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Abstract Intravenous immunoglobulin  (IVIG) is widely used in autoimmune
neuromuscular diseases whose pathogenesis is undefined. Many different effects of IVIG
have been demonstrated in vitro, but few studies actually identify the mechanism(s) most
important in vivo. Doses and treatment intervals are generally chosen empirically. Recent
studies in Guillain-Barré syndrome and chronic inflammatory demyelinating polyneuropathy
show that some effects of IVIG are readily reversible and highly dependent on the
serum IgG level. This suggests that in some autoantibody-mediated neuromuscular
diseases, IVIG directly competes with autoantibodies that reversibly interfere with nerve
conduction. Mechanisms of action of IVIG which most likely involve direct competition
with autoantibodies include: neutralization of autoantibodies by anti-idiotypes, inhibition of
complement deposition, and increasing catabolism of pathologic antibodies by saturating
FcRn. Indirect immunomodulatory effects are not as likely to involve competition and may
not have the same reversibility and dose-dependency. Pharmacodynamic analyses should
be informative regarding most relevant mechanism(s) of action of IVIG as well as the role
of autoantibodies in the immunopathogenesis of each disease. Better understanding of the
role of autoantibodies and of the target(s) of IVIG could lead to more efficient use of this
therapy and better patient outcomes.
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Introduction

Intravenous immunoglobulin (IVIG) is employed
in a staggeringly wide spectrum of diseases, and can
act by many diverse mechanisms. Different proposed
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mechanisms are not mutually exclusive — multiple
mechanisms likely contribute to the overall therapeutic
effect. In order to identify the action(s) of IVIG that
are most important in any particular disease, we
must understand the pathogenesis of that disease.
Conversely, discerning the mechanism(s) of action of
IVIG which are most important in different diseases
may provide useful insights into their pathogenesis.
Analysis of the pharmacodynamics (PD) of IVIG
can thus not only reveal important insights into its
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mechanisms of action, but should also be informative
as to the pathogenic mechanism(s) it is affecting.
Better understanding of the pathologic process(es)
targeted by IVIG in any given disease may allow more
effective and efficient use of this therapy.

Pharmacokinetics of IVIG

The initial dose of IVIG used for most autoim-
mune/inflammatory diseases is 2g/kg given over
2-5days, followed by maintenance doses of 1-2 g/kg
every 3-4weeks. This regimen is based on the
serendipitous 1981 observation that five consecutive
daily repetitions of the monthly dose of IVIG for
immune deficiencies at that time (0.4 g/kg) normalized
the platelet counts in immune deficient patients who
also had immune thrombocytopenia (Imbach et al.,
1981). Neither measurements of autoantibodies nor
in vitro determinations of the ability of IVIG to neutral-
ize them are used to select or adjust the dose of IVIG or
to set a target therapeutic “level” in autoimmune dis-
eases. In contrast, recent studies in primary immune
deficiency diseases (PIDD) suggest individualizing
the 1gG dose and treatment interval to achieve the
"biological serum IgG level” necessary to keep that
individual patient free from infection (Bonagura et al.,
2008; Lucas et al., 2010). A wide variability in target
levels, doses (on a mg/kg/month basis) and intervals
are necessary in different patients (Lucas et al., 2010).

Infusion of 2g/kg of IVIG increases the serum
IgG level >4-fold, from pretreatment means of
700-1,060mg/dl to peaks well over 3,000 mg/dl
(Reinhart and Berchtold, 1992). The levels then drop
by about 50% over 48-72h, as IgG is distributed into
the total extracellular fluid volume, of which only about
50% is intravascular (Waldmann and Strober, 1969,
Pirofsky, 1984). After this rapid equilibration, the IgG
is catabolized with first-order kinetics and a half-life of
21-30days, so it is usually repeated monthly (Bonilla,
2008). In contrast, PD effects may be highly variable.
Many neuromuscular disease patients note that the
effects of IVIG “wear-off"’ long before the predicted
half-life. On the other hand, in some diseases, the
effects last much longer than the expected half-
life of IgG. These observations suggest complex
relationships between the PD and pharmacokinetics
(PK) in different situations. Responses with a rapid
onset and short duration are most consistent with
therapeutic mechanisms that require high serum
concentrations of therapeutic IgG in order to compete
with pathologic autoantibodies, and are the subject of
this review. Ultimately, detailed studies correlating
changes in the serum IgG levels with the clinical
response at frequent (even daily) time points are
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necessary to achieve a better understanding of what
PD results are telling us about the mechanisms of
action of IgG.

Mechanisms of Action of IVIG

Many effects of IVIG have been demonstrated
in vitro (reviewed by Ballow, 2011; Lehmann and Har-
tung, 2011; Gelfand, 2012; Schwab and Nimmerjahn,
2013), but it is rarely clear which effects are most
important in any given disease in vivo. We hypothesize
that PD results characterized by a rapid onset of action,
strong dose dependency, and short duration suggest
direct competition between IVIG and putative patho-
logic autoantibodies. In turn, these characteristics
imply that the autoantibodies bear primary responsi-
bility for the nerve dysfunction, and that decreasing
the autoantibodies ameliorates the symptoms. Other
immunomodulatory effects of IVIG involving networks
of lymphocytes and/or antigen-presenting cells might
be less likely to have this type of time course or
dose-dependency. In this review, we focus on those
mechanisms of action of IVIG which most likely
involve direct competition with autoantibodies and
explore the evidence for a direct role of autoantibodies
in the pathophysiology of conditions with those PD
characteristics. In the long run, this type of analysis
should increase our understanding of IgG therapy and
how it can be optimized. Of all the proposed mecha-
nisms of action of IVIG, three stand out as the most
likely to involve direct competition with pathologic
autoantibodies, and these are discussed below.

Anti-idiotypic binding

Each person’s immune system makes approx-
imately 10'? different antibody specificities. This
remarkable diversity arises by splicing together mul-
tiple DNA segments to make a single antibody gene
(Tonegawa, 1983; Schroeder and Cavacini, 2010). The
heavy and light chains of each antibody molecule con-
tain small "hyper-variable regions’’ that together form
the antigen-binding site (Fig. 1). Upon exposure to an
antigen, a B-cell with a complementary binding site is
selected, and stimulated to secrete its particular anti-
body. That antibody may, in turn, seem “‘new’’ to the
body, and can serve as an antigen itself. Each unique
antigen-binding site is called an “idiotype"’, and an anti-
body which recognizes or blocks the antigen-binding
site of another antibody is called an “anti-idiotype”
[anti-id] (Schroeder and Cavacini, 2010; Ballow, 2011).
Some anti-ids may closely mimic the original antigen
and fit into its binding site, while others may block the
antigen-binding site by "'steric hindrance'’ (Fig. 1).

Since each individual's immune repertoire
arises randomly, it is readily understandable that
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Figure 1. Structure of IgG molecule illustrating antigen-binding sites and showing binding of anti-idiotypic antibodies that
resemble target antigen of the autoantibody (left) or block its antigen-binding site by “steric hindrance."”

some individuals may respond to a pathogen like
Campylobacter jejuni with antibodies that cross-react
with self-antigens, while other individuals recognize
different epitopes on the bacteria. Further, one can
speculate that individuals who mount rigorous anti-id
responses will rapidly bring a self-reactive response
under control, while others whose anti-id response is
weak or ineffective may continue to produce clinically
significant amounts of autoantibodies (Oak et al.,
2008). Since IVIG contains the antibodies from tens of
thousands of donors, it follows that it likely contains
many different anti-ids (Ballow, 2011).

Shortly after its introduction, IVIG was found to
neutralize "inhibitors’ of clotting Factor VIII (FVIII) in
hemophilia patients receiving replacement therapy
(Rossi et al., 1988). These "inhibitors’ are in fact
antibodies against FVIIl. F(ab’) fragments of IVIG,
which contain the antigen-binding sites, neutralized
the inhibitors, indicating anti-id binding (Rossi et al.,
1988). Subsequent studies have shown that IVIG
contains a wide variety of anti-ids, suggesting that
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anti-id suppression of potential autoimmunity is
actually quite common in normal physiology. The
most important support for an anti-id mechanism of
IVIG would be the observation that F(ab’) or F(ab'),
fragments from IVIG neutralize the autoantibody in
vitro or can remove it by affinity chromatography
(Table 1). Other examples of anti-ids in IVIG include:
antibodies that neutralize anti-DNA (Evans et al.,

Table 1. Types of evidence suggesting anti-idiotype
effect of intravenous immunoglobulin (IVIG).

eTissue dysfunction/pathology is independent from Fc
receptor bearing effector cells

eRemoval of pathologic antibodies by plasma exchange has
rapid effects

oEffects of plasma exchange are qualitatively and rapidly
reproduced by IVIG treatment

eAntibodies from patients’ sera bind to appropriate target
in vitro, and this binding can be blocked in a competitive
way by IVIG

eF(ab)’ and/or F(ab)’, fragments of the IVIG have the same
effect as IVIG in vitro
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1991), anti-ganglioside antibodies (Lopez et al., 2000;
Jacobs et al., 2003), antibodies to M3 acetylcholine
receptors (AChRs) (Cavill et al., 2003, Smith et al.,
2005), anti-GAD (Oak et al., 2008), anti-microsomal
antibodies (Tandon et al., 1992), anti-thyroglobulin
(Dietrich and Kazatchkine, 1990), and others. Although
an early search for anti-ids to autoantibodies to
nicotinic AChRs in myasthenia gravis (MG) patients’
sera was not fruitful (Vincent et al., 1988), subsequent
papers have suggested that IVIG does contain anti-ids
against AChR autoantibodies (Liblau et al., 1991).

FcRn saturation increases catabolism
of endogenous antibodies

Catabolism of IgG is controlled by the same Fc
receptor which transports IgG across the placenta,
FcRn (Yu and Lennon, 1999). FcRn on endothelial cells
binds and internalizes circulating IgG using a pathway
which is protected from lysosomal degradation (Fig. 2).
The IgG is recycled back to the cell surface and re-
released into the plasma. This maintains the relatively
high normal concentration and long half-life of IgG
in the circulation (Yu and Lennon, 1999). In contrast,
IgA and IgM do not bind to FcRn (Yu and Lennon,
1999) and have very short half-lives (Fahey and Sell,
1965). In FcRn knockout mice and in patients with
FcRn mutations, the half-life of IgG is very short and
its plasma concentration is quite low (Junghans and
Anderson, 1996, Wani et al., 2006). Furthermore, it is
difficult to passively transfer lgG-mediated pathology
to FcRn knockout mice because the half-life of the
pathologic IgG is too short (Li et al., 2005). By analogy,
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if FcRn is saturated by high doses of exogenous
IVIG, the catabolism of endogenous pathologic IgG
is greatly increased (Hansen and Balthasar, 2003). In
wild-type mice, high dose IgG dramatically increases
the catabolism of pathogenic I1gG; while in FcRn
knockout mice, high dose IgG does not further enhance
the already rapid catabolism of exogenous pathologic
IgG (Li et al., 2005). Thus, by saturating FcRn with
normal antibodies, IVIG can increase degradation of
pathogenic autoantibodies. This therapeutic effect
therefore requires that the total IgG concentration
exceeds the binding capacity of FcRn and depends
on the ratio of the serum concentration of normal
IgG to the concentration of pathogenic autoantibodies
(Hansen and Balthasar, 2003).

Both of the above mechanisms would decrease
the amount of pathologic autoantibody available for
binding to its target. This is nicely illustrated by
the correlation between clinical improvement and
decreased levels of anti-glutamic acid decarboxylase
(anti-GAD) antibodies before and after IVIG treatment
in stiff-person syndrome (Fig. 3) (Dalakas et al., 2001,
Shiraishi et al., 2002).

Complement scavenging

Complement components C4 and C3 contain a
unigue internal thioester bond, which upon activation,
transfers covalently to a free amino or hydroxyl group
on the target (Walport, 1969). The CH1 domain of
IgG has particularly good acceptors for this transfer.
For example, when complement is activated by IgG on
pneumococcus, much of C3b attaches to the IgG rather
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FcRn allows intravenous immunoglobulin (IVIG, yellow) to selectively increase degradation of pathogenic IgG (blue) (center
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Figure 3. Anti-GAD 65 antibodies in patients with “stiff-
person syndrome’’ during treatment with IVIG or placebo.
From Dalakas et al. (2001); reproduced with permission from
the publisher.

than the bacteria itself (Brown et al., 1983). Therefore,
we hypothesized that high concentrations of soluble
IgG might compete with surface-bound IgG for newly
activated C4b and C3b. At concentrations readily
achieved during therapy, IVIG caused dose-dependent
inhibition of '?°|-C3b uptake onto antibody-coated
erythrocytes, and inhibited complement-mediated lysis
(Fig. 4) (Berger et al., 1985). This phenomenon, in
which soluble “irrelevant’ IgG competes with bound
lgG on the target for attachment of C3b is termed
"complement scavenging” and is believed to be
important in the efficacy of IVIG in complement-
mediated diseases. Therefore, this mechanism may be
especially important in Guillain-Barré syndrome (GBS),
since complement activation likely plays a crucial role
in its pathogenesis (see section on GBS below). The
2009 study by Kuitwaard et al., which clearly illustrates
a correlation between the increments in the serum
IgG level achieved after IVIG treatment and the clinical
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outcome in GBS patients (Fig. ), is likely an important
in vivo example of this phenomenon.

Inhibition of C4b and C3b binding also decreases
amplification by the complement cascade, decreasing
activation of C5 and deposition of the membrane attack
complex (MAC). This accounts for the decreased
hemolysis of the antibody-coated erythrocytes in Fig. 4
(Berger et al., 1985). Inhibition of formation of the
amplification convertases and of C5 cleavage should
also reduce generation of the potent chemoattractant
Cbha and thus decrease infiltration of inflammatory
leukocytes. Clinical improvement following [IVIG
treatment in dermatomyositis has been reported to
be accompanied by decreased activation of C3 and
decreased deposition of C3b and C5-9 on endomysial
capillaries (Basta and Dalakas, 1994; Quick and
Tandan, 20117). Basta et al. (2003) also showed that
IgG could bind C3a and Cba non-covalently, thereby
diminishing their pro-inflammatory effects.

Other Actions of IVIG that Do Not
Involve Competition Per Se

Most recent reviews of mechanisms of action
of IVIG focus on putative immunomodulatory effects
involving networks of T-cells, B-cells, and cytokines
(Ballow, 2011, Schwab and Nimmerjahn, 2013).
Modulation of macrophages or self-reactive T-cells
is more likely to be important when these cells,
rather than autoantibodies themselves, are directly
responsible for the end-organ pathology. Furthermore,
many of these immunomodulatory effects of IVIG have
prolonged time courses, and are therefore not likely to
be responsible for therapeutic effects that "'wear-off”
before one half-life of IVIG (Ballow, 2011, Gelfand,
2012; Schwab and Nimmerjahn, 2013). Conversely,
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Figure 4. Dose-dependent inhibition by intravenous immunoglobulin (IVIG) of uptake of C3b onto sensitized sheep
erythrocytes (left) and also of lysis of the targets (right). Human serum albumin (control) has no effect. Note that a
protein concentration in this system of 20mg/ml is the equivalent of a serum IgG concentration of 2,000 mg/dl, easily
achieved during IVIG therapy. From Berger et al. (1985); reproduced with permission from the publisher.
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Figure 5. Correlation of clinical outcome with increment in
serum IgG after treatment in GBS. Proportion of patients
who regained the ability to walk unaided in quartiles
based on increase in serum immunoglobulin IgG 2 weeks
after treatment with a standard high dose of intravenous
immunoglobulin (IVIG). The Kaplan-Meier curves show the
cumulative fractions of patients walking unaided along time
grouped according to the quartiles (1-4) of increase in serum
IgG. Cutoff values of AlgG for quartile 1: 3.99¢g/l (n=43),
quartile 2: 3.99-7.30g/I (n=45); quartile 3: 7.31-10.92 g/l
(n=43); and quartile 4:10.92 g/l (n=43). p Value is based
on the log-rank test for trend. From Kuitwaard et al. (2009),
reproduced with permission from the publisher.

highly concentration-dependent and/or short-lived PD
effects suggest that the administered IgG is compet-
ing with autoantibodies which are directly responsible
for the pathology. Symptomatic improvement fol-
lowing IVIG in CIDP, multifocal motor neuropathy
(MMN), and MG is transient, and the IVIG must be
administered repeatedly at intervals <3-4weeks to
maintain its clinical effect (Ruegg et al., 2004; Harbo
et al., 2009b; Lin et al., 2011, Pollard and Armati,
2011). Recent reports of individualized regimens show
that 28%-60% of CIDP patients require IVIG every
2weeks or even more frequently for optimal main-
tenance of strength (Broyles et al., 2013, Kokubun
et al., 2013; Kuitwaard et al., 2013; Rajabally et al.,
2013). In contrast to transient relief of symptoms, true
remission often requires immunomodulators other
than IVIG, as shown in Fig. 6A (Pollard and Armati,
2011). Different mechanisms of action of steroids vs.
IVIG are also suggested by recent results showing
that a higher proportion of CIDP patients treated with
high dose methylprednisolone maintained long-term
remission than those treated with IVIG (Nobile-Orazio
etal., 2012).
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IVIG can interfere with maturation of dendritic
cells in vitro and can inhibit expression of HLA-antigen
complexes and co-stimulatory molecules (Bayry et al.,
2003a; 2003b;, Ballow, 2011). Although IVIG has
been reported to decrease the number of antigen-
presenting dendritic cells in the CSF of patients with
GBS and CIDP, the pathophysiologic role of these cells
is not clear, because they do not prominently infiltrate
peripheral nerves (Press et al., 2005). Decreasing
dendritic cell activity could conceivably limit the
duration of GBS, but this seems unlikely to explain the
rapid and reversible effects of IVIG in CIDP (Fig. 6A)
(Pollard and Armati, 2011).

IVIG can decrease production of the pro-
inflammatory cytokines IL-1, IL-12, and IFN-y; and
increase production of regulatory molecules including
IL-10 and IL-1 RA (Gupta et al., 20017; Kessel et al.,
2007; Ballow, 2011). Altering these cytokines can
affect the balance between regulatory (CD25+) and
effector (CD8+) T-cells (Kessel et al.,, 2007), and
decrease the inflammatory activity of macrophages.
However, the pathology of CIDP, GBS, and MG more
prominently involves direct effects of antibodies and/or
complement than macrophages or T-cells. It is not
clear how modulating T-cells or macrophages could
produce the rapid onset and short duration of ben-
eficial effects in several studies of these conditions.
One report showed that IVIG decreased the B-cell
activating cytokine BAFF, which was elevated in CIDP
patients, but the clinical correlation was poor (Bick
et al., 2013). Neither the role of BAFF in autoantibody
production in vivo, nor the time course of the putative
response to decreasing BAFF was described. A recent
report that IVIG decreases the number and activity
of natural killer cells in CIDP patients more likely
represents in vitro blockade of CD16 by immune
complexes than genuine physiologic downregulation
(Bohn et al., 2011). Furthermore, a role for NK cells in
CIDP pathology has not been established.

There has recently been intense interest in the
hypothesis that enhanced expression of an inhibitory
receptor, FcRIIB, is induced by a small subset of
molecules in IVIG. IgG molecules which are fully
sialylated are hypothesized to indirectly increase
FcRIIB expression, thereby inhibiting inflammatory
activity of macrophages (Anthony et al., 2012). This
is proposed to account for the need for high dose
IVIG to achieve anti-inflammatory effects, since only a
small percentage of its molecules are fully sialylated.
Although a mouse model showed that 33 mg/kg of a
highly sialylated Fc analog could replicate the effects
of 1g/kg of standard IVIG (Kaveri et al., 2008), these
results appear to be very strain-specific, with B6 mice
requiring 2-2.5g of IVIG/kg to achieve the same
increase in platelet counts in a model of ITP as BALB/c
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mice given 0.5-1g/kg (Leontyev et al., 2012a). Thus,
the relevance of these mouse studies to diverse
human patients is not clear. In a different mouse model
of ITP, sialic acid-enriched vs. sialic acid-depleted
IVIG preparations did not dramatically differ in efficacy
(Leontyev et al., 2012b). Furthermore, "knocking out"
FcRIIB in mice does not abrogate the effects of IVIG
on ITP (Leontyev et al., 2012a), and knocking out
FcRIIB does not cause more severe experimental MG
in mice immunized with AChR (Li et al., 2008). Thus,
the significance of recent reports of decreased FcRIIB
on circulating B lymphocytes in CIDP patients (Tacken-
berg et al., 2009, Nimmerjahn and Lunemann, 2011),
do not shed much light on the role of this receptor in
human CIDP, nor how it interacts with IVIG's effects.

Mechanisms by Which Autoantibodies
Can Induce Pathology

To delineate which mechanism(s) of IVIG is/are
most important in any given disease, we should first
understand as much as possible about its pathogen-
esis. Therefore, we will review the mechanisms by
which autoantibodies induce pathology before we
consider how IVIG ameliorates their effects.

Direct effects of Ig binding

Binding of antibody to a self-antigen can have
many different consequences, which are not mutually
exclusive. First, a bound IgG or IgM molecule may
block the interaction of an important cell surface
molecule such as a receptor with its ligand or other
signaling molecules. Receptor blockade by antibod-
ies is well-recognized in type B insulin resistance
(Rodriguez et al., 1992), MG (Drachman et al., 1982)
and dysautonomias (Klein et al., 2003). Antibody
binding can also cause conformational changes which
enhance receptor activity. For example, autoantibodies
cause hyperthyroidism in Graves' disease by binding
to and activating the thyroid stimulating hormone
receptor (TSHR), and TSHR-antibody complexes
closely mimic TSHR-ligand crystals (Nunez Miguel
et al., 2009). Receptor-activating autoantibodies are
believed to contribute to several other diseases as
well (Xia and Kellems, 2011).

Antibody molecules are polyvalent, and can cross-
link or aggregate cell surface molecules, bringing them
into patches or a “‘cap’ in one area of the membrane
(Karnovsky and Unanue, 1978). Such "‘patching’ or
"capping’’ often leads to internalization and removal
of the receptors and other proteins from the cell
surface, eliminating their function. Antibodies against
gangliosides can also cause redistribution of lipids and
functionally important proteins into or out of “lipid
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rafts’’ (Spiegel et al., 1984, Ueda et al., 2010), thereby
disrupting the function of specialized areas of the
membrane, such as nodes of Ranvier.

Indirect effects: effector mechanisms activated
by the Fc region of Ig

Besides direct effects of IgG or IgM on membrane
antigens, the effector mechanisms they recruit also
frequently contribute to the pathology (Anthony et al.,
2012; Schwab and Nimmerjahn, 2013). When two or
more 1gGy or IgGz molecules bind near each other, or
multiple IgM binding sites are engaged, C1q binds and
the classical pathway of complement will be activated,
culminating in formation of the C5b-9 MAC (Walport,
1969). The MAC is a large, non-selective, protein-lined
pore in the cell membrane which allows bidirectional
flow of water, ions, and other solutes. A single MAC
can lyse an erythrocyte (Walport, 1969), but nucleated
cells can protect themselves by shedding or internal-
izing membrane vesicles (Moskovich and Fishelson,
2007). Although removal of bits of membrane may
allow the cell to survive, key receptors and/or other
important proteins may be lost, diminishing the cell's
ability to respond to stimuli. This is believed to account
for the disappearance of AChRs from the post-synaptic
membranes and their so-called "'simplification” in MG
(Vincent et al., 2006). The presence of a non-selective
pore in a cell membrane or axon compromises the
electrical potential and ion gradients which are nec-
essary for impulse conduction. Ca?* influx through
MAC pores can activate the intracellular protease cal-
pain, which can then cleave intracellular tails of ion
channels and other proteins, disrupting organization of
specialized membrane domains such as the node of
Ranvier or motor terminal (McGonigal et al., 2010).
This is believed to be important in acute motor axonal
neuropathy (AMAN), and may be important in other
forms of GBS and in CIDP. Plomp and Willison have
emphasized that anti-ganglioside antibodies together
with complement can have pathological effects at neu-
romuscular junctions (NMJs) which mimic ““"demyeli-
nation” (Plomp and Willison, 2009).

Interactions of IgG with Fcy receptors on myeloid
cells can activate phagocytosis and cell-mediated
cytotoxicity (Anthony et al., 2012; Schwab and Nim-
merjahn, 2013). van Sorge et al., (2003) demonstrated
that anti-GM1 antibodies from GBS patients induced
phagocytosis of GM1-coated beads and leukocyte
degranulation. However, the importance of leukocytes,
as opposed to complement, in the pathology of GBS in
vivo is not clear. Microglia also express FcR, but their
function on the microglia is not known (Ulvestad et al.,
1994). Inflammatory cells bound to targets by the Fc of
IgG can release proteases and highly reactive oxygen
radicals. In addition, FcR engagement frequently
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induces production of pro-inflammatory cytokines
and chemoattractants. When autoantibodies recruit
inflammatory cells as their principal effectors, the
target organ is generally surrounded by or heavily
infiltrated with those cells, but that is not a major
feature of the diseases discussed here.

Autoantibodies Can Induce Axonal
Dysfunction Without Structural
Demyelination Per Se

The clinical presentation and course of antibody-
mediated peripheral neuropathies likely represent the
sum of multiple different effects which may differ
in importance as the condition progresses. In MG
for example, antibodies alone can block AChR, then
subsequent complement damage can lead to loss
of post-synaptic folds. In neuropathies, attack on
Schwann cells or myelin may spare the axon itself.
On the other hand, axon dysfunction can occur with
or without significant structural damage, and without
demyelination or degeneration per se. Autoantibodies
can cause acute ion channel dysfunction, impairing
signal propagation and contributing significantly to
symptom severity, without structural damage. IgG
antibodies with different Fc domains (i.e., different sub-
classes) have different clinical effects. For example,
IgG subclasses 2 and 4 do not strongly activate comple-
ment, but may block a functionally important channel
without actually inducing membrane damage. On the
other hand, IgM and IgG and IgGsz, which do activate
complement, can also initiate inflammation and C5-9
attack on the axolemma, eventually causing it to
drop out completely. Delineation of demyelination and
remyelination/repair vs. ion channel dysfunction and/or
frank axonal injury may hold important keys to under-
standing the pathophysiology of conduction block and
optimizing treatment of peripheral neuropathies.

In early kinetic studies, Saida et al. injected anti-
galactocerebroside antibodies into the sciatic nerves of
rats. Focal conduction block began within 30—60 min,
and progressed to completion within 3-4h, while
demyelination did not begin for several hours and was
not complete until 5days later. This clearly suggested
dissociation between antibody-induced conduction
failure and observable demyelination (Saida et al.,
1980). Spontaneous recovery and remyelination were
noted beginning at days 8-9 (Saida et al., 1980).
However, a few axons recovered normal latency by
3days, suggesting a reversible effect independent
of demyelination—remyelination per se. They also
showed that acute conduction block was associated
with a striking reduction in the normally dense staining
of Na™ channels in the nodes of Ranvier, at a time
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when only minimal paranodal demyelination was
visible. Thus, the rapid disappearance of the normal
architecture in the node, rather than demyelination
per se, was considered the morphologic correlate
of the loss of axonal excitability (Saida et al., 1984).
Yuki drew similar conclusions about axonal damage
and degeneration without demyelination from serial
studies of patients with AMAN, and from injecting
their IgG into rat sciatic nerves (Yuki et al., 2007). GM1
and GD1a are concentrated at nodes of Ranvier, where
voltage-gated Na+channels are also concentrated.
Dispersing the clustered Na™ channels may be an
important means by which anti-ganglioside antibodies
disrupt nodal function. Some of these antibodies also
activate complement, which could cause detachment
of myelin beginning at the paranode. However,
Saida’s results suggest that the antibody-mediated
dysfunction of ion channels and of the architecture
which holds them in place may actually be more
important in the overall morbidity than demyelination
per se. Certainly, ion channel dysfunction seems
more likely to be readily reversible than demyelination
per se, and is a more likely explanation for the rapid
changes in excitability described by Lin et al. (2011)
after vs. before IVIG treatment in vivo. Although some
macrophages may be in the proximity of affected
nerves, they may be acting more as scavengers
of debris and detached myelin than as agents of
destruction (Saida et al., 1980; Naba et al., 2000,
Kiefer et al., 2001; Yuki and Hartung, 2012).

Deciphering Which Mechanism(s) Are
Important /n Vivo

A key link in the hypothesis that IVIG acts in
direct competition with pathologic autoantibodies is
the notion that the autoantibodies are directly involved
in the pathophysiology. One of the most compelling
criteria for a major role of antibody per se in an
autoimmune disease is a response to removal of the
antibodies by plasma exchange (PE). PE has been
reported to be beneficial in MG, GBS (particularly the
acute idiopathic demyelinating polyneuropathy [AIDP]
variants), CIDP, and some CNS disorders (Cortese
et al., 2011, Lehmann and Hartung, 2011). Unlike
several other peripheral neuropathies, MMN does not
respond to PE or corticosteroids (Donaghy et al., 1994,
Carpo et al., 1998; Lehmann et al., 2008). The reasons
for this and a detailed understanding of the pathophysi-
ology of MMN remain elusive (Muley and Parry, 2012).
Demonstrating that plasma and/or purified antibodies
from patients cause similar symptoms or pathology
in animals (i.e., passive transfer using only soluble
mediators) or in ex vivo models also strongly supports
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a major role for antibodies as the effectors. Corre-
lations between antibody titer and symptoms would
strengthen the argument that antibodies are directly
responsible for neural dysfunction, but the available
assays often lack sufficient quantitative sensitivity. Fur-
thermore, in many cases there may be a rapid response
to PE even though an antibody is not detectable in vitro.
Such observations suggest that an appropriate antigen
and/or assay have not yet been identified, or that some-
thing other than an antibody (i.e., a soluble toxin or
cytokine) has been removed. Ultimately, isolation and
molecular characterization of the autoantibodies and
their antigen(s) should clarify their role. Obviously, iden-
tification of antibody staining to relevant cellular targets
in affected patient tissues, when obtainable, would
support a role for antibody. However, failure to demon-
strate 1gG in situ does not rule out internalization,
degradation, or binding of the autoantibodies by other
proteins. No single one of these criteria is pathognomic
for a role of antibodies per se, but the more that are
fulfilled, the more likely it is that antibodies are respon-
sible. A few examples of the extent to which these
criteria can be applied to different conditions follow.

Myasthenia gravis

MG is one of the best characterized autoantibody-
mediated diseases and is thus an important example
in which PK-PD data are available and mechanisms
of action have been defined. Antibodies against
nicotinic AChR or muscle specific tyrosine kinase
(MuSK) are detectable in more than 80% of patients
with generalized disease, and in 50% of patients
with ocular disease (Lindstrom et al., 1976; Vin-
cent et al., 2006; Jacob et al., 2012). In addition
to cholinesterase inhibitors, most patients require
immunomodulatory therapy. PE and IVIG are consid-
ered "rapid immunomodulators,” which have quick
onset, relatively short-lived effects, and are particularly
useful during myasthenic crises and before thymec-
tomy (Kim et al., 20117, Bird, 2013). Early PE studies
demonstrated improvement in strength during the pro-
cedure itself in three of five patients, and within hours
in the other two (Dau et al., 1977). However, the maxi-
mum effect of PE required 24 h or more. These studies
lacked sham exchange controls, so placebo effects
cannot be ruled out. In another early study, improve-
ments in strength were noted within 2 days of PE in
six of seven patients (Newsom-Davis et al., 1978). In
both studies, the improvements in strength were asso-
ciated with decreases in anti-AChR antibodies. Subse-
quent losses of strength, accompanied by increasing
antibody titers, recurred within days in both studies.

In 1982, Drachmann et al. showed that MG
patients’ antibodies blocked binding of a-bungarotoxin
to the site at which acetylcholine binds to AChR in
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vitro at 4°C, and also that these antibodies accelerated
AChR degradation at 37°C. The different temperatures
allow delineation of two different mechanisms: at
4°C, direct blockade of a functionally important site
by autoantibodies; vs. at 37°C, cross-linking of AChR
leading to internalization and intracellular degradation.
Interestingly, there was no correlation between these
two different activities in the sera from 44 different
patients (Drachman et al., 1982). This is likely due to a
spectrum of antibodies against different determinants
or subunits of the AChRs in the different patients’
sera (Lindstrom et al., 1976; Herrmann et al., 1985).
Subsequently, Jahn et al. demonstrated that IgG
from patients with MG caused reversible blockade
of AChR channels in vitro within less than 1 min.
With prolonged incubation, however, the receptor
blockade became irreversible, presumably due to
internalization and degradation (Jahn et al., 2000). The
ability of the bivalent IgG antibodies to first block
and then subsequently to cause cross-linking and
internalization of AChR has been emphasized by the
observation that cleaving the IgG into monovalent Fab
fragments abrogated that effect (Vincent et al., 2006).
Furthermore, complement activation by the antibodies
contributes to receptor and membrane loss and
morphological changes such as the “‘simplification”
of post-synaptic membrane folds seen on microscopic
examination (Vincent et al., 2006). Membrane loss
can also account for the loss of functionally important
ion channels and other proteins besides the AChRs
(Vincent et al., 2006, Serra et al., 2012).

Early studies of IVIG treatment in MG used 2 g/kg
over 4-5days. Arsura et al. (1986) reported that 11
of 12 patients responded, beginning at a mean of
3.6+2.7days. Cosi et al. (1991) reported that 46%
of patients responded within 6days of beginning
treatment and 70% responded by 12 days; and Edan
and Landgraf (71994) reported that 7 of 10 patients
showed definite responses within 7 days. Thus, rapid,
if only partial, responses may be seen after a single
course of IVIG, but repeated infusions are necessary
to maintain the improvement.

Taken together, these observations support the
hypotheses that rapidly reversible, functional effects
of autoantibodies play a role in the pathogenesis of
MG. Competitive binding of anti-ids in the IVIG to the
patient’s autoantibodies may be one mechanism of
the rapid effects of this therapy, with the response
in hours reflecting the time necessary to resynthesize
AChR (Newsom-Davis et al., 1978; Vincent et al.,
2006). The ability of IVIG to compete for deposition
of complement also seems likely to contribute to its
therapeutic effects in MG, with the response time
again reflecting the time necessary for repairing the
membrane (Vincent et al., 2006).
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Lambert-Eaton Myasthenic syndrome

Lambert-Eaton Myasthenic syndrome (LEMS)
is characterized by proximal muscle weakness and
increased fatigability, most often occurring as a
paraneoplastic condition in patients with small cell
lung cancer (Titulaer et al., 2011, Nobile-Orazio
and Gallia, 2013). Antibodies to voltage-gated Ca’*t
channels are found in 90% of cases and are believed
to have effects on the pre-synaptic membrane anal-
ogous to the effects of anti-AChR antibodies on the
post-synaptic membrane in MG. In passive transfer
experiments, patients’ antibodies caused a reduction
in functional Ca?t channels as well as ultrastructural
disorganization of the pre-synaptic active zones (Fuku-
naga et al., 1983). PE and IVIG are both beneficial. A
randomized, crossover, double-blinded placebo con-
trolled study by Bain et al. showed improvements in
all measures of strength following IVIG, but there was
not a strong correlation with decreased autoantibody
titers. Initial attempts to show binding of IVIG to Ca?*
channel antibodies using immunoprecipitation were
negative (Bain et al., 1996). Subsequently, however,
more sensitive patch-clamp studies of the excitatory
potentials induced by release of individual pre-synaptic
vesicles clearly showed that IgG from LEMS patients
caused profound, concentration-dependent, inhibition
within 1h. Co-incubation of the LEMS IgG with IVIG
or monovalent Fab’ fragments reduced or completely
blocked this activity (Buchwald et al., 2005). The
ability of Fab' fragments to block the pathologic effect
of the LEMS IgG clearly implies anti-id neutralization.
The authors concluded that “‘repeated administration
of IVIG keeps the level of inhibitory 1gG antibodies
high enough to neutralize the pathogenic antibodies
and prevent them from binding to ... their target
antigen,”" although they also discussed other possible
mechanisms (Buchwald et al., 2005).

Guillain-Barré Syndrome and its
Variants

GBS is classically considered a ““demyelinating”
disease, particularly by non-neurologists, but experts
often distinguish variants with predominantly axonal
dysfunction/damage (AMAN) from those dominated
by demyelination per se (AIDP). AIDP generally
predominates, while the prevalence of AMAN varies
geographically (Ho et al., 1995; Vucic et al., 2009).
Although often described as monophasic and self-
limited with a good prognosis, 5%-10% of GBS
patients succumb and as many as 20% of survivors
have long-term disability (Hughes et al., 2007; Yuki and
Hartung, 2012). Thus, there is still room for improve-
ment in recognition and optimal treatment of GBS.
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The importance of autoantibodies and the classical
pathway of complement in GBS were established
in the mid-1980s by studies reporting antibodies to
gangliosides in patients’ sera (llyas et al., 1988),
IgG and C1 bound to peripheral nerve myelin, and
soluble C5b-9 complexes in serum (Koski et al., 1986,
1987; van Doorn et al., 1987). Some studies report
autoantibodies to gangliosides and/or glycolipids in as
many as 60% of AMAN and Miller-Fisher syndrome
(MFS) patients (Ariga and Yu, 2005; Chavada and
Willison, 2012). Although acute-phase sera patients’
antibodies induced demyelination in animals (Koski
et al., 1986), and the titers fell as the patients
recovered (Vriesendorp et al., 1991), pathogenic
autoantibodies in AIDP variants are not as well defined
as in AMAN and acute motor and sensory axonal
neuropathy (AMSAN) variants (Kuwabara et al., 1998,
Lehmann and Hartung, 2011; Chavada and Willison,
2012). It seems likely that autoantibodies which target
Schwann cell antigens are more likely to result in
features of AIDP and those which target the axolemma
itself more likely cause the AMAN pattern. Nodes of
Ranvier, where axonal antigens are exposed but may
be surrounded by and held in place by Schwann cell
antigens such as the adhesion molecule gliomedin,
may be disrupted by either type of antibody, possibly
explaining overlapping clinical features (Devaux, 2012,
Devaux et al., 2012; Yuki, 2012; Yuki and Hartung,
2012). In vitro studies of antibodies alone vs. antibodies
plus complement suggest that functional effects on
conduction as well as cytotoxic effects are strongly
dependent on complement, with relatively little direct
effect of anti-ganglioside and/or other antibodies in
the absence of complement (for particularly good
examples, see Jacobs et al., 2003, Zhang et al., 2004,
respectively).

GBS is considered the archetypical example of
the molecular mimicry theory of autoimmune disease,
because the carbohydrate moieties of gangliosides
such as GM1 are found both in the lipooligosaccharide
(LOS) of C. jejuni and in human peripheral nerves. Most
experts now consider GBS a spectrum of diseases
whose predominant clinical features are determined
by the specificities of the autoantibodies produced by
particular patients in response to different specific
pathogens (Arcila-Londono and Lewis, 2012; Yuki,
2012; Yuki and Hartung, 2012). The role of antecedent
C. jejuni infection was postulated in the early 1980s
based on epidemiologic and serologic studies (Rhodes
and Tattersfield, 1982; Kaldor and Speed, 1984). The
association was further strengthened by Yuki et al.
(1990) and Rees et al. (1995a; 1995b). A recent survey
from France showed that 43.8% of GBS patients had
serologic evidence of recent infection: 24.6% with
C. jejuni; 12.4% with cytomegalovirus; 3.2% with
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mycoplasma and 1.3% with Epstein-Barr virus (Caudie
et al.,, 2011). Of those with serologic evidence of
recent infection, 61% had anti-ganglioside antibodies
(Caudie et al., 2011). MFS patients also frequently
recount infection with C. jejuni or Haemophilus
influenzae (Koga et al., 2005; Yuki and Hartung, 2012).
Differences in incidence and clinical presentations
in different regions of the world may be due to
infection with pathogens that bear LOS with different
structures, leading to formation of different spectrums
of autoantibodies (Arcila-Londono and Lewis, 2012,
Yuki, 2012).

An important role of carbohydrate antigens in GBS
was confirmed by inducing axonal injury in animals with
sera from AMAN patients which contained antibody
to GD1a (Goodfellow et al., 2005). Furthermore,
attempted therapeutic administration of bovine
ganglioside mixtures to humans induced formation of
anti-ganglioside antibodies and neuropathic symptoms
(Yuki, 2012). Subsequently, these gangliosides, which
were withdrawn from human use, were shown to
induce anti-ganglioside antibodies and an AMAN-
like syndrome in rabbits (Yuki et al., 2007, Yuki,
2012). In animal models, anti-GM1 and anti-GD1a
can induce complement-mediated disruption of nodal
architecture, resulting in conduction block (Susuki
etal., 2012). Antibodies to GM1 and GD1a have been
identified in AMAN patients and are more prevalent
in those with antecedent diarrhea (Capasso et al.,
2003; Sekiguchi et al., 2012). Kuwabara et al. (1998)
found statistically significant correlations between anti-
GMT1 titer and electrophysiologic diagnoses in GBS.
In GM1-antibody positive patients, conduction block
resolved rapidly as the antibody titers fell. Recovery
was accompanied by rapid increases in amplitude of
distal compound muscle action potentials, rather than
prolonged duration or polyphasic action potentials,
which would be more typical of remyelination per se.
They therefore concluded that anti-GM1 antibodies
caused reversible physiologic impairment of nodal
function by effects on the axolemma. /to et al.
reported that 65% of acute ataxic GBS patients had
anti-GQ1b (lto et al., 2011). Of 31 patients with C.
jejuni infection preceding pharyngeal-cervical-brachial
weakness, 51% had anti-GT1a and 39% had anti-
GQ1b (Nagashima et al., 2007). Anti-GQ1b antibodies
were reported in 68% of patients with Bickerstaff's
brainstem encephalitis (Shahrizaila and Yuki, 2013) and
anti-GQ1b antibodies which bind to human oculomotor
nerves are prevalent in MFS patients with ataxia,
areflexia, and ophthalmoplegia (Chiba et al., 1993).
Thus, the different clinical presentations likely reflect
the exact distribution of gangliosides in different
nerves and the spectrum of anti-ganglioside antibodies
produced by any particular patient. Arecent study using
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sensitive assays with tissue culture cells transfected
with individual nodal proteins reported that IgG from
~25% of patients with CIDP and the AMAN and
AIDP forms of GBS bound to nodal proteins such as
neurofascin (NF186), gliomedin, and/or neuronal cell
adhesion molecule (Devaux et al., 2012). Interestingly,
25% of AMAN patients’ sera contained antibodies
to GM1 or GD1b as well as nodal proteins (Devaux
et al., 2012). Some of these additional antibodies may
be formed against antigens released following initial
nerve injury by a narrower spectrum of self-reactive
antibodies (i.e., against the gangliosides alone), but
further work is necessary to test that possibility.

PE was first reported to be effective in GBS in
1978 (Brettle et al., 1978) and was well established
by progressively larger case series through the 1980s
(Zerbi et al., 1981; Tharakan et al., 1989), and a large
randomized controlled trial (RCT) at Johns Hopkins
(McKhann et al., 1988). A French RCT showed that
at least two PEs of 50 ml/kg were effective, but four
or five treatments were used in subsequent studies
(French Cooperative Group on Plasma Exchange in
Guillain-Barre Syndrome, 1987, 1997). Yuki et al.
(1998) reported that a single exchange of 40ml of
plasma/kg reduced IgG anti-ganglioside antibody titers
fourfold. A further twofold reduction could be achieved
by a second exchange, but subsequent exchanges
yielded little further reduction (Yuki et al., 1998).
PE is now established as a first-line treatment for
GBS (Cortese et al., 2011), strongly suggesting that
decreasing the titer of autoantibodies is beneficial. IVIG
became available in the early to mid-1980s and reports
of its use in GBS soon followed. A randomized, mul-
ticenter study of 150 GBS patients in Holland showed
that IVIG was more often successful than PE and led to
faster recovery amongst responders (van der Meche
and Schmitz, 1988). Since then, multiple studies have
shown that IVIG is at least as effective as PE, often with
fewer adverse effects (Cortese et al., 2011; Hughes
etal., 2012; Patwa et al., 2012; Vriesendorp, 2013).

The similarity in results with IVIG or PE is con-
sistent with the hypothesis that both act by reducing
the amounts of pathologic autoantibodies. It seems
clear that at least one mechanism of action of PE is
removing anti-ganglioside antibodies. Several studies
suggest that anti-id blocking is a major mechanism
by which the IVIG reduces autoantibodies. van Doorn
et al. demonstrated that antibodies in the sera of
GBS patients bound to neuroblastoma cells, and that
this binding could be blocked by F(ab’), of IVIG, or
F(ab’), of 1gG from patients who had recovered (van
Doorn et al., 1988; 1990; Lundkvist et al., 1993).
Subsequently, IVIG and its F(ab’), fragments were
reported to block binding of GBS patients’ antibodies
to GM1 inan ELISA (Malik etal., 1996; Yukiand Miyagi,



Berger et al.

1996). Lopez et al. showed that F(ab’), fragments of
normal IgG inhibited binding of GBS patients’ IgG to
GM1 in a dose-dependent fashion. The normal F(ab'),
fragments could not bind GM1 themselves, suggest-
ing that they block antigen-binding by the pathologic
antibodies (Lopez et al., 2000). Jacobs et al. (2003)
reported that IVIG caused dose-dependent inhibition
of binding of patient’s antibodies to GQ1b in an ELISA,
using sera from 12 patients with ophthalmoplegia due
to GBS or MFS. They also went a step further, using
an ex vivo mouse diaphragm NMJ model (Jacobs
et al., 2002). The patients’ sera had complement-
dependent "wa-latrotoxin-like effects” on the NMJs,
including increased miniature endplate potential fre-
quency and visible twitching. This was prevented if
IVIG was present during the incubation of the patients’
sera with the NMJ preparation; but not if the NMJs
were pre-incubated with IVIG before the patients’ sera.
If the IVIG was added after the patient’s IgG, it did not
inhibit the activity of the patients’ antibodies. This sug-
gests the IVIG was blocking binding of the patient’s
antibodies to the antigen, not the subsequent comple-
ment activation. Of course, since it is the pathologic
antibody which initiates the complement activation,
inhibiting its binding will decrease the complement-
mediated damage as well. Importantly, IVIG was effec-
tive in vitro at concentrations readily achievable during
high dose therapy: 5-25 mg/ml. Finally, it was shown
that patient sera obtained 2 and 4 weeks after IVIG
treatment in vivo lost the a-latrotoxin-like effects which
were present before treatment. Zhang et al. (2004)
showed that anti-GD1a antibodies in GBS sera are par-
ticularly effective inducers of complement-mediated
cytotoxicity of neuronal cell lines and that IVIG inhibits
this by blocking both the antibody binding and com-
plement deposition stages. van Doorn’'s observation
that F(ab’), from convalescent sera blocked the bind-
ing of acute-phase GBS IgG to neuroblastoma cells
(van Doorn et al., 1990) supports the hypothesis that
an anti-id response is important in limiting the cross-
reacting anti-self antibody production in vivo.

These observations which support anti-id binding
do not exclude competition of IVIG for complement
and/or its ability to increase catabolism of the patho-
logic IgG by saturating FcRn. Better understanding
of the contribution of each mechanism should allow
improvements in therapy. The PK of IVIG in GBS
patients varies widely, but the report by Kuitwaard et al.
(2009) that greater increases in serum IgG concen-
trations 2 weeks following IVIG treatment correlated
with better outcomes certainly supports a competitive
mechanism of action. Press et al. (2007) reported that
in a majority of GBS patients, initially elevated titers
of IgG anti-GM1 and/or anti-GD1a fell rapidly after
IVIG treatment. Together, these observations support
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a model in which a monophasic antibody response to
an acute but limited infection induces production of a
single wave of self-reactive antibodies. IVIG and/or PE
are most likely successful when they can reduce the
titers of these antibodies before irreversible damage
to nerves occurs. In that case, a single course of ther-
apy may be sufficient, especially if the patient’s own
anti-id response and/or other regulatory mechanisms
"kick-in""in time. However, if the titers and/or affinities
of the autoantibodies exceed the capacity of PE or
IVIG to remove or neutralize them, and if autoantibody
production continues, the patient may have continuing
pathology and significant long-term disability. Addi-
tional studies looking not only at levels of total IgG
after IVIG treatment, but also concomitantly at anti-
ganglioside antibody levels are likely to shed important
light on the most important mechanism(s) of action of
IVIG, and how treatment can be optimized to improve
outcomes.

Chronic Inflammatory Demyelinating
Polyneuropathy

Unlike GBS, CIDP patients do not usually recall
recent infections, and no causative or triggering agent
has been identified. Nevertheless, an autoimmune
etiology does not seem to be in doubt. Participation
of humoral as well as cellular immune mechanisms
in CIDP has been postulated, but their respective
contributions have not been delineated (Lehmann
and Hartung, 2011). "Onion bulbs” may be seen in
CIDP, and are usually attributed to repeated cycles of
injury and repair, but it is important to remember that
macrophages may be removing debris, rather than
damaging Schwann cells or axons per se (Saida et al.,
1980; Naba et al., 2000; Yuki and Hartung, 2012). One
difficulty defining the immunopathogenesis of CIDP is
the failure to identify a major putative antigen(s). How-
ever, sensitive assays using animal models and nodal
proteins (Devaux et al., 2012), and the efficacy of PE,
strongly support an autoantibody-mediated pathogen-
esis. Autoantibodies against gangliosides as well as
proteins have been reported, but there is no agreement
about any individual predominant antigen or autoan-
tibody (Peltier and Donofrio, 2012). Nerve excitability
studies (Kiernan et al., 2000) suggest that pathologic
autoantibodies cause a hyperpolarized state by
disrupting clustering of Na™ channels in the nodes and
altering the activity of Na™/K* ATPase (Cappelen-Smith
etal., 2000; Sung et al., 2004; Lin et al., 2011). These
findings have been replicated in laboratory models
with anti-ganglioside IgG and complement (McGonigal
et al., 2010). However, immunization of animals with
gliomedin, an adhesion molecule that maintains the
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localization of Na+ channels within the node, also
induces a CIDP-like syndrome (Devaux, 2012).

The effects of PE in CIDP may be fairly rapid,
with symptomatic improvement within days (Dyck
et al., 1986; Hahn et al., 1996a). A single series of
PE treatments rarely leads to remission, however, and
multiple courses are usually necessary (Choudhary and
Hughes, 1995). This is consistent with the conclusion
that PE removes autoantibodies but does not stop their
production. This may be analogous to the major action
of IVIG as well. IVIG and steroids are considered first-
line treatments for mixed sensory and motor CIDP,
and IVIG is considered first-line treatment for pure
motor CIDP (Joint Task Force of the EFNS and the
PNS, 2010; Van den Bergh et al., 2010). In randomized
clinical trials, IVIG has been reported to be effective
in 54%—-76% of patients (Hahn et al., 1996b; Mendell
et al., 2001; Hughes et al., 2008). Electrophysiologic
results suggesting that IVIG treatment in CIDP
modulates axonal excitability, stabilizes membrane
potential, and promotes functional recovery also show
that these effects wane within weeks (Boerio et al.,
2010; Linetal., 2011). Transient blocking of the effects
of autoantibodies on axonal excitability by IVIG could
explain anecdotal reports showing increasing strength
in affected muscles within days after IVIG treatment
but recurrent weakness after only a week or two
at the plateau. This type of response is illustrated
in Fig. 6A (Pollard and Armati, 2011). Nobile-Orazio
and Terenghi (2005) have also emphasized the rapid
but transient character of the response to IVIG in
CIDP, and the prolonged need for periodic infusions.
In the randomized, double-blinded “ICE" trial of IVIG
in CIDP, improvements in grip strength and INCAT
score correlated with improvements in compound
muscle action potential measurements and were seen
at the first post-IVIG determination, 16days after
treatment. Further improvement was recorded at 3
and 6weeks, but repeated measurements were not
taken before and after subsequent doses of IVIG (Bril
et al.,, 2010; Latov et al., 2010; Vanhoutte et al.,
2013). "Wearing off"" of the effect of each dose of
IVIG may be one reason that as many as 30% of
CIDP patients received IVIG at intervals <15days
in a recent US survey (Broyles et al., 2013), and
27% received IVIG at intervals of <271days in a
UK study aimed at minimizing the dose of IVIG
(Rajabally et al., 2006). Kuitwaard et al. (2013) recently
reported that use of a protocol for optimizing IVIG
treatment resulted in 60% of the patients receiving
IVIG at intervals <2 weeks, and a study using frequent
hand grip strength measurements to assess clinical
responses in two CIDP patients found that weekly
IVIG treatment and serum IgG levels >1,750 mg/dI
were required to maintain optimal strength (Kokubun
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et al., 2013). There are several anecdotal reports of
patients asking for "booster’” doses of IVIG before
their next monthly dose is due. Harbo et al. reported
that 6 of 11 CIDP patients on individualized regimens
began to lose strength within a few days when
their IVIG was delayed beyond the usual interval.
Conversely, they began to regain strength in <bdays
after an IVIG dose, although a plateau was not
achieved for 15days (Harbo et al., 2009b). Further
studies should compare IgG levels with strength
measurements at multiple time intervals during each
IVIG treatment cycle, as illustrated by Kokubun et al.
(2013). Ultimately, daily measurements with hand
grip dynamometers or other devices the patient can
use at home should help identify the best treatment
regimens. Anecdotal results suggest that weekly
dosing, which results in steady-state serum IgG levels,
leads to better continuous maintenance of motor
performance (Kokubun et al., 2013) but larger and
longer-term studies are needed. Transient responses
seem more compatible with mechanisms of action
of IVIG involving a competitive balance between
pathologic and therapeutic IgG, or competition for
complement binding, than with the time course
of remyelination and demyelination. Similarly, the
prolonged need for periodic treatment seems more
compatible with a reversible competitive effect, as
contrasted with longer-lasting effects on the underlying
autoimmune response. The latter seems more likely
to explain the long-term remissions achieved with
steroids (Nobile-Orazio et al., 2012).

Of course, any given molecule of pathologic IgG
bound to a protein or ganglioside at the node of Ranvier
can not only alter nodal function, but may also cause
detachment of myelin and/or recruit complement
and other effector mechanisms. Repeated cycles of
increased effector recruitment could eventually lead to
irreversible axon damage/destruction, and to long-term
disability, as shown in Fig. 6D. Viewed in that context,
monthly recurrences, and potentially negative effects
of lengthening the intervals between infusions (Mata
etal., 2006) may portend a less than optimal long-term
outcome. Should we shorten the interval between IVIG
doses or strive to maintain high steady-state I1gG levels
to prevent this?

Although IVIG reduces symptoms in a high
percentage of CIDP patients, optimal doses, and
infusion intervals have yet to be clearly established, and
individualization of treatment has been recommended
(Joint Task Force of the EFNS and the PNS, 2005,
Hughes et al., 2006). Dutch investigators and the
report of Kokubun suggest that higher therapeutic IgG
levels correlate with improved efficacy (van Doorn
et al., 2071). Achieving and maintaining adequate
increases in serum IgG may be critical for optimizing
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symptom improvement and minimizing long-term
disability, but the necessary IgG level likely varies
in different patients. An increased dosing frequency
might be beneficial, and a current clinical trial is aimed
at maintaining high steady-state IgG concentrations by
the use of weekly subcutaneous IgG (SCIG) infusions
(NTC # 01545076).

Multifocal Motor Neuropathy

Multifocal conduction blocks with eventual axon
loss and weakness are characteristic of MMN (Viam
et al., 2012). The putative target antigen(s) in MMN
and the possible contributions of anti-ganglioside or
other autoantibodies to disease pathology are not
clear. Approximately half of MMN patients have anti-
GM1 antibodies, primarily of the IgM isotype, which
correlate with more severe weakness, disability, and
axon loss as compared with antibody-negative patients
(Cats et al., 2010a). MMN sera containing IgM anti-
GM1 led to complement deposition in vitro (Piepers
et al., 2010; Yuki et al., 2011). Thus, analogously
to GBS, autoantibody-induced complement attack on
ganglioside-rich membrane domains may be important
in MMN. Interestingly, while IVIG is widely considered
to be effective in MMN (Cats et al., 2010b), neither
PE nor prednisone is very effective (Azulay et al.,
1994; Van den Berg et al., 1995; Federico et al.,
2000; Leger et al., 2001). 1t is possible that in MMN
the IVIG is mainly inhibiting complement, since IgM
is a very potent activator of that system. Reports
of reductions in serum C1g and C4 levels in MMN
patients support the latter possibility (Piepers et al.,
2010). Because of the multivalency of IgM, PE may
be less effective in removing high-affinity IgM than it
would be for IgG. Since IgM is not recycled by the
FcRn (Yu and Lennon, 1999), and has a short half-life
(Fahey and Sell, 1965), it is unlikely that IVIG promotes
catabolism of IgM autoantibodies. In most situations,
however, IgM is efficiently removed by PE because,
unlike IgG, it is mostly intravascular. One hypothesis
which could account for efficacy of IVIG but not PE
is that the pathology involves the alternative pathway
of complement, perhaps facilitated by abnormalities
in nerve membranes, and that IVIG is acting mainly
by inhibiting complement activation initiated by a
small amount of high-affinity IgM. Precedents for
alternative pathway-mediated pathology are provided
by paroxysmal nocturnal hemoglobinuria and atypical
hemolytic-uremic syndrome, both of which are
effectively treated by the anti-C5 monoclonal antibody
eculizumab (Holers, 2008).

Despite the lack of efficacy of PE (Piepers et al.,
2010; Yuki et al., 2011), it is still possible that anti-id
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antibodies contribute to the efficacy of IVIG in MMN.
A fascinating single case study strongly suggests that
IVIG acts by a competitive mechanism. A patient with
"antibody-negative’” MMN, who was nevertheless
responsive to IVIG, was requiring increasingly frequent
infusions to maintain strength. He was then treated
with the anti-B cell monoclonal antibody rituximab,
which presumably reduced autoantibody production,
resulting in near-doubling of the interval at which IVIG
was required (Ruegg et al., 2004). IVIG has been
shown to block binding of anti-ganglioside antibodies
from MMN patients in an ELISA (Yuki et al., 2011),
but IVIG can also have anti-id effects on specific T-cell
receptors (Lacroix-Desmazes et al., 1996). As occurs
in CIDP, a decrease in strength-duration time-constant
for CMAP follows IVIG infusions in MMN, suggesting
that decreased axonal excitability contributes to the
pathology (Boerio et al., 2010). Axonal excitability
improves shortly after IVIG infusions, but these effects
wane in subsequent weeks, before the next infusion
is due (Priori et al., 2002; Van den Berg-Vos et al.,
2002; Terenghi et al., 2004). Weekly subcutaneous
lgG has shown efficacy in MMN (Eftimov et al., 2009,
Harbo et al., 2009a; Misbah et al., 2011). Frequent
IgG dosing may better prevent reversion of axonal
electrophysiology to the pre-administration state and
thus maintain a continuous level of symptom relief, but
this has so far been reported only anecdotally (Dacci
etal., 2010).

Conclusions and Future Research
Questions

IVIG is remarkably effective in a wide variety
of autoimmune neuromuscular disorders, despite our
incomplete understanding of its mechanisms of action
or the immunopathogenesis of these disorders. Anti-
ganglioside antibodies are believed to play major roles
in the pathophysiology of GBS, and perhaps CIDP, but
have not been as clearly implicated in MMN (Willison
and Yuki, 2002; Yuki and Hartung, 2012). In contrast,
protein antigens are the likely targets in MG and LEMS
(Vincent et al., 2006). In MG and likely in GBS, the
major effect of IVIG may be to protect the targets
of the autoantibodies by competing for complement
binding. PD studies in CIDP and MMN show that
the effects of IVIG are transient and reversible. Thus,
the therapeutic IVIG may more likely be interfering
with the effector mechanisms actually producing the
patients’ symptoms than by inducing more profound
and longer-lasting immunomodulatory effects. This
seems particularly likely when the benefits of IVIG peak
and wear-off rapidly, consistent with direct competition
between the therapeutic antibodies and pathologic
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autoantibodies which interfere with nerve function.
Functional effects of autoantibodies (and complement)
on the nodes of Ranvier may be important in CIDP,
and perhaps MMN and GBS as well. Additional nerve
excitability studies which attempt to correlate the
results with total IgG as well as autoantibody levels
should improve our understanding of the pathologic
processes contributing to patients’ symptoms, as
well as the mechanism(s) by which IVIG ameliorates
them. Adopting the working hypothesis that IVIG
competes with pathogenic autoantibodies could lead
to optimizing therapy by determining and maintaining
the level of IgG necessary to block or reduce the
titers of the autoantibodies and the symptoms they
induce. Individualization of IgG doses and treatment
intervals is gaining increasingly wide acceptance in
primary antibody deficiency diseases, and is becoming
adopted in neuromuscular disorders as well (Joint
Task Force of the EFNS and the PNS, 2005; Hughes
etal., 2006). Recent results showing that higher serum
lgG levels and shorter dosing intervals are associated
with better outcomes (Kuitwaard et al., 2009; van
Doorn et al., 2011; Kokubun et al., 2013) suggest
that individualization of therapy may be preferable
to the use of empiric “one-size-fits-all”" regimens. In
particular, maintaining consistently high steady-state
serum IgG levels with weekly or even more frequent
IgG infusions may lead to more stable symptom control
and better long-term outcomes in many neuropathy
patients.
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