-AChR

immunized and naive mice.
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Figure 7: TLR4 expression by I-A/I-E+ PBMCS. Mice were treated as indicated on the x-axis by two
immunizations, 30 days apart. Peripheral blood cells were stained with anti-I-A/I-E and anti-TLR4. Each
square represents the percentage of live TLR4+ cells which express I-A/I-E in blood of individual mouse.
The bar indicates the mean percentage (n=5-8, * p<.05, *** p<.001, t-test between immunized and naive, +

p<.05, t-test between LPS and LPS-AChR immunized mice.
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DISCUSSION

In this chapter we describe the development of a new model for myasthenia gravis
using the T-independent mitogen, LPS, in place of desiccated Mycobacterium as an
adjuvant for immunization with AChR in incomplete Freund’s adjuvant. Mice developed
MG-like disease after boosting at day 28. Muscle weakness was associated with the
production of pathogenic complement-binding anti-AChR IgG2 in blood, deposits of
IgG, C3, and MAC at the NMJ, and a greater than 30% loss of muscle AChR. MG-like
disease and pathology in LPS-AChR EAMG were comparable to those found with CFA-
AChR induced EAMG. Taken together, these data demonstrate that LPS can be used as
an adjuvant to induce EAMG.

Of interest, mice immunized with LPS alone produce low levels of anti-AChR
IgG2 but do not develop signs of EAMG. One possible explanation is that the quantity of
anti-AChR IgG2 may not be sufficient to induce EAMG. However, it may also indicate
that other factors may be involved in the pathogenesis of LPS-AChR induced EAMG.
The presence of protein Ag, such as AChR, is known to elicit the activation of T cells.
The role of CD4+ T cells and CD8+ T cells in this new model of EAMG will be
described in Chapter 5 and 6, respectively..

Recently, others have shown that thymic TLR4, CD14 and MD2 expression is
increased on DCs and thymic epithelial cells (TECs) of MG with thymic hyperplasia and
to a lesser extent with thymic involution but not thymoma (14). LPS mimics infection by

triggering innate immune responses through the activation of TLR4-MD2-CD14 receptor

complex (64). TECs and DCs secrete the inflammatory cytokines, TNF-a and IL6, when
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stimulated with LPS (65). The thymus is implicated in the pathogenesis of MG for
several reasons. First, thymic pathology (involusion, hyperplasia, and thymoma) occur in
a majority of MG cases (16). Second, both thymic myoid cells and TECs have been
shown to express AChR (66, 67). Third, AChR-specific B cells have been identified in
the thymus of MG patients. Finally, the thymus is a primary immune organ responsible
for T cell development and selection; thymic infection may be important in the
development of autoimmune disease by inducing thymitis or thymic hyperplasia and
interfering with the selection of the developing T cell repertoire (68).

Since EAMG does not induce thymic pathology, we measured the expression of
TLR4 on circulating PBMCs. The frequency of TLR4+ cells was significantly higher
than naive mice in mice immunized with LPS, LPS-AChR or CFA-AChR but not with
CFA. Of note, CFA immunization of mice was also the only immunization group that
did not induce anti-AChR IgG2 production. These data indicate that TLR4 signaling may
be important for the CSR of IgM to IgG2.

In conclusion, this is the first report of an LPS-AChR induced model of EAMG.
Immunization of mice with LPS alone enhances the expression of TLR4 and the
production of anti-AChR IgG2 Abs, whereas immunization with CFA requires the
presence of AChR to induce similar levels of TLR4 and IgG2b. These data suggests that
the two models of EAMG, LPS-AChR induced and CFA-AChR induced, promote

different immune mechanisms that trigger autoimmunity (Chapter 5 and 6).
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Chapter 4: The Characterization of AChR-Specific B Cells

by Flow Cytometry

INTRODUCTION

MG is diagnosed by radioimmunoassay, ELISA or ELISPOT-based detection of
sera anti-AChR Igs (3, 74, 75). However, the anti-AChR Ig titer alone is not a reliable
predictor of disease severity (76, 77).

Since B cells express both surface and/or secreted forms of Igs, which are capable
of recognizing AChR, measuring antibody secretion alone is an indirect and limited
means of determining B cell activation. We developed a new diagnostic and potential
biomarker flow cytometry assay for MG which identifies AChR-binding B cells. We
used Alexa fluor-conjugated AChR as a probe for identifying potentially pathogenic
peripheral blood B cells from mice with EAMG. Similar techniques have been used to
study protective antigen-specific B cells responses towards tetanus toxin, rotavirus,
influenza and autoreactive specific B cell responses in diseases such as SLE and
pemphigus vulgaris (78-81). But in these studies the significance of antigen-specific B
cell frequencies was never evaluated directly for protection from infection or for
induction of pathogenic autoimmune B cell responses. In this study, we demonstrate, for
the first time, the frequency of a subset of AChR-binding B cells which express IgG2b in
the peripheral blood at the onset of EAMG, and that the population size of these AChR

binding B cells also correlates with clinical markers of disease severity.
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RESULTS

Detection by flow cytometry of AChR-binding B cells among PBMCs of mice with
EAMG

Given the pathological significance of complement activation in MG, we
conducted a comparative flow cytometry study of AChR-binding B cells which express
IgM or IgG2 in mice (82). To activate AChR-specific B lymphocytes, we immunized
mice multiple times with AChR in CFA. The protocol was optimized by using whole
blood drawn from mice with EAMG approximately 2 weeks following the third
immunization with AChR emulsified in CFA; these results were then compared to LPS-
immunized mice. Alexa fluor 647-AChR was used as a probe for potentially autoreactive
AChR-specific B cells, while staining with Alexa fluor 647-OVA was used as an antigen
specific negative control. Shown in Figure 8 is the typical staining patterns observed from
blood stained with Alexa fluor -AChR, anti-B220, anti-IgM, and anti-IgG2. Alexa fluor-
ACHhHR preferentially bound to B220-expressing cells, which indicated to us that B cells
are the main subset of peripheral lymphocytes capable of binding AChR (Figure 8A).

Furthermore, B220+ AChR-binding lymphocytes are most prominent in
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Figure 8: The characterization of AChR-binding peripheral blood lymphocytes by flow cytometry.

Representative flow cytometry analysis of peripheral blood lymphocytes from naive, LPS-immunized or
CFA+AChR-immunized (EAMG) mice, 75 to 80 days post primary immunization. Cells were first gated
on lymphocytes and then analyzed for B220 expression and either AChR binding or OV Abinding (A).
Then lymphocytes were gated on B220+ cells to characterize IgM (B) or IgG2 (C) expression and either
AChHR binding or OVA binding. The numbers shown in bi-exponential plots indicate the relative

percentage of cells in each quadrant. The experiment was repeated 5 times with similar results.

mice with EAMG. There is no significant increase in B220+ OV A-binding lymphocytes
in mice with EAMG. These data suggest that the expansion of B220+ lymphocytes in
mice with EAMG is specific to AChR-binding cells. To characterize these cells further,
lymphocytes from the upper quadrants (B220+) were gated on and evaluated for
expression of IgM or IgG2 and AChR-binding (Figure 8B&C). Although all mice had
B220+IgM+ AChR-binding cells, these cells appeared at the highest frequencies in mice

with EAMG (Figure 8B). Conversely, only mice with EAMG had elevated frequencies of
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B220+IgG2+ AChR-binding cells (Figure 8C). Background staining of blood
lymphocytes with Alexa-OVA provided results showing the AChR-binding B cells are
responsible for the increase in B cell frequencies. To confirm the specificity of this assay,
inhibition of Alexa fluor 647-AChR binding to B cells was shown by incubating the cells
with a 10-fold excess of unlabeled AChR prior to fluorescent labeling (Figure 9). Alexa
fluor-AChR staining of total B220+ cells, and IgM+ and IgG2+ B cells was significantly
reduced by inhibition with unlabeled AChR.

To determine the significance of the differences observed for AChR-binding B
cell frequencies between mice with EAMG and controls, we evaluated AChR-binding B
cell frequency at different time points following immunization with AChR in CFA.
(Figure 10). Using the analysis scheme described in Figure 8, we found no significant
differences in AChR-binding B cell frequencies a week following the primary AChR
immunization. After the second AChR immunization, the frequencies of AChR-binding
peripheral blood B cells began to rise. Both B220+1gG2+ and B220+IgM+ AChR-
binding B cell frequencies were significantly elevated compared to healthy and LPS
immunized mice. After the third immunization, all subsets (B220+, B220+ IgM+,
B220+1gG2+) of AChR-binding B cells analyzed were significantly elevated compared

to findings with subsets in healthy naive or LPS immunized mice (Figure 10).
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FIGURE 9: Inhibition of Alexa fluor-AChR-binding to peripheral blood B cells with unlabeled AChR.

Representative flow cytometry staining of peripheral blood lymphocytes with (+) or without (-) blocking by

incubating cells with (+) unlabeled AChR prior to staining with Alexa fluor-AChR; anti-B220 and anti-

IgM, anti-IgG2, or isotype controls (A). The numbers shown in bi-exponential plots indicate the relative

percentage of cells in each quadrant. The mean percentage of B-cell, AChR-binding subsets with (+) or

without (-) blocking with unlabeled AChR (B). Each circle represents the frequency of AChR-binding B

cells after 3 immunizations with CFA+AChR from individual mice having EAMG (n=5).The bar indicates

the mean frequency of AChR-binding B cells. The data shown are from one experiment that was repeated

three times. *P<.05, **P<.01, ***P<.001. t-test.
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experiments with a total n=5-15 mice per group.

35



The appearance and frequency of peripheral blood AChR-specific B cells correlates

with the severity of EAMG

Although the presence of serum antibodies to AChR indicates a possible
diagnosis of MG, anti-AChR Ig concentrations are not a reliable markers for disease
severity (10). Clinical parameters of EAMG severity were used to determine whether the
frequencies of peripheral blood AChR-specific B cells correlate with disease severity.
The clinical grade of EAMG is a combination of several observed parameters of EAMG,
such as posture,mobility, and muscle strength. Healthy unimmunized mice were assigned
a clinical score of 0. A score of 1 is associated with no signs of EAMG prior to exercise
or mild disease, a 2 indicates overall moderate symptoms of limb weakness, a score of 3
is associated with significant signs of muscle weakness without exercise and severe
disease. After mice were immunized three times (day 75) with AChR in CFA, the
frequencies of peripheral blood AChR-specific IgM + and IgG2+ B cells were compared
with the clinical grade of disease (Figure 11). Earlier time points (days 7, 28, 42) were
not evaluated due to the lack of animals with severe disease. IgM+ AChR-specific B
cells in blood had a significant correlation with the clinical grade of EAMG (r = 0.6638,
p<.0001, n=5-7 per grade) (Figure 11A). IgG2b+ AChR -specific B cells in blood also
had a strong correlation with clinical grade (r = 0.767, p<.0001, n=5-7 per grade) (Figure

110C).
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FIGURE 11: Correlation between AChR-binding peripheral blood B cells and markers of disease severity.
Each triangle represents the frequency of AChR-binding IgM + (A&B) or IgG2+ (C&D) after 3
immunizations with CFA+AChR from individual mice with EAMG (clinical grades 1-3) and naive mice
(clinical grade 0) (n=5-7 per group). Clinical evaluation was completed at the time of blood draw (day 80).
R is the Spearman coefficient between AChR-binding B-cell frequency and clinical grade (A&C) or grip

strength loss represented by the grip strength ratio (B&D).

Grip strength ratios are a more objective measurement of loss of muscle strength,
described in detail in methods. A grip strength ratio >1 indicates an increase in strength

over time, while a grip strength ratio <1 indicates a loss of grip strength overtime. Mice

which developed severe EAMG would have grip strength ratios <1. IgM+ AChR binding
B cells in blood had a no significant correlation (r = -.1688, p=.3978, n= 26) with grip

strength ratio (Figure 11B). However, IgG2b+ AChR-binding B cells in blood had a
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negative correlation (r = -.459, p<.016, n=26) with the grip strength ratio (Figure 11D).
Taken together, these results indicate that increased frequencies of peripheral blood
AChR-specific B cells correspond to loss of limb muscle strength ( grip strength ratio <1)
and to higher clinical grades of disease. Furthermore, AChR-specific IgG2 B cell

frequency is a good biomarker of disease severity.

Plasma secreted anti-AChR Igs do not correlate with the AChR-specific B cell

frequencies in mice with EAMG

It has been previously demonstrated that sera or plasma anti-AChR Igs titers alone
is not a reliable predictor of disease severity. However, this new assay demonstrated that
the frequencies of AChR-specific B cells is useful biomarker for disease severity. We
also evaluated the association between AChR-specific, B-cell frequencies and plasma
anti-AChR concentrations (Figure 12). Mice were immunized with CFA and AChR and
bled at days 7, 28, 42, and 56. Plasma was separated from cells by centrifugation and
analyzed for secreted anti-AChR Igs. Blood was then stained for AChR-binding B cells.
Overall, the concentrations of anti-AChR Igs and frequencies of AChR-specific B cells
tended to increase throughout the induction phase of EAMG (Figure 12A&C). However,
at a time when animals have no disease symptoms (day 28), plasma anti-AChR 1gG2
titers are significantly elevated. After boost immunization (day 42), mice began to show
signs of disease, while plasma anti-AChR IgG?2 titers started to decrease, the AChR-
specific, I[gG2-expressing B cells first began to appear in the peripheral blood. No
significant correlation was found between individual mouse plasma anti-AChR level and

specific peripheral B cell populations (Figure 12B&D).
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DISCUSSION

Our data demonstrates that Alexa fluor-AChR conjugates could be used to
identify and characterize subsets of B cells with specificity for AChR. The vast
majority of cells which bound AChR express a B cell phenotype, B220+IgM+ or
B220+IgG2+. On average less than 1% of Alexa fluor-AChR-binding cells were
B220- but CD3+ (data not shown), the significance of this population was not
investigated further due to small population frequencies, instead we focused our
attention on B220+ AChR-binding cells. Our data suggests that B220+IgM AChR-
binding B cells are part of the B cell repertoire in C57/BL6 mice, since these cells were
detected in naive, LPS stimulated and EAMG mice. However, frequencies of
B220+IgM+ AChR-binding cells were significantly elevated in peripheral blood of
mice with EAMG. We found that the frequency of B220+IgG2+ AChR-binding cells is
a better indicator of disease than B220+IgM+ cells. Since naive or immature B cells
are IgM+, it is likely that these IgG2+ cells are AChR-experienced B cells subsets such
as activated blasts, memory, or terminally differentiated plasma cells. Thus, [gG2+
AChR-binding B cells are a marker for EAMG and its frequency correlates with
multiple parameters of disease severity. This data is in agreement with previous reports
of B cell Ig isotypes in patients with MG indicating that at onset of disease there

appears to be a conversion of IgM to IgG AChR specific cells.
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Currently, diagnosis of MG involves a combination of clinical history, nerve
stimulation tests, and blood test for serum Abs against AChR (71). An interesting
observation in this study is that the frequency of peripheral blood AChR-binding B
cells does not correlate with the concentration of anti-AChR Igs. These results are
consistent with those in previous studies of peripheral blood antigen-specific B cells
against infection (79, 83). These data suggest that the expansion of AChR-specific B
cells observed in the blood of EAMG mice is not due solely to the presence of anti-
AChR-secreting B cells, but that these cells are there in addition to memory B cell or
activated blast cells. To our knowledge, no studies have been done that have
characterized the relationship between autoantibody secretion and peripheral blood
antigen-specific autoreactive B cells detected by flow cytometry in non-genetically
manipulated mice, such as those shown here. However, it has been reported that virus-
specific, antibody-secreting B cells in lymph nodes in mice post infection are
comprised of a smaller subset of the total virus-specific cells identified by flow
cytometry.

More importantly, these data support the theory that B cells may contribute to
the pathogenesis of EAMG by a means other than that of antibody secretion. Studies in
uMT mice indicated that B cells are essential for inducing EAMG and are also
important for actvating T cells (84, 85). The deposition of anti-AChR Abs in muscle is
capable of destroying the NMJ by activation of the complement component system,
which causes inflammation (86). Activated B cells can produce cytokines, such as 114,

IL-10, TNF-a, IFN-y, and IL-6, which can activate dendritic cells (DCs) and other

mononucleated cells, skew immune responses, and cause inflammation (87). B cells
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are also capable of antigen presentation and, therefore, have the ability to activate
autoreactive CD4+ T cells (21, 59).

We have developed a simple assay for detecting by flow cytometry peripheral
blood AChR-specific B cells. This assay uses no radioactivity and can screen blood
samples in slightly more than one hour for increased frequency of AChR-specific B
cells. The characterization of pathogenic AChR-specific B cells will be a valuable tool
for understanding autoantibody-mediated disease pathogenesis as well. The use of flow
cytometry will enable us discern more information about the types of cells producing
anti-AChR antibodies, such as Ig class, frequency, activation, cell signaling, and
cytokines. Furthermore, detection of AChR-specific B cells could be useful, not only

for the rapid diagnosis of MG, but also as a biomarker for disease activity.
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Chapter 5: The Effect of CD4 Deficiency on Anti-AChR Ig Responses in

LPS-AChR Induced EAMG

INTRODUCTION

Previously, it has been demonstrated that CFA-AChR immunization requires
CD4+ T cells for the induction of EAMG. CD4 -/- mice, as well as MHCII -/- mice are
resistant to the development of CFA-AChR induced EAMG (88-90). In addition, studies
involving blockade of costimualtory signals, such as CD86, CD28, CD80, and CD40L,
have affirmed that T cell stimulation is critical for development of CFA-AChR induced
EAMG (91, 92). Previously, we have shown that immunization of mice with AChR
emulsified in IFA with LPS induces EAMG. LPS-AChR induced EAMG shares several
characteristics in common with MG, such as the presence of high-affinity anti-AChR Ab
in serum, deposition of IgG and complement at NMJ, decrease in the functional AChR at
post-synaptic membrane, destruction of the post-synaptic membrane folds (Chapter 2).
However, the precise mechanism of LPS-AChR induced EAMG development is not
known.

Activated CD4+ T helper cells regulate CSR in B cells in two ways (17). CD4+ T
helper cells induce the expression of activation-induced cytidine deaminase (AID) in B
cells by ligation of CD40 on B cells with CD154 (CD40L) expressed on activated T cells

(54). AID is the enzyme responsible for IgH CSR in B cells. CD4+ T helper cells also
influence CSR by secretion of cytokines, like IFN-y and IL-12 which promote production

of IgH of a particular class.
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Recent research suggests the existence of another class switch recombination
(CSR) pathway mediated by BAFF and APRIL, TNF family members (53, 54). BAFF
and APRIL have been shown in vitro to stimulate purified human B cells and CD40 -/-
mouse B cells to CSR (93). Expression of BAFF, an essential B cell survival factor, has
been reported to be increased in the thymus of MG patients (15). TLR activation of the
innate immune system induces inflammatory cytokines which stimulate macrophages
and dendritic cells (DCs) to produce BAFF (51, 53, 94).

In this chapter, we investigated whether LPS-AChR immunization requires CD4+
T cells for the induction of EAMG. In this study, we show for the first time that LPS,
when used as an adjuvant, can induce EAMG in CD4-/- mice. The comparison of
humoral immune responses in both CD4-/- and WT mice post immunization with either
CFA-AChR or LPS-AChR revealed that the mechanisms leading to autoimmunity in

these two models are not identical.

RESULTS

Induction of EAMG in WT and CD4-/- mice

To determine whether LPS can enhance immune responses to AChR and induce
similar clinical features of CFA-AChR-induced EAMG, C57BL6 mice were immunized
s.c. with LPS (5pg) and AChR (20pg) emulsified in IFA. The clinical findings were
compared to those in mice immunized with AChR emulsified in CFA (Figure 13). The
incidence and severity of disease were similar in both LPS-AChR- and CFA-AChR-
immunized mice. At day 28, mild symptoms were observed in approximately 50% of the
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FIGURE 13: LPS-AChR-immunized mice develop clinical signs of EAMG. EAMG was induced in
C57BL/6 mice by multiple immunizations with AChR in either CFA or in IFA with LPS. (A) Incidence is
shown as percentage of mice with signs of EAMG. (B) The clinical grade of EAMG is shown as the mean
clinical score (+s.e.m., n=10). (C) Grip-strength ratio is shown as mean ratio (+s.e.m., n=9). A Student’s t-
test was used at each time point to compare grip strength ratios of CFA-AChR and LPS-AChR-immunized
mice to naive mice,**p<.01, ***p<.001. Results shown represent one of three experiments performed

simultaneously with CD4-/- mice.
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mice. After the third immunization on day 56, 90% of the mice had moderate features of
EAMG, characterized by hunchback posture, restricted mobility and decreased muscle
grip strength after paw grip exercises. By day 70, several mice were dehydrated and
moribund (clinical grade >2), and the study was terminated (Figure 13B). The kinetics of
clinical severity in LPS-AChR- and CFA-AChR-immunized mice were remarkably
similar, and at no time point was the clinical severity between the groups statistically
different. An objective measure of muscle weakness in EAMG is to determine limb
muscle strength overtime, as represented by the grip strength ratio (Figure 13C). A ratio >
1 indicates an increase in limb strength, and a ratio < 1 indicates a loss of limb strength.
There was no significant difference in limb strength loss between the two models of
EAMG (Figure 13C). Mice immunized with either CFA-AChR or LPS-AChR had a
significant loss of limb muscle strength, compared to that in naive mice at day 28
(p=0.0052), day 42 (p<0.0001), day 49 (p<0.0001), day 63 (p=.0006) and day 70
(p=.0021) (Figure 13C). These results are consistent with the data discussed in Chapter

2.

The CFA- AChR induced EAMG (CFA-EAMG) has been shown to be dependent
upon the activation of AChR-specific CD4+ T cells. To determine the role of CD4+ T
cells in LPS-induced EAMG, CD4-/- C57BL6 mice were immunized with AChR in CFA
or LPS in IFA. The incidence and severity of disease varied significantly between the
models of EAMG (Figure 14). At day 56 prior to a third boost, mild symptoms were
observed in approximately 50% of CD4-deficient mice immunized with LPS-AChR,
while CFA-AChR-immunized mice remained resistant to the induction of EAMG. CD4-

deficient mice immunized with CFA-AChR also had no loss in limb strength throughout
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ratios of LPS-AChR-immunized mice compared to naive mice.
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the course of the study (Figure 14C). By day 70, LPS-AChR-immunized, CD4-deficient

mice had moderate features of EAMG comparable to clinical signs of EAMG in WT
mice on day 70 (Figure 14B). Clinical grade of EAMG in LPS-AChR was more severe
than in CFA-AChR-immunized mice on day 49 (p=0.0453), day 56 (p=.032), and day 70
(p=0.0031) (Figure 14B). In addition, mice immunized with LPS-AChR have significant
loss of limb muscle strength, as was indicated by grip strength ratio <1 compared to that
of naive mice on day 28 (p=0.05), day 35 (p=0.0062), day 42 (p=0.0067), day 49
(p=0.0029), day 63 (p=.0021) and day 70 (p=.0127) (Figure 2C). These results show that
significant clinical signs of EAMG were only observed in CD4-/- mice after

immunization with LPS-AChR.

LPS-AChR-immunized CD4-/- mice produce significant amounts of class-switched

anti-AChR antibodies

Anti-AChR antibodies are the main effector molecules responsible for the
pathogenesis of MG and EAMG. The concentrations of anti-mouse AChR Abs were
determined and compared between the models of EAMG (Figure 15). The LPS-AChR-
immunized mouse sera had higher levels of anti-AChR IgM (p<0.01) and IgG2b
(p<0.01), compared to the levels in naive mice regardless of the presence of CD4+ T
cells. However, LPS-AChR-immunized mice do not produce significant amounts of anti-
AChR IgG1. The CFA-AChR-immunized WT mice had significantly higher serum levels
of anti-AChR IgG1 (p<.001) and IgG2b (p<0.01). The CD4-/- mice immunized with

CFA-AChR did not produce significant amounts of anti-AChR IgM, IgG1, or IgG2b.
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These data demonstrate that the immunization of mice with LPS-AChR induces the
production of antibodies capable of recognizing AChR, and these antibodies undergo

class switching.
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FIGURE 15: Serum anti-AChR IgG and IgM responses in WT and CD4-/- mice after LPS-AChR
immunization. Anti-AChR responses in serum were measured 2 weeks post boost immunization by ELISA.
OD values for each mouse are represented for IgM, IgG1, and IgG2b (n=10-15). Bar indicates mean OD.
Statistical significance (*p<05, **p<.01, *** p<.001) was determined by Student’s t-test comparing

immunized to naive mice. Results were combined from two-independent experiments.
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LPS-AChR immunized CD4-/- mice produce significant amounts of high-avidity

anti-AChR 1gG2b antibodies
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FIGURE 16: Kinetics and avidity of anti-AChR Abs in LPS-AChR immunized mice. (A) Anti-AChR IgM
and (C) anti-AChR IgG2 levels were determined at various time points post primary immunization, shown
as mean OD (s.e.m., n=10). (B) Mean Al of anti-AChR IgM and (D) anti-AChR IgG2b at day 42 post
immunization (s.e.m., n=5-10). Statistical significance (*p<.05,**p<.01,***p<.001) was determined by

Student’s t-test. Results are representative of two independent experiments.

To characterize complement-fixing antibodies produced by LPS-AChR
immunization, we next analyzed the kinetics of anti-AChR Ab production and the avidity

of Abs. Sera anti-AChR IgM titers were significantly elevated by day 14 post-primary
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immunization with no significant differences between WT and CD4-/- mice (Figure
16A). WT mice produced anti-AChR IgM Abs with a higher avidity for muscle AChR
than did CD4-/- mice (Figure 16B). Avidity was not determined for CFA-AChR-
immunized mice, since CD4-/- mice do not produce significant levels of anti-AChR IgM
or IgG (Figure 16). The WT mice produced significantly higher titers of anti-AChR
IgG2b by day 14 post immunization, when compared to the levels in CD4-/- mice
immunized with LPS-AChR. The differences of anti-AChR IgG2b production between
WT and CD4-/- mice decreased overtime (Figure 16C). The WT and CD4-/- mice had
similar anti-AChR IgG2b avidity to muscle AChR (Figure 16D). Therefore, despite the
initial lag in anti-AChR IgG2b production, CD4-/- mice were able to produce significant

amounts of high affinity/avidity anti-AChR IgG2b after immunization with LPS-AChR.

The LPS-AChR- immunized CD4-/- mice had intense NMJ 1gG2 and C3 deposits

ACHhHR loss in MG and EAMG is mediated by complement-fixing IgG deposits at
the motor end plate. Two complement-binding classes, [gM and IgG2, were significantly
higher in the sera of LPS-EAMG compared to naive mice (Figure 15). To determine
which of these two antibody classes contribute to interference with AChR-signaling at
the NMJ, frozen limb muscle sections were obtained from WT and CD4-/- LPS-AChR-
immunized mice on day 70. Cryostat muscle sections were double stained with o-
bungarotoxin (to locate AChR at the NMJ) and anti-IgG2, anti-IgM, or anti-C3 (to
localize immune complexes in muscles) (Figure 17). IgG2 deposits were detected at NMJ

of WT mice immunized with LPS-AChR or CFA-AChR. Similar staining of IgG2 was
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observed in CD4-/- mice immunized with LPS-AChR. Fewer NMJ from CD4-/- mice
immunized with CFA-AChR stained positive for IgG2, albeit at a significantly reduced
intensity compared to that of LPS-AChR-immunized mice. This result was unexpected
because anti-AChR antibodies were not detected by an ELISA in the sera of CFA-AChR-
immunized CD4-/- mice (Figure 15). However, other groups have reported Abs from
sera-negative patients with MG are able to bind AChR expressed by muscle tissue, but
not AChR bound to ELISA plates. This is most likely due to the native conformation of
AChR at the NMJ in tissue that cannot be replicated by ELISA techniques. IgM was not
localized in the NMJs of LPS-AChR or CFA-AChR-immunized mice (Figure 17A and
Figure 17B). In addition, C3 deposition merged with IgG2 deposits at the NMJ. LPS-
AChR-immunized CD4-/- mice had NMJ with strong IgG2 staining and also had many
C3-positive NMJ. CD4-/- CFA-AChR- immunized mice had fewer and less intense [gG2
deposits, which corresponded to an insignificant amount of C3 deposits (Figure 17B).
This finding suggested to us that IgG2, and not IgM, could cross link AChR at NMJ and
activate complement at the motor endplate, leading to defective neuromuscular

transmission.
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FIGURE 17: 1gG2 and C3 deposition in the NMJ. EAMG was induced in WT and CD4-/- C57BL/6 mice
by multiple immunizations with CFA-AChR or IFA-LPS and euthanized on day 80 post-primary
immunization. Control mice were unimmunized. (A) Cryostat sections of right tricep mucle were co-
stained with a-bungarotoxin to identify AChR (red) and either anti-mouse IgG2 (blue), anti-mouse IgM
(green), or anti-mouse C3 (blue).Data shown are representative of sections obtained from several mice
from each group (n =5). Original 200 X magnification. (B) Mean percentage of NMJ with immune

complexes (n=5, Student’s t-test, * p<0.05, ***P<0.001).
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The CD4-/- mice have elevated frequencies of AChR-specific 1gG expressing B cells

B cell activation resulting from LPS-AChR immunization of WT and CD4-/-
mice lead to the secretion of anti-AChR IgG2 in blood and copious amounts of immune
complex deposition in muscle. The B cell activation resulting from CFA-AChR
immunization of CD4-/- mice was significantly impaired, as evident by the significant
reduction in anti-AChR IgG2 secretion and reduction of immune complexes detected in
muscle. However, it is not clear whether the differences observed were due to a poor
primary immune response of naive AChR-specific B cells resulting in fewer activated
AChR-specific B cells or whether the lack of CD4 lead to deletion of activated B cells,
altered cellular differentiation, or B cell anergy. To determine the extent of B cell
activation by CSR to IgG in CD4-/- mice, we utilized a flow cytometry assay to detect
circulating AChR-specific B cells (Chapter 4). Alexa fluor-AChR was used as a probe for
potentially autoreactive AChR-specific B cells in peripheral blood of immunized mice.
Lymphocytes were gated on B220+ cells, and then expression of Ig and binding of AChR
were compared (Figure 18). There were no significant differences in the total frequencies
of B cells (B220+ lymphocytes) present in blood of naive, WT CFA-AChR, WT LPS-
AChR, CD4-/- CFA+AChR, and CD4-/- LPS-AChR immunized mice (data not shown).
All mice immunized with AChR regardless of genotype or adjuvant used had

significantly elevated frequencies of AChR-binding B cells compared to naive mice.
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FIGURE 18: The frequencies of AChR-binding peripheral blood lymphocytes are elevated in CD4-/- mice.
Representative flow cytometry analysis of peripheral blood lymphocytes from naive, LPS-AChR or CFA-
AChR-immunized mice, 75 days post primary immunization. Cells were first gated on B220+ lymphocytes
to characterize IgM or IgG2 expression and AChR binding (A). The numbers shown in bi-exponential
plots indicate the relative percentage of cells in each quadrant. Mean frequency of total AChR-binding B
cells (top row), IlgM+ AChR-binding B cells (middle row) and IgG2+ AChR-binding B cells (bottom row)

(B). n=4-5, Student’s t-test, * p<0.05, ***P<0.001.
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Of particular interest, both LPS-AChR and CFA-AChR immunized CD4-/- mice had
higher mean frequencies of AChR-binding B cells than naive, WT CFA-AChR, and WT
LPS-AChR immunized mice. However, the frequency of AChR+ peripheral B cells was
in the highest in CD4-/- CFA-AChR immunized mice (Figure 18). Therefore, it is likely
that cells from CFA-AChR immunized CD4-/- mice are not deleted but, may be either
inhibited from differentiating into antibody secreting plasma cells or perhaps
preferentially shunted into the memory B cell repertoire and are anergic. The differences
in B cell subsets may be more dependent upon signals provided by adjuvant than CD4
costimulation, since LPS-AChR immunized CD4-/- mice are capable of producing high

affinity secreted IgG.

Potential role of adjuvant-induced expression of CD40L and BAFF in determining

B cell differentaition

The maturation of antigen-specific B cell responses requires activation of CD40
via CD40L expressed by T cells. CD40L is preferentially expressed by activated TCRa3
T cells which consist of CD8+ T cells, CD4+ T helper cells, and CD4+ T regulatory cells.
To determine if there was an adjuvant specific difference in the expression of CD40L, we
measured the frequencies of lymphocyte subsets in draining lymph nodes of LPS or CFA
plus AChR immunized mice by flow cytometry (day 80). There was no significant
difference in the frequency of TCRap+ cell subsets between LPS-AChR and CFA-AChR
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FIGURE 19: Flow cytometry analysis of T lymphocyte subsets and expression of CD40L. Representative
flow cytometry analysis of LN cells from naive, LPS-AChR or CFA-AChR-immunized mice, 80 days post
primary immunization. Lymph node cells from indicated immunization procedure and genotype at the top
of figure were stained with anti-TCRf, anti-CD4, and anti-CDS or anti-TCRf and anti-CD40L. The

numbers shown in bi-exponential plots indicate the relative percentage of cells in each quadrant.
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experiments.
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immunized WT mice. As expected, CD4-/- mice had significantly higher frequencies of
TCRB+CD8+ and lower TCRB+CD4+ than did WT mice (Figure 19). Of particular
interest, the EAMG-resistant CD4-/- mice immunized with CFA-AChR but not LPS-
AChR had significantly higher frequencies of TCRa+CD40L+ cells and TCRa3-
CD40L+ (Fig. 19 and Figure 20). Therefore, immunization of CFA-AChR, but not of
LPS-AChR, augmented the expression of CD40L in CD4-/- mice, which coud have
contributed to the altered B cell differentiation in these mice.

B cells also require cytokines to promote CSR and cellular differentiation.
Among the cytokines we measured by ELISA (IL-6, IL-10, IFN-y and BAFF) two weeks
following each immunization, only BAFF was detectable in the sera of mice (data not
shown). BAFF is a B cell survival factor that is critical for the maintenance of peripheral
B cells. Elevated BAFF sera levels have been observed in MG patients, as well as in
other autoimmune diseases. The in vitro studies in mouse and human B cells have shown
that stimulation of B cells with BAFF induces T cell-independent isotype switching and
B cell survival. Sera BAFF levels in mice immunized with LPS-AChR were significantly
higher than naive and CFA-AChR immunized mice (Fig. 21A). AChR-immunized CD4-
/- and WT mice produced similar amounts of BAFF. Therefore, the CD4 expression on
cells does not alter BAFF production. These findings suggest that LPS-AChR induces
BAFF expression in C57B16 mice more effectively than does CFA-AChR immunization.
Next we compared individual sera anti-AChR IgG2 titers to BAFF sera concentrations to
determine whether the differences in sera BAFF production correspond to B cell

differentiation into anti-AChR IgG2 secreting cells. LPS-AChR sera BAFF
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FIGURE 21: Adjuvant-specific induction of BAFF and correlation with anti-AChR IgG2 secretion. EAMG
was induced in C57BL/6 mice by multiple immunizations with LPS-AChR or CFA-AChR. Serum
concentrations of BAFF and anti-AChR IgG2 were measured 14 days post boost immunization by ELISA.
Mean concentration of BAFF is shown with SEM (n=6-10) (A). Results were combined from two-
independent experiments. Statistical significance was determined for each group with EAMG vs naive mice
by Students’s t-test,* p<.05,**p<.01. Sera anti-AChR IgG?2 titers (OD) versus BAFF concentration (B).

Each square represents data from individual mice (n=18). R, represents the Pearson coefficient.

concentrations, which are significantly elevated compared to naive and CFA-AChR
immunized mice, do not correlate well with anti-AChR IgG?2 titers (r =2657, p = .2865,
n=18). However, CFA-AChR immunized mice have lower concentration of sera BAFF
which significantly correlates with anti-AChR IgG2 titers (r = .723, p=.0007, n=18) (Fig.

21B).
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DISCUSSION

Previously, the adjuvant effect of LPS was demonstrated in various models of
autoimmunity, including those for experimental autoimmune thyroiditis, experimental
autoimmune arthritis, and lupus-prone MRL/Ipr mice (57, 61, 62). In both Chapter 2 and
5, we demonstrated the use of LPS in place of desiccated Mycobacterium as an adjuvant
for immunization with AChR in incomplete Freund’s adjuvant. In the current study, both,
WT and CD4-/- mice were susceptible to LPS-AChR- induced EAMG. However, the
time of EAMG onset was delayed about 14- 21 days in CD4-/- mice immunized with
LPS-AChR. The WT and CD4-/-mice immunized with LPS-AChR produced significant
amounts of IgM and IgG2. The CD4 deficiency had no effect on the production of anti-
AChR IgM throughout the course of disease in LPS-AChR- immunized mice. Therefore,
the delay in disease onset corresponded to the altered kinetics on anti-AChR IgG2
production in CD4-/- mice. However, by day 42 sera anti-AChR IgG2 levels were similar
to that of WT mice. Muscle weakness was also associated with the deposition of IgG2
and C3 at the NMJ. Maturation of antibody responses was measured by avidity of anti-
AChHR IgG and was found to be equally robust in WT and CD4-/- mice.

The significance of the elevation of anti-AChR IgM in LPS-induced EAMG is not
known, since it is not directly involved in the binding of AChR at the NMJ. However,
IgM may play a key role in augmenting immune responses towards AChR. The IgM
opsinization of AChR and activation of complement may increase AChR uptake by
antigen- presenting cells (APCs) conferring enhanced activation of APCs (21). Also

complement receptor (CR2/CR1) stimulation of B cells was reported to lower BCR
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activation thresholds by 1000-fold (95). Recent studies have also suggested that
complement-opsonized molecular mimics to self antigen can reverse B cell anergy (96).
CD4 deficiency alone leads to resistance to EAMG induction following CFA-
AChR immunization. These data are in agreement with previous studies of CFA-AChR
induced EAMG (89, 90, 97). However, our data indicates that the dependency of CD4
costimulation of B cells may be dependent upon the stimuli present (Mycobacterium or
LPS) during B cell activation. Futhermore, our studies show that both LPS-AChR and
CFA-AChR immunized CD4-/- mice had higher mean frequencies of IgG expressing
AChR-binding B cells than WT mice treated in the same manner. This difference was
exacerbated in CFA-AChR immunized CD4-/- mice. However, B cells from CD4-/- mice
immunized with CFA-AChR failed to differentiate into antibody secreting cells. These
data suggest that the lack of anti-AChR IgG secretion by CFA-AChR immunized CD4-/-
mice was not due to an inability to activate naive B cells, inefficient CSR or deletion of
autoreactive B cells. Therefore, B cells from CFA-AChR immunized CD4-/- mice are
either inhibited from differentiating into antibody secreting plasma cells or perhaps

preferentially shunted into the memory B cell repertoire which may be anergic.
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FIGURE 22: A hypothetical model for the regulation of peripheral B cell tolerance in EAMG. (A) In
EAMG resistant mice activated T cells express high levels of the costimulatory activation marker, CD40L.
When BAFF concentration is near normal range, the elevated CD40L-CD40 interactions trigger cell cycle
arrest inducing a state of anergy or inhibiting B cell differentiation. (B) In EAMG prone mice, T and B
cells express lower levels of CD40L and have normal to significantly elevated BAFF concentrations. The
elevated proportion of BAFF compared to CD40-CD40L signals provides appropriate activation for B cell

differentiation into antibody secreting cells.
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It is still not understood how people with MG manage to bypass peripheral
tolerance checkpoints and why AChR specifically is targeted. The thymus is considered
by many to be the site of autosensitization to AChR where both thymic myoid cells and
thymic epithial cells have been shown to express AChR (12). Approximately 80% of MG
patients have thymic abnormalities, such as thymitis, thymoma, or involusion. In addition
to MG patients, those with systemic lupus erythematosus rheumatoid arthritis, and
rheumatic heart disease, among other autoimmune conditions, manifest similar thymic
abnormalities (16). Since the thymus is a primary immune organ responsible for T cell
development and selection, thymic abnormalities may alter the selection of the
developing T cell repertoire (13). In particular, CD4+ T cells may have a crucial role in
the induction of peripheral B cell tolerance. It has been demonstrated that excess CD40L
expression by CD4+ T regulatory cells induces deletion of B cells by Fas-mediated
apoptosis (98, 99). Furthermore, CD40L-deficient patients have significantly lower
frequencies of CD4+ T regulatory cells and elevated peripheral autoreactive B cell
populations (100). Taken together, a CD4 deficient model of autoimmunity may be
valuable in understanding the underlying mechanisms leading to diseases such as MG.

The production of matured antibody responses, defined here by the presence of
secreted high-affinity IgG, by LPS-AChR-immunized CD4-/- mice, indicated the
involvement of CD40-CD40L interactions. LPS-AChR-immunized CD4-/- mice had
similar levels of CD40L compared to those in WT- immunized mice. CD4-/- CFA-
AChR-immunized mice, which were resistant to EAMG induction, had significantly
elevated expression of CD40L compared to WT CFA-AChR immunized mice and LPS-
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AChR immunized CD4-/- mice. These data indicate that excess CD40-CD40L signaling
may inhibit or alter B cell differentiation in CFA-AChR-immunized CD4-/- mice.

BAFF also contributes to CSR and B cell survival (54). BAFF has been shown to
be elevated in the thymus and sera of MG patients (15, 101). Excess BAFF levels have
been shown to rescue autoreactive B cells from deletion and to prevent anergy (102). In
this study, BAFF sera levels were found to be significantly elevated in mice immunized
with LPS-AChR, compared to naive and CFA-AChR-immunized mice. In addition, there
is a significant correlation between sera anti-AChR IgG?2 titers and BAFF in CFA-AChR
immunized mice but no such correlation was observed in LPS-immunized mice.

In conclusion, these data indicate that autoimmune development triggered by LPS
or CFA occur by activation of distinct B cell differentiation pathways. The CFA
immunization requires CD4 costimulation of B cells to induce anti-AChR IgG2 secretion
and does not significantly induce BAFF production. LPS immunization does not require
CD4 costimulation to induce anti-AChR Ab secretion and significantly induces BAFF
production. Taken together, the data suggest that the balance of CD40L signaling and
survival signals from BAFF may facilitate the differentiation of autoreactive B cells into
Ab secreting cells. We propose that this mechanism is critical for EAMG development in
LPS-AChR- immunized mice (Figure 22). Further immunological investigation of these
two models would increase our understanding of the pathways that lead to the activation,

survival and differentiation of autoreactive B cells.
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Chapter 6: The Effect of CD8 Deficiency on Anti-AChR Ig Responses in

LPS-AChR Induced EAMG

INTRODUCTION

In the previous chapter we discussed the contribution of CD4+ T cells in the
development of both CFA-AChR and LPS-AChR induced EAMG. However, CD8+ T
cells may also contribute to the pathogenesis of organ-specific autoimmune diseases,
such as MG, by various mechanisms. Autoreactive CD8+ T cells recognize Ag via MHC
class I-peptide complexes on the surface of cells which triggers cell-mediated
cytotoxicity either by expression of FASL or by the release of the cytotoxic granules,
perforin and granzyme (103). Activated CD8+ T cells also secrete significant amounts of
proinflammatory cytokines, TNF-a and IFN-y (104). Suppressor CD8+ T cells may also
regulate immune responses of CD4+ T cells by inhibiting costimulatory molecule
expression on APCs or by the direct lysis of Ag-specific CD4+ T cells (105).

The exact role that CD8+ T cells in the induction of autoimmune responses
remains elusive. This is due to contradictory results obtained from in EAE, non-obese
diabetic (NOD) mice, and EAMG (103, 106). CFA-AChR immunization of MHC class |
deficient mice was reported to enhance the progression of EAMG (107). Others reported
that CD8-/- mice and CD8 Ab depletion of T cells decreased the severity of CFA-AChR
induced EAMG (90). In CFA-induced EAT, CD8+ T cells are required for the induction
of disease (108). However, CD8+ T cells were not required for the induction of LPS-

induced EAT (63). There are no studies to date that evaluated the role of CD8+ T cells in
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LPS-AChR induced EAMG. In this chapter we investigated anti-AChR Ig responses and

the susceptibility of CD8-/- mice to develop LPS-AChR induced EAMG.

RESULTS
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FIGURE 23: CD8-/- mice are resistant to LPS-AChR induced EAMG. (A) Incidence is shown as
percentage of mice with signs of EAMG. (B) Clinical grade of EAMG is shown as mean clinical score
(£s.e.m., n=10, t-test, +p<.05. ++p<.01). (C) Grip-strength ratio is shown as mean ratio (xs.e.m., n=10).
*p<.05. ¥**¥p<.01, **p<.001 (Student’s t-test) indicates significant differences between grip strength ratios
of LPS-AChR immunized WT mice compared to naive. ++ p<.01, +++p<.001 indicates differences

between LPS-AChR immunized WT and CD8-/- mice.
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LPS-AChR immunization of CD8-/- mice induces EAMG with remission

The incidence and severity of muscle weakness after first boost with LPS-AChR
was similar between WT and CD8-/- mice (Figure 23). By day 49, mild symptoms were
observed in all immunized mice with a significant difference in muscle weakness,
measured by grip strength ratio, compared to naive mice (Figure 23C). However, at day
56, CD8-/- mice began to show signs of improved muscle strength which continued for
the duration of the experiment. After day 56, CD8-/- mice had significantly reduced signs
of EAMG and had a significant increase in grip strength compared to LPS-AChR
immunized WT mice.

Since anti-AChR Abs are the main effector molecules responsible for the
pathogenesis of MG and EAMG, we determined whether CDS8 deficiency altered Ab
production. The LPS-AChR-immunized mouse sera had higher levels of anti-AChR
IgM, 1gG1, IgG2 (b and c) at day 42 compared to the levels in naive mice regardless of
the presence of CD8+ T cells (Figure 23). There were no significant differences in the
quantity of anti-AChR Ab production between WT and CD8-/- LPS-AChR. We also
determined sera anti-AChR Ab levels at day 75, a time point when disease severity was
significantly different between WT and CD8-/- immunized mice, but no differences were
observed (data not shown). These data indicate that the immunization of CD8-/- mice
with LPS-AChR induces the production of Abs capable of recognizing AChR, however it

may be possible that CDS8 deficiency altered Ab avidity for AChR. By day 42, both WT
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and CD8-/- immunized mice, produced anti-AChR IgM with strong avidity for AChR
(Figure 25A). There was also no significant difference in the avidity of anti-AChR IgG2
between WT and CD8-/- immunized mice at day 42 (Figure 25B). We have shown in

Chapter 4 and 5 that anti-AChR IgG2 Abs critical for the development and severity of
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FIGURE 24: Serum anti-AChR IgG and IgM responses in WT and CD8-/- mice after LPS-AChR
immunization. Anti-AChR responses in serum were measured 2 weeks post boost immunization by ELISA
(day 42). OD values for each mouse are represented for IgM, 1gG1, IgG2b and 1gG2c ( (n=5-10). Bar
indicates mean OD. Statistical significance (*p<05, **p<.01, *** p<.001) was determined by Student’s t-

test comparing immunized to naive mice.
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FIGURE 25: Avidity of anti-AChR IgM and 1gG2 in LPS-AChR immunized CD8-/- and WT mice. (A)
Mean Al anti-AChR IgM (B) anti-AChR IgG2 at day 42 post immunization (s.e.m., n=5-10) and (C) anti-
AChR IgG2 at day 42 and 75 post immunization. Statistical significance (¥*p<.05,**p<.01,***p<.001) was

determined by Student’s t-test comparing WT and CD8-/- mice.

EAMG. Therefore, we compared the avidity of I[gG2 Ab at day 42 to day 75, to
determine whether CD8-/- mice had a defect in the selection of high-affinity Abs over
time. However, both WT and CD8-/- mice produced 1gG2 with significantly higher

avidity for AChR at day 75 compared to day 42. These data suggests that the resistance to
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EAMG in CD8-/- mice is not due to defects in anti-AChR IgG secretion or maturation of

high-avidity Abs.

Cryostat muscle sections were double stained with a-bungarotoxin (Btx) and anti-
IgG2, anti-C3, or anti-MAC (to localize immune complexes in muscles) (Figure 26).
Immune complexes were detected at NMJ of WT and CD8-/- mice immunized with LPS-
AChR. This result was unexpected because CD8-/- mice do not show signs of EAMG but
have similar amounts of immune complexes deposited in muscle. However, since CD8-/-
mice had similar levels of anti-AChR 1gG2 and immune deposits in muscle compared to
WT LPS-AChR immunized mice, the apparent resistance of CD8-/- to EAMG is not due

to insufficient antibody-mediated complement activation.

CD8-/- mice have reduced frequencies of peripheral blood AChR+I1gG2+ B cells

We have previously shown that the frequency of peripheral blood AChR+IgG2+ B cells
is an indicator of EAMG disease severity (Chapter 4). To further characterize the extent
of B cell activation in CD8-/- mice, we utilized the Alexa fluor-AChR flow cytometry
assay to detect circulating AChR-specific B cells. Lymphocytes were gated on B220+

cells, and then expression of Ig and binding of AChR were compared (Figure 27).
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FIGURE 26: 1gG2, C3, and MAC deposition detected in muscle of CD8-/- immunized mice. EAMG was
induced in WT and CD8-/- C57BL/6 mice by multiple immunizations and euthanized on day 80 post-
primary immunization. Control mice were unimmunized. Cryostat sections of right tricep muscle were co-
stained with a-bungarotoxin (Btx) to identify AChR (red) and either anti-mouse IgG2 (blue), anti-mouse
MAC (green), or anti-mouse C3 (blue). Data shown are representative of sections obtained from several

mice from each group (n =5). Original 200 X magnification.
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FIGURE 27: The frequencies of AChR-binding peripheral blood B cells are reduced in CD8-/- mice. Flow
cytometry analysis of peripheral blood lymphocytes from 75 days post primary immunization. Cells were
first gated on B220+ lymphocytes to characterize IgM or IgG2 expression and AChR binding. Mean
frequency of B220+ lymphocytes, total AChR-binding B cells, [gM+ AChR-binding B cells and IgG2+

AChR-binding B cells (n=5-7), Student’s t-test, * p<0.05, ** p<.0.01,***P<0.001.
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There were no significant differences in the total frequencies of B cells (B220+
lymphocytes) present in blood of naive, WT, and CD8-/- LPS-AChR immunized mice.
All mice immunized with AChR regardless of genotype or adjuvant used had
significantly elevated frequencies of AChR-binding B cells compared to naive mice
(Figure 27). Of interest, LPS-AChR immunized CD8-/- mice had lower mean frequencies
of AChR-binding IgG2+ B cells than WT CFA-AChR and WT LPS-AChR immunized
mice. These data indicate that CD8 deficiency has an effect on the survival of B cells in

the periphery.

DISCUSSION

LPS-AChR immunization of CD8-/- mice led to the production of high affinity
complement-binding isotypes of anti-AChR Abs (IgM and 1gG2), which were detected
near the NMJs of limb muscles. Despite the deposition of immune complexes in muscle,
CD8-/- mice were resistant to the development of moderate or severe signs of EAMG.
Taken together, these studies indicate that CD8+ T cells play a role in the pathogenesis
of EAMG which is independent of Ab-mediated immune responses.
Immunohistochemical staining of muscle at day 80 with anti-CD8 Ab failed to show the
presence of CD8+ T cells in WT LPS-AChR immunized mice (data not shown).
Furthermore, CD8+ T cells from patients with MG have poor proliferation responses to
AChR and show little to no cytotoxic activity when cultured with human muscle cells.
Therefore, it is unlikely that FAS-mediated or cytotoxic granule-killing of muscle cells is

involved in the pathogenesis of MG, but these studies cannot rule out the possibility.
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CD8+ T cells are producers of IFN—y and TNF-a, which have been shown to play
a role in the pathogenesis of MG (2, 109). It is possible that CD8-/- mice produce lower
levels of these cytokines post immunization with LPS-AChR leading to reduced
inflammation and a reduction in the clinical signs of EAMG. Others have shown that
purified naive human CD8+ T cells produced both IFN—y and TNF-a when stimulated in
vitro with LPS (110).

In this chapter, we show that CDS8 deficiency led to a decrease in the frequency of
peripheral blood AChR+IgG2+ B cells in LPS-AChR immunized mice. Previously we
have shown that reduced frequencies of AChR+IgG2+ B cells corresponds with
resistance to EAMG or improved clinical signs of disease (Chapter 4). Since anti-AChR
Ab production was not altered in CD8-/- mice, these data further support the theory that
pathogenic B cells contribute to the development of EAMG through functions other than
Ab secretion. In Chapter 5, we have shown that CD4 deficiency led to an increase in
peripheral blood AChR+ IgG2+ B cells in LPS-AChR immunized mice. Furthermore,
CD4-/- mice immunized with CFA-AChR failed to secrete IgG2 yet have significant
populations of circulating AChR+IgG2b+ B cells. In addition, our previous research has
shown that Ab secretion does not correlate well with circulating B cell frequencies
(Chapter 4). Taken together, these studies indicate that signals from CD8+ T cells may be
important for the survival of circulating memory/effector B cells, but do not effect B cell

differentiation into antibody secreting cells.
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Chapter 7: Summary and Conclusions

The purpose of this dissertation was to develop a new model of EAMG using the
T-independent adjuvant, LPS, to elucidate the signals required for the induction of
pathogenic B cell Ab production (LPS-EAMG). Historically, EAMG is induced by
immunization of mice with AChR emulsified in CFA (CFA-EAMG). In these studies, we
have shown that immunization of mice with LPS and AChR emulsified in IFA induces
clinical signs of EAMG, anti-AChR Ab production, pathogenic deposits at NMJ (IgG,
C3, MAC), and loss of functional AChR in skeletal muscle. Immunization of mice with
LPS alone but not CFA alone enhanced TLR4 expression on peripheral lymphocytes and
the secretion of IgG2. These data suggested to us that the LPS-EAMG and CFA-EAMG
may induce different immune mechanisms that trigger autoimmunity.

Next, we investigated the potential of LPS to induce antigen-specific B cell
responses to AChR in WT and CD4-/- C57BL/6 mice. CD4-/- mice were resistant to the
development of CFA-EAMG, but susceptible to the development of LPS-EAMG. The
findings, accordingly have allowed us to identify an alternate cellular mechanism for
disease induction. The CD4-/- mice in the LPS-EAMG model had significant amounts of
high-affinity anti-AChR IgG2 antibody, immune complex deposits in muscle, and
elevated sera levels of the B cell survival factor BAFF. Our results indicate that LPS
abrogated tolerance in the LPS-EAMG model by inducing BAFF, while lowering the

expression of co-stimulatory molecules CD40 and CD40L.
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To further characterize B cell development we used a flow cytometric assay for
the detection of peripheral blood AChR-specific B cells to characterize B cell phenotypes
associated with EAMG. Alexa-conjugated AChR was used as a probe for AChR-specific
B cells (B220+Ig+). Mice with EAMG have significantly elevated frequencies of AChR-
specific [gG2+ and IgM+ B cells. The frequencies of AChR-specific B cells significantly
correlated with the clinical grade of disease and loss of limb muscle strength, but not with
the concentrations of plasma anti-AChR Igs. These results indicate that significantly
elevated frequencies of AChR-specific peripheral blood B cells could be a potential
biomarker for MG disease severity. The diagnostic use of this assay needs to be
investigated further in patients with MG.

Both LPS-AChR and CFA-AChR immunized CD4-/- mice had higher mean
frequencies of IgG expressing AChR-binding B cells than WT mice treated in the same
manner. This difference was exacerbated in CFA-AChR immunized CD4-/- mice.
However, B cells from CD4-/- mice immunized with CFA-AChR failed to differentiate
into antibody secreting cells. These data suggest that the lack of anti-AChR IgG secretion
by CFA-AChR immunized CD4-/- mice was not due to an inability to activate naive B
cells, inefficient CSR or deletion of autoreactive B cells. On the contrary, it appears that
CD4 costimulation of B cells may actually inhibit the expansion of AChR-specific B
cells and CSR to IgG2. Therefore, B cells from CFA-AChR immunized CD4-/- mice are
either inhibited from differentiating into antibody secreting plasma cells or perhaps
preferentially shunted into the memory B cell repertoire or are developmentally blocked

from secreting Ab. However, LPS stimulation of B cells appears to overcome the
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requirement of CD4 costimulation to differentiate into antibody secreting cells. These
data confirmed that autoimmune development triggered by LPS or CFA occur by
activation of distinct B cell differentiation pathways.

Since CD4+ T cell costimulation of B cells was not required for the development
of EAMG, we then investigated the role of CD8+ T cells. LPS-AChR immunization of
CDS8-/- mice led to the production of high affinity complement-binding isotypes of anti-
AChR Abs (IgM and IgG2), which were detected near the NMJs of limb muscles.
Despite the deposition of immune complexes in muscle, CD8-/- mice were resistant to the
development of moderate or severe signs of EAMG. CD8 deficiency led to a decrease in
the frequency of peripheral blood AChR+IgG2+ B cells in LPS-AChR immunized mice.
These studies indicate that signals from CD8+ T cells may be important for the survival
of circulating memory/effector B cells, but do not effect B cell differentiation into
antibody secreting cells. Taken together, CD8+ T cells may play a role in the
pathogenesis of EAMG which is independent of Ab-mediated immune responses.

This dissertation contributes to our understanding of the mechanisms involved in
the activation and differentiation of autoreactive B cells. Specifically, this body of work
shows how potential triggers of autoimmunity by microbes effect the cellular
requirements for the induction of EAMG and indicates that peripheral blood
AChR+IgG2+ (or IgG1 in humans) B cells contribute to the pathogenesis of MG by

means other than direct deposition of immune complexes in muscle.
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