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ABSTRACT

Guillain-Barré syndrome (GBS), the most common cause of acute neuromuscular weakness and paralysis
worldwide, encompasses a group of acute immune-mediated disorders restricted to peripheral nerves and
roots. Immune-mediated attack of peripheral nervous system myelin, axons or both is presumed to be
triggered by molecular mimicry, with both cell- and humoral-dependent mechanisms implicated in
disease pathogenesis. Good circumstantial evidence exists for a pathogenic role for molecular mimicry in
GBS pathogenesis, especially with its axonal forms, providing insights that could guide future
immunotherapy. Intravenous immunoglobulin (IVIg) and plasma exchange (PE) are the most commonly
prescribed immunotherapies for GBS with variable efficacy dependent on GBS subtype, severity at initial
presentation and other clinical and electrophysiologic prognostic factors. The mechanisms of action of
IVig and PE are not known definitely. Despite recent significant advances in molecular biology that
provide insights into GBS pathogenesis, no advances in therapeutics or significant improvements in
patient outcomes have occurred over the past three decades. We summarize the clinical aspects of GBS,
its current pathogenesis and immunotherapy, and highlight the potential of leukocyte trafficking
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inhibitors as novel disease-specific immunotherapeutic drugs.

Introduction

Guillain-Barré syndrome (GBS) is an acute onset, monophasic,
immune-mediated peripheral nerve and nerve root disorder
(termed polyradiculoneuropathy), which was first recognized
as a distinct medical condition in 1916." GBS has become the
most common cause of acute flaccid paralysis worldwide, fol-
lowing the near-eradication of poliomyelitis, and is a neurologi-
cal emergency.”” The reported incidence of GBS in Europe and
North America ranges from 1 to 2 cases per 100,000 adults,
and 0.4 to 1.4 cases per 100,000 children per year.*” There also
appears to be a linear increase in incidence with age and a
slightly higher frequency in males compared to females.®
Despite significant advances in understanding the pathogenesis
of immune-mediated disorders and the development of tar-
geted molecular based therapies, current immunotherapies for
GBS are non-specific and only partly efficacious. Improved col-
laboration is needed between neurologists, neuroscientists,
immunologists, medical chemists and pharmacologists to
deduce and design more effective immunotherapies for GBS.
The typical GBS clinical presentation is a sudden onset of
rapidly progressive and symmetrical weakness of the limbs,
with or without peripheral sensory disturbance, reduction in or
loss of tendon reflexes (termed hyporeflexia and areflexia
respectively), and cerebrospinal fluid (CSF) analyses showing

elevated protein concentrations with a normal white cell count,
termed albuminocytologic dissociation, to distinguish it from
infections that typically demonstrate elevated protein and white
cell counts."” GBS often follows an antecedent infection, such
as certain bacterial or viral infections or minor trauma. The
symptoms typically reach maximal severity within four weeks
from symptom onset. Most patients generally require hospitali-
zation for treatment, with close cardiopulmonary monitoring
performed. About 20-30% patients of patients require mechan-
ical ventilation during the course of the illness.”’® Many
patients also develop symptoms or signs of autonomic nervous
system dysfunction, termed dysautonomia.'’ These commonly
consist of sinus tachycardia, cardiac arrhythmias, labile blood
pressure, orthostatic hypotension, increased sweating, as well
as bladder and gastrointestinal dysfunction.

Varying degrees of sensory loss and neuropathic or radicular
pain occur in GBS, and this can be debilitating. Persistent neu-
ropathic pain may arise 2 weeks preceding weakness in 36% of
cases, while 66% of patients in the acute phase and 38% a year
after disease onset are affected.!? In some cases, chronic sensory
loss and neuropathic pain persist indefinitely in addition to
residual motor deficits. Respiratory failure and death may occur
in an average of 5% of affected patients despite current thera-
pies and advancement in intensive care.>”'>"'> The estimated
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total average annual cost of GBS to the United States was ~$1.7
billion in 2004 (equivalent to ~$2.25 billion in 2018), predomi-
nantly due to premature death and lost productivity due to per-
manent disability.'®

GBS is diagnosed based on clinical features, electrophysio-
logical studies and cerebrospinal fluid analysis. GBS is a hetero-
geneous disorder, and has several variants which share key
clinical features, and are classified by their distinct clinical phe-
nomenological, electrophysiological and pathological features.
Common GBS variants include the ‘classic’ acute inflammatory
demyelinating  polyradiculoneuropathy ~ (AIDP),'”'®  with
electrophysiological studies primarily showing changes in
peripheral nerve myelin status, termed demyelination, and var-
iants showing primary dysfunction or loss of peripheral ner-
vous system axons that include acute motor axonal neuropathy
(AMAN), initially reported in Northern China as Chinese para-
Iytic illness, with only motor axons involved,'””® and acute
motor and sensory axonal neuropathy (AMSAN), when motor
and sensory axons are affected.”’ In Europe and North Amer-
ica, AIDP is the most common variant, accounting for up to 90
% of GBS cases,”” although in a recent Italian study, AIDP was
seen in 58% of GBS cases.”> The axonal variants are more com-
mon in Asia and South America, accounting for 30% to 70% of
GBS cases.”*?®

Another well-known GBS variant is the Miller Fisher syn-
drome (MEFS), recognized as the classic triad of areflexia, ataxia
and ophthalmoplegia.”® MFS is estimated to represent ~1-5%
of GBS cases from Western countries, although it may account
for 19-25% of cases from Asian countries.>'>*° There are less
common GBS variants, such as pharyngeal-cervical-brachial
weakness, paraparetic GBS, bifacial weakness with distal pares-
thesia, polyneuritis cranialis, pure sensory neuropathy, acute
pandysautonomia and oropharyngeal variants.>'>* Several
diagnostic criteria for clinical and research purposes have been
developed recently that also guide institution of therapy.*>>°

Pathogenesis

Antecedent infections, typically within 4 weeks of neurolog-
ical symptom onset, commonly occur in GBS patients,
resulting in the commonly cited molecular mimicry hypoth-
esis, in which the immune system becomes activated in
response to infectious antigen with structural similarity to
peripheral nerve myelin or axonal components, with resul-
tant tissue-specific peripheral nerve and nerve root injury in
susceptible individuals.’’*>* Epidemiological data implies
that about two-thirds of GBS adult patients had a prior
respiratory or gastrointestinal infection.*>*' Children exhib-
ited a greater percentage of these infections than adults
(67-85%), with respiratory infections (22-70%) being more
common than gastrointestinal infections (6-26%).** Multi-
ple antecedent infections have been reported in GBS
patients, but only a few micro-organisms have been shown
to have a clear association with pathogenesis based on case-
control studies. The most commonly associated infectious
pathogen is Campylobacter jejuni (C. jejuni), found in 25-
50% of adult GBS patients, with a higher frequency
observed in Asian countries and in patients with more
severe forms of GBS with axonal degeneration.*>** Several
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other infections implicated in GBS pathogenesis include
Mycoplasma  pneumonia,”>  cytomegalovirus  (CMV),*
Epstein-Barr virus,” Haemophilus influenza,”® influenza A
virus** and human immunodeficiency virus.*® The increased
incidence of GBS associated with epidemics of arthropod-
borne virus infectious in previously unexposed populations
has been observed with West Nile virus,”’ and more
recently with Zika virus.’>>® However, it is important to
recognize that most individuals infected by these pathogens
do not develop GBS, emphasizing the importance of host
factors, such as genetic susceptibility, in developing the
peripheral nerve/ nerve root-specific disease.

Pathophysiology and immunopathology

As stated previously, the preceding infections are pathogeni-
cally associated with GBS, and may play an essential role in
triggering the initial peripheral nerve/ nerve root-specific sys-
temic immune system activation that causes cross-reactive
humoral and cellular immune responses with resultant demye-
lination, axonal injury or both involving peripheral nerves and
nerve roots in susceptible individuals. Although GBS variants
share some key clinical features, they have distinctive patho-
physiologic characteristics with overlap that could guide immu-
notherapeutic strategies. Thus, it is important to understand
GBS pathogenesis to decipher potential efficacious treatment
targets with minimal systemic adverse effects.

Acute Inflammatory Demyelinating
Polyradiculoneuropathy (AIDP)

AIDP, the most common GBS variant, is characterized by
demyelination detected by electrophysiologic studies and histo-
pathological assessment of peripheral nerves. Myelin is formed
by concentric rings of Schwann cell cytoplasm that surrounds a
segment of peripheral axons. The immunological cascade that
may trigger and induce demyelination in peripheral nerves and
nerve roots in AIDP patients is complex and incompletely
understood. There is a wider range of pathogenic mechanisms
postulated in AIDP compared to AMAN. In addition, no defin-
itive antigen targets, including peripheral nerve myelin proteins
or peptide derivatives, have been identified in patient’s sera or
cerebrospinal fluid despite extensive studies, including insights
derived from a representative animal model, experimental
autoimmune neuritis (EAN). The classic histopathological pro-
file of AIDP is diffuse multifocal mononuclear leukocyte infil-
tration with associated demyelination involving peripheral
nerves and nerve roots (Figure 1). The distribution of inflam-
mation corresponds to the degree clinical involvement.!” Sub-
sequent observational studies have implicated both cell- and
antibody-mediated effector mechanisms in AIDP pathogenesis.

Monocytes/ macrophages are the most commonly detected
leukocyte subpopulation in AIDP and EAN peripheral nerves,
with ultrastructural examination demonstrating invasion of
myelin sheaths of structurally intact axons, hypothesized to be
a response to specific antibody-antigen complexes on the mye-
lin surface, on Schwann cells (the supportive glial cells of the
peripheral nervous system) or at the node of Ranvier between
myelin segments.'®*>® Activated monocytes and tissue-
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Figure 1. Histopathologic features of Guillain-Barré syndrome. Digital photomicrographs depict essential histopathological features of AIDP, the most common GBS vari-
ant in Western countries. Semi-thin plastic embedded axial section of the sural nerve biopsy of an AIDP patient shows thinly myelinated large diameter axons (black
arrows), indicative of demyelination (A). Frozen thick axial section of the sural nerve biopsy shows mononuclear cells within the endoneurium with some perivascular foci
(black arrows) in an AIDP patient (B). Longitudinal frozen thick section from the same AIDP patient’s sural nerve biopsy shows reduction in large diameter axon density
with evidence of Wallerian degeneration (black arrow). A node of Ranvier (white arrow) in an intact axon is shown (C). Leukocyte trafficking from endoneurial microvessels
(EMV, white arrows) is another characteristic pathological finding in AIDP, as shown in the frozen longitudinal section of the sural nerve biopsy of an untreated AIDP
patient stained with Periodic Acid Schiff (PAS) with high affinity for blood vessel walls that are rich in glycogen (D). Multifocal leukocyte infiltration (CD45+, black arrows)
is commonly seen in AIDP patient nerve biopsies, as shown by immunohistochemistry (IHC) of a frozen thick axial section of a sural nerve biopsy (E). Macrophages
(CD68+, black arrows) are the most prevalent endoneurial leukocyte subpopulation in AIDP (F), followed by CD3+ T-cells (black arrows, G) and CD20+ B-cells (black
arrows, H). CD11b+ mononuclear leukocytes (white arrows) infiltrating into peripheral nerve endoneurium associated with demyelination of S1008 Schwann cells is
shown in a frozen thick section of an untreated AIDP patient sural nerve biopsy using indirect fluorescent immunohistochemistry (FIHG; I). An animal model of GBS, severe
murine experimental autoimmune neuritis, recapitulates essential pathological features of AIDP, with diffuse areas of demyelination associated with mononuclear leuko-
cyte infiltration (*) seen in the sciatic nerve endoneurium on a semi-thin, plastic-embedded axial section of an affected mouse at peak severity (J). As seen in AIDP, the
most prevalent inflammatory leukocyte subpopulation observed in this murine GBS model is the monocyte/macrophage (F4/80+) and these cells are predominantly
CD11b+ (white arrows, K) as shown in a frozen axial FIHC section. Electron microscopy (EM) demonstrates macrophages (Mac), T-cells (TC) and B-cells (BC) in the endo-
neurium of an AIDP patient sural nerve biopsy close to an endoneurial microvessel (EMV) that forms the blood-nerve barrier, sharing its basement membrane with a peri-
cyte (Pc), as shown in L. In this region of leukocyte infiltration, higher magnification demonstrates intact electron dense interendothelial cell tight junctions (black arrows,
M). In another region showing active monocyte transmigration, intact tight junctions persist between endoneurial endothelial cells and the migrating monocyte during
paracellular diapedesis (black arrows, N). Unless indicated, the stains or histological technique performed on each section are indicated at the upper left corner of the
photomicrograph.

resident macrophages may further enhance the pathogenic
immune response, worsen local inflammation and induce axo-
nal injury via cytokine and other pro-inflammatory molecule
release. T-cells are the next most prevalent leukocyte subpopu-
lation in peripheral nerve biopsies in AIDP and EAN, with
CD4+ T-helper cells (polarized to Th1l and Th17 cytokine pro-
duction) implicated in pathogenesis via endogenous chemokine
and other pro-inflammatory cytokine production in peripheral
nerves and nerve roots that enhance inflammation and activate
macrophages. Although, definitive evidence of antigen-specific
T-cell proliferation and cytokine secretion to myelin proteins/
peptides in vitro is lacking,”” there is more recent evidence
demonstrating increased pro-inflammatory cytokine inter-
feron-y expression by T-cells in response to stimulation with
ganglioside GM1 in vitro.”® It is important to recognize that
GM1 antibodies are not elevated in AIDP patients. In addition,
alterations in the number, but not the function, of circulating

CD4+ CD25+4 FoxP3+ regulatory T cells have been shown
during the acute phase of GBS.**°

B-cells are also detected within peripheral nerve endoneu-
rium in AIDP and EAN,*"%* implying endogenous secretion of
pathogenic polyclonal antibodies or other pro-inflammatory
molecules that may directly contribute to demyelination. Most
commentaries suggest circulating pathogenic autoantibodies
generated by activated B-cells gain access into peripheral nerves
and nerve roots and cause demyelination or Schwann cell
injury by antibody-dependent cellular cytotoxicity mediated by
macrophages or complement fixation and activation resulting
in membrane attack complex (C5b-9).°>%* In support of this,
membrane bound complement components (e.g. complement
activation marker, C3d and C5b-9) and immunoglobulin depo-
sition have been described in peripheral nerve biopsies of AIDP
patients.®>®” Since demyelinaton occurs in a multifocal pattern
throughout the length of multiple peripheral nerves and nerve



roots (based on electrophysiological and histopathological
observations, see Figure 1), the assumption is that these patho-
genic autoantibodies readily cross the blood-nerve barrier in
affected AIDP patients.

Despite the known efficacy of antibody-modulating thera-
pies, circulating antibodies against myelin glycoproteins, such
as myelin protein zero (the most prevalent peripheral nerve
myelin protein) and peripheral nerve myelin 22 or the basic
peripheral nerve protein P2 are absent or uncommonly
detected in AIDP.**”° Taking into account the variety of differ-
ent infections associated with GBS and lack of definite evidence
of specific autoantibodies against myelin components, a recent
AIDP study hypothesized that primary peripheral nerve/ nerve
root damage occurs as a consequence of innate immunity-asso-
ciated local inflammation following neurotropic virus egress,
with polyclonal autoantibody production occurring as optional
complementary secondary process.”’ The reader is also referred
a recent comprehensive review article summarizing current
knowledge on AIDP pathogenesis.®'

Axonal variants of GBS (AMAN and AMSAN)

Guided by histopathological observations, the axonal variants
of GBS, particularly AMAN, have a more defined pathogenesis
based on demonstrated antibody- and complement-mediated
destruction of the membrane surface of axons (known as axo-
lemma) in autopsy cases and evidence of molecular mimicry
between microbial epitopes and axolemmal molecules, particu-
larly gangliosides or ganglioside complexes which are abundant
in peripheral nerves. Gangliosides consist of signature sugar
residues bearing one or more sialic acid molecules.*>%*7>7>
Preceding C. jejuni infection commonly occurs in AMAN. Bac-
terial lipo-oligosaccharides are structurally similar to carbohy-
drate moieties of sugar residues of gangliosides, including
GM1, GDla, GQlb and GalNAc-GDla that are present on
motor axolemma.”””” As part the humoral immune response
to the bacterial infection, antibodies are systemically generated
that may cross-react with specific gangliosides or ganglioside
complexes in peripheral nerves. The pathogenic role of anti-
ganglioside antibodies in axonal GBS variants is supported by
correlative human studies demonstrating a relationship
between specific antibodies and clinical phenotype and out-
comes, as well as animal studies using passive transfer or gene
knOCkOut.14)23’2S’26)28’34’38’47)76_78’80_82

Gangliosides located at or near the node of Ranvier (the part
of a myelinated axon that lacks myelin and is rich in Na* chan-
nels needed for rapid impulse conduction, see Figure 1) are
preferentially targeted by cross-reactive autoantibodies in axo-
nal variants of GBS.”"*>”>"7* Complement-fixing immunoglo-
bulins, such as IgGl and IgG3, bind to specific gangliosides,
generate C5b-9 and cause axonal injury with subsequent degen-
eration or alteration of Na™ channel function, causing transient
conduction block, which may explain the rapid recovery of
some AMAN cases following therapy.”>*** Furthermore,
endogenous macrophages may invade nodes of Ranvier or
internodal periaxonal space of myelinated axons, and scavenge
axons beneath its Schwann cell membrane, with resulting axo-
nal degeneration.”">*’>”*> The extent of macrophage-mediated
axonal degeneration could predict the clinical outcomes, with
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more widespread axonal degeneration associated with poor
recovery.'”*""*% Poorer outcomes are more commonly seen in
AMSAN compared to AMAN.?"*>**%% Tt is not fully under-
stood why circulating anti-ganglioside antibodies generated as
a consequence of bacterial infections only cause axonal GBS in
a small percentage of individuals, and do not cause tissue injury
in the brain, particularly at the circumventricular organs that
lack the restrictive tight junction-forming blood-brain barrier,
or other tissues such as the kidney that are also rich in ganglio-
sides and lack restrictive endothelial microvessels.*®

Miller Fisher syndrome (MFS)

MEFS patients frequently have circulating antibodies against
GD1b, GD3, GT1a and GQ1b gangliosides as a consequence of
molecular mimicry of bacterial lipo-oligosaccharides.””** Ocu-
lomotor and bulbar nerves, as well as extraocular muscle motor
end plate (terminal axon) have been shown to have high gangli-
oside densities, particularly GQ1b and GT1a.*”*® Over 95% of
MEFS patients have anti-GQ1b IgG antibodies (IgG/ IgM/ IgA
anti-GQ1b antibodies),’>*>*°implying a potential role in dis-
ease pathogenesis or reliable diagnostic biomarker. Anti-GQ1b
antibodies have been shown to activate complement at neuro-
muscular junctions in vitro and in mice ex vivo.”' As a conse-
quence, complement activation at the presynaptic nerve
terminal and perisynaptic Schwann cells has been proposed as
the primary pathogenic mechanism in MFS, with generally
good patient outcomes without residual deficits, even without
immune modulatory therapy.’*”>*">%

Immunotherapies

GBS is an acute immune-mediated disorder of peripheral
nerves and nerve roots, thus, immune-modulating therapies
are generally administered to improve outcomes and prevent
disability. Several randomized controlled trials (RCTs) have
established that Plasma Exchange (PE) and intravenous immu-
noglobulin (IVIg) are effective GBS immunotherapies. Early
utilization of PE or IVIg, prior to irreversible axonal damage, is
equally effective to the other in improving neurological out-
comes.”**® However, subsets of patients respond slowly, par-
tially respond or worsen on either therapy. Other
immunotherapies, such as corticosteroids, have been shown to
lack efficacy based on clinical trials and meta-analyses. Several
immune-modulatory therapies had been proposed based on in
vitro studies, in situ observations or animal model data that
have failed to translate® or have been tried in smaller cohorts
or individual GBS cases without conclusive efficacy. There is a
significant need to better understand GBS pathogenesis, ascer-
tain pathways that are realistically amenable to pharmacologic
blockade and develop targeted molecular therapies for different
GBS variants or subsets of patients refractory to either PE or
IVIg, or predicted to have poor outcomes based on clinical and
electrophysiological criteria.

Plasma exchange (PE)

In 1959, a patient with thrombotic thrombocytopenic purpura
recovered after treatment with fresh frozen plasma exchange,
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implying that PE may be beneficial for autoimmune disor-
ders."” In 1978, PE was first used to treat a patient with acute
polyneuropathy who rapidly recovered, advocating potential
efficacy in GBS.'”! In a RCT with 245 GBS patients, PE was
established as an effective treatment” with further confirma-
tion of efficacy by a subsequent larger clinical trial.'®> PE
became the first validated therapy for GBS and was considered
as “gold standard” due to its status as an evidence-based effica-
cious immunotherapy.

The Quality Standards Subcommittee of the American
Academy of Neurology (AAN) subsequently provided evi-
dence-based guidelines for physician practice as follows: PE is
beneficial for non-ambulatory GBS patients within 4 weeks of
symptoms onset (Level A, Class II evidence) and for ambula-
tory patients, PE is recommended within 2 weeks of onset
(Level B, limited Class II evidence).'*'®* The therapeutic
response may be better within 2 weeks of disease onset, espe-
cially in non-ambulatory patients. The treatment typically con-
sists of five exchanges, one plasma volume each time (about
50 mL/kg body weight), administered over 1-2 weeks.'">'%>
For mild GBS patients, two exchanges resulted in quicker
recovery compared to untreated patients. For moderate or
severe GBS patients, at least four exchanges are needed to
improve outcomes.'” PE has been shown to reduce the likeli-
hood and duration of mechanical ventilation, reduce the time
required to walk with assistance and increase the likelihood of
fully recovering muscle strength after one year.””'°>'*” Contin-
uous flow plasma exchange machines may be superior to inter-
mittent flow machines and albumin is deemed superior to fresh
frozen plasma as the exchange fluid.'**'"”

The mechanism of action of PE is not clearly known; how-
ever, it may nonspecifically remove circulating autoantibodies,
immune complexes, complement factors, cytokines and other
pro-inflammatory humoral mediators that contribute to GBS
immunopathogenesis.">'” Based on clinical observations, PE
may reduce the extent of demyelination or axonal injury with
hastening of clinical recovery compared with supportive care
alone.'” PE is associated with significant adverse effects which
include hemodynamic instability, dilutional coagulopathy,
hypocalcemia, septicemia, thrombosis, pneumonia, complica-
tions from central venous access and allergic reactions.'*® Cit-
rate infused as part of the exchange fluid may induce metabolic
acidosis or hypocalcemia. Hemostatic disorders, unstable car-
diovascular status, active infection, and pregnancy are consid-
ered relative contraindications to PE.'® Lack of widespread
access to plasma exchange (typically restricted to tertiary care
hospitals due to need for specialized equipment and clinical
expertise), need for close monitoring and its potentially serious
adverse effects have limited the general use of PE for GBS. In
addition, prolonged hospitalization and its associated increased
direct and indirect medical costs,'”''® have resulted in PE
being a relative restricted immunotherapy for GBS.

Intravenous immunoglobulin (1Vig)

Intravenous immunoglobulin (IVIg), derived from pooled puri-
fied immunoglobulins from thousands of blood donors, is the
other proven immunotherapy for GBS. In 1988, a study
reported the use of IVIg in eight severe GBS patients, with

beneficial effect in some”* at a time when PE was considered
standard of care.'"” The first RCT of IVIg in GBS confirmed
efficacy similar to PE in 1992.°° The Quality Standards Sub-
committee of the AAN recommended IVIg in hastening recov-
ery for GBS patients who require aid to walk within 2 weeks
(Level A, Class I evidence), or 4 weeks (Level B recommenda-
tion) of symptom onset.'”> TVIg therapy has been shown to
hasten recovery in children compared with supportive therapy
alone based on limited evidence from three open labeled tri-
als.""! The typical IVIg dosage for GBS is 0.4 g/kg body weight
daily for five consecutive days, with a total of 2 g/kg. Adminis-
tering the total dose over 2 days is equally efficacious when
compared to 5 days.''* A study evaluating IVIg pharmacokinet-
ics in GBS patients demonstrated significantly better outcomes,
such as likelihood of independent ambulation after 6 months,
in patients with higher increases in serum IgG levels after IVIg
administration, especially at two weeks after treatment. The
study authors advocated administration of a higher dose or a
second course of IVIg in patients with low serum IgG
increases.'"?

IVIg is hypothesized to modulate the immune system in
GBS in several ways; however, the definitive mechanism(s) has/
have not been established. Possibilities include: restraint of
autoantibody production and autoantibody neutralization via
anti-idiotypic antibodies''*; inhibition of complement activa-
tion and membrane attack complex formation''®; modulating
the expression and function of Fc receptors on macrophages
and other effector cells, suppression of cytokine, chemokine
and adhesion molecules, modulation of T-cell functions and
interference with pathogenic antigen recognition.''® The net
effect, as postulated based on clinical observations, is a reduc-
tion in demyelination and axonal injury with resultant hasten-
ing of clinical recovery and better outcomes. It is important to
recognize that IVIg is not a single drug, and the constituent
immunoglobulins may vary depending on manufacturer and
donor source.

Broadly speaking, adverse events associated with IVIg
administration are usually minor and rare, occurring in less
than 10% of GBS patients. The most significant adverse reac-
tions of IVIg reported in GBS clinical trials include myocardial
infarction, renal failure, vomiting and headache due to menin-
geal irritation (known as meningismus).”>**'%* Elevated serum
viscosity, high triglycerides, or hypergammaglobulinemia can
be considered as relative contraindications to IVIg, due to
increasing risk of thromboembolic events.''*'"” IVIg is not
contraindicated in pregnancy. IVIg should be used with caution
in GBS patients with coronary artery disease, congestive heart
failure, recent deep vein thrombosis, preexisting kidney disease,
and should be avoided in patients with selective IgA deficiency
due to the risk of anaphylaxis. Slowing the rate of infusion,
administering intravenous fluids following transfusion, using
low osmolality brands, and screening for IgA deficiency should
aid reduce the risk of adverse events.''*'"”

Limitations of PE and IVig in GBS

RCTs have shown that PE and IVIg are equal effective in treat-
ing GBS."'> However, despite similar efficacy, IVIg is more
widely used for GBS, due to its higher availability, non-



requirement of specialized equipment to administer and its rel-
atively reduced risk for adverse effects. However, the decision
to perform PE or administer IVIg may depend on the patient’s
clinical circumstance (with respect to relative contraindications
to either immunotherapy) and local factors such as cost and
availability of specialized staff and equipment for PE. Despite
known efficacy in GBS, patients treated with either PE or IVIg
may not respond, show partial response, fluctuate or worsen
clinically during treatment. Although it may seem logical to
administer IVIg after performing PE to maximize the immune
modulatory effect of IVIg following removal of pathogenic
humoral factors, there is no evidence that combination therapy
or repeated therapy with the same immunotherapy is more
effective or associated with better outcomes in the short- or
long-term compared to that standard recommended therapy in
GBS patients.14)106’112)118

Both PE and IVIg are nonspecific and could also modu-
late anti-inflammatory molecules or signaling mechanisms
that are protective or reparative in GBS patients in addition
to the pro-inflammatory cascade. Taking into account slow
treatment effects with common residual deficits in patients
with motor function recovery, partial efficacy, treatment-
related fluctuations, treatment failures and the potential
complications of current therapies, there is a need to
develop more effective, disease-specific immunotherapeutic
agents for GBS.

Corticosteroids

Due to the fact that GBS is an immune-mediated polyradiculo-
neuropathy, corticosteroids could intuitively treat this group of
disorders. In 1952, corticosteroids were first successfully
reported in treating a GBS patient, and were anecdotally used
as a treatment option for many years. However, subsequent
studies performed the 1970s indicated that corticosteroids were
ineffective in GBS."'"* A Cochrane systematic review of six clini-
cal trials with 587 GBS patients treated with different forms and
dosage of corticosteroids showed no significant difference in
mortality or disability grade compared with patients taking pla-
cebo. Steroids are not recommended for the treatment of GBS
patients based on current evidence (Level A, Class I evi-
dence).!%*!?° In four additional trials with a total of 120
patients, patients taking oral corticosteroids had less clinical
improvement after four weeks compared to patients not receiv-
ing corticosteroids, suggesting that oral corticosteroids may
delay long-term recovery in GBS patients.'*’

While intravenous methylprednisolone alone does not pro-
duce significant benefit or harm in GBS patients, the combina-
tion of IVIg and intravenous methylprednisolone
demonstrated no significant effect on long-term outcomes
compared with IVIg alone.''"'*! Despite the general efficacy of
corticosteroids in immune-mediated disorders and in the EAN
animal model of GBS, it has been clearly established to be non-
efficacious in GBS, including the AIDP variant characterized by
inflammatory cell infiltration into peripheral nerves and nerve
roots. It is hypothesized that anti-reparative effects of cortico-
steroids following axonal injury may counteract its initial anti-
inflammatory effects in GBS, resulting in no appreciable benefit
compared to placebo.'*
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Other Imnmunotherapies for GBS

A recent Cochrane systematic review for other pharmacological
agents for GBS apart from IVIg, PE and corticosteroids'**de-
monstrated very low quality evidence for four different treat-
ments published in four studies as potential immunotherapies
for GBS. These include CSF filtration in 37 patients compared
to PE,'® interferon B-la (a cellular immunomodulatory drug
effective in multiple sclerosis) compared to placebo in 19
patients,'**'?® brain-derived neurotrophic factor (a growth fac-
tor known to protect against degeneration or induce regenera-
tion in motor axons) in 10 patients compared to placebo'*” and
Chinese herbal medicine, Tripterygium Wilfordii polyglycoside
(an extract of Thunder God Vine with presumed anti-inflam-
matory, anti-proliferative and immunosuppressive properties)
compared to intravenous corticosteroids in 43 patients.'*® It
was only the latter therapy that showed beneficial outcomes
with improvement in disability grade 8 weeks after treatment
associated with reduced serum interleukin-6 levels!?%; however,
it is important to note that some GBS patients in that cohort
also responded to corticosteroid therapy, which in general
terms, is not efficacious in GBS. Further studies may be
required to elucidate the biologically active ingredients in Trip-
terygium Wilfordii polyglycoside and potential mechanism(s)
of action in immune-mediated peripheral nerve disorders.

Future proposed immunotherapies

With advancements in the development of efficacious molecu-
lar-based targeted biologic therapies for immune-mediated dis-
orders and cancers over the last 20-30 years, there is a drive to
identify drugs that safely treat GBS with superior outcomes to
PE and IVIg, especially in patients with suboptimal responses
to these immunotherapies. Eculizumab, a humanized monoclo-
nal antibody that specifically binds to complement component
5 (C5) and potently inhibits generation of pro-inflammatory
C5a and C5b-9 (implicated in axonal injury in GBS) is cur-
rently undergoing clinical trials in the United Kingdom and
Japan to determine efficacy in GBS guided by prior animal
model studies that demonstrated beneficial effects.'**'** Other
biologic agents are being proposed as potential future therapies
based on animal model data or small case reports.">’ Due to
the proposed pathogenic differences between demyelinating
and axonal variants of GBS, future immunotherapy RCTs may
require randomization based on electrophysiologic characteri-
zation or perform subgroup analyses dependent on relative
numbers of these variants in addition to other demographic
factors and measures of disease severity. Table 1 summarizes
current GBS immunotherapies, including known drugs in clini-
cal development, their molecular targets/ mechanisms of action
and the relative strength and weaknesses of therapeutic
approach.

Novel perspective: Leukocyte Trafficking at the Blood-
Nerve barrier

Although GBS has been recognized as an autoimmune disorder
associated with a complex interplay between the systemic
immune system and peripheral nerves/nerve roots based on
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Table 1 Summary of current GBS immunotherapies, including known drugs in clinical development. There is a major dearth in therapeutic options despite significant
advances in molecular pathogenesis based on observational human and animal model data.

Treatment Status Molecular Target Mechanism(s) of Action Relative strengths/ weaknesses References
Plasma Exchange  Marketed Pathogenic autoantibodies ~ ? Removal of pathogenic Strength: Rapid effect. 95,102
autoantibodies, immune Weakness: Specialized equipment
complexes, complement factors, required, high costs, risk of
cytokines and other pro- hemodynamic instability,
inflammatory humoral dilutional coagulopathy,
mediators. hypocalcemia, thrombosis high.
IVig Marketed Pathogenic autoantibodies ~ ? Modulate pathogenic Strength: Widespread availability. 96
autoantibody production, Specialized equipment not
neutralize autoantibodies, required. Safe in pregnancy.
inhibition of complement Side effects uncommon.
activation and membrane attack
complex formation (C5b-9), Weakness: Variable efficacy
modulating Fc receptors on (dependent on brand/ batch),
macrophages and other effector Risk of thrombotic events (e.g.
cells, cytokine, chemokine and myocardial infarction, deep
adhesion molecule suppression, venous thrombosis), renal failure
modulation of T-cell functions, and anaphylaxis with IgA
interference with pathogenic deficiency, meningismus.
antigen recognition.
Eculizumab Phase Il Clinical trials  Human complement inhibition of complement activation ~ Unknown (clinical trials ongoing). 129, 130

molecule C5

and membrane attack complex

formation (C5b-9).

observational data from affected patient nerve biopsies (see
Figure 1), cerebrospinal fluid and blood, as well as its represen-
tative animal model, experimental autoimmune neuritis
(EAN), development of disease-specific molecular therapies is
lacking, with a significant failure of translational between ani-
mal models and the human disease. Molecules or pathways for
therapeutic modulation that have been suggested include T
lymphocyte activation with polarization towards CD4+ T
helper 1 (Th1) and T helper 17 (Th17) phenotypes, with reduc-
tion on T helper 2 (Th2) and possible alterations in CD25+
FoxP3+ regulatory T lymphocytes, polyclonal B-cell matura-
tion and immunoglobulin synthesis within primary and sec-
ondary lymphoid organs, complement-mediated lysis,
monocyte/macrophage and lymphocyte-mediated demyelin-
ation via cytokines, as well as complement- and antibody-
dependent cellular cytotoxicity, Schwann cell potentiation of
the local innate and adaptive immune response as well as in ter-
minating  inflammation by inducing T lymphocyte
apoptosis. +35:3561:6364:99.132

Apart from deciphering therapeutic targets, it is imperative
to realistically consider the stage in the disease process that
patients typically present to the clinician for evaluation and
treatment, the specificity of the immune modulatory drug tar-
get so as not to disrupt normal physiological or immunological
processes in other tissues, whether the drug would modulate
GBS pathogenic mechanisms in the systemic circulation or
within peripheral nerve/ nerve root endoneurium and if the
drug has significant permeability across the restrictive blood-
nerve barrier with high endoneurial retention during inflam-
mation. Although it is commonly implied that the blood-nerve
barrier is “leaky” in GBS, our recent study that looked at endo-
neurial microvessel ultrastructure by electron microscopy in
untreated AIDP patients demonstrated intact electron dense
intercellular tight junctions in regions with infiltrating/ infil-
trated leukocytes,'*> as shown in Figure 1.

Pathogenic hematogenous leukocyte trafficking has been
observed in the most common GBS variant, AIDP and its

animal model, EAN, with monocytes being the most common
infiltrating leukocyte, followed by T-cells and B-cells,”"** as
shown in Figure 1. We propose pathogenic leukocyte traffick-
ing from the systemic circulation into peripheral nerves/nerve
roots across the blood-nerve barrier as a novel plausible site for
therapeutic modulation for several reasons: Patients are typi-
cally evaluated weeks after disease onset and activation of sys-
temic immune system, and there is an association between
hematogenous leukocyte trafficking and disease stage and
severity (as seen in EAN)® and efficacious therapies would
work systemically to prevent leukocyte trafficking across the
blood-nerve barrier, eliminating the need to consider blood-
nerve barrier permeability and endoneurial retention
(Figure 2).

Leukocyte trafficking into tissues is a coordinated, sequential
process (called the multi-step paradigm) which involves leuko-
cyte rolling on activated endothelium mediated by selectins
expressed on the endothelium and their counterligands (such
as P-selectin glycoprotein ligand-1 and Sialyl Lewis x)
expressed on leukocytes, leukocyte chemoattraction, haptotaxis
and arrest mediated by specific chemokines expressed on the
endothelium bound by glycosaminoglycans binding to chemo-
kine receptors expressed on specific leukocyte subsets, leuko-
cyte integrin activation resulting in firm adhesion to the
endothelium via specific cell adhesion molecules such as inter-
cellular adhesion molecule-1 and vascular cell adhesion mole-
cule-1, cytoskeletal modification and migration (diapedesis)
across the vascular endothelium via paracellular or transcellular
mechanisms that require specific leukocyte-endothelial cell
interactions and extravasation across the endothelial basement
membrane via secretion of matrix metalloproteinases.'**!*

Guided by human observational data,'*” we studied a severe
murine EAN model and demonstrated an important role for
chemokine receptor CCR2 in AIDP pathogenesis by gene
knockout and showed efficacy of pharmacologic blockade fol-
lowing disease onset with clinically discernible signs of weak-
ness, associated with reduced peripheral nerve demyelination
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CCR2 Y Pathogenic IgG antibodies
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Y
Cell-dependent Humoral
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cytokine and antibody secretion complex-mediated injury

Monocytes/ Macrophages, T-cells, B-cells ENDONEURIUM

Figure 2. Potential Targets for GBS Immunotherapy Development. Pathogenic leukocyte trafficking across tight junction-forming endoneurial microvessels that form the
blood-nerve barrier is pathogenically relevant to AIDP and other demyelinating GBS variants based on human in situ and in vitro data, as well as in vivo data from repre-
sentative animal models. Taking into account the coordinated process of leukocyte trafficking (multi-step paradigm), leukocyte trafficking antagonists that block patho-
genic leukocyte chemoattraction, haptotaxis and firm arrest on activated endoneurial endothelial cells (e.g. Chemokine receptor CCR2 antagonists), firm leukocyte
adhesion (e.g. CD11b [ay-integrin] antagonists) or diapedesis (undetermined; with platelet-endothelial cell adhesion molecule-1, CD99, CD99L2 and junctional adhesion
molecules-A, -B and -C being potential candidates for antagonism) could result in targeted molecular immunotherapies for GBS. Another unexplored possibility involves
modulating pathogenic polyclonal IgG antibody transport from the blood circulation into peripheral nerves and nerve roots across the blood-nerve barrier by Fc gamma
receptor and transporter (FCGRT) antagonists. These therapeutic approaches target GBS pathogenesis after systemic immune activation at the critical interphase between
the immune system and peripheral nerves/ nerve roots at a time period when patients are symptomatic, with the goal being to limit demyelination and axonal injury/
degeneration. It is envisioned that drugs targeting pathogenic leukocyte trafficking or polyclonal IgG antibody transport can be administered systemically with therapeu-
tic modulation occurring in circulation without need for significant drug blood-nerve barrier permeability to treat GBS. The challenge is elucidating biologically relevant
molecules and signaling pathways preferentially activated in GBS at the blood-nerve barrier that are amenable to pharmacologic antagonism to limit potential adverse
systemic effects associated with non-specific immune modulation or immunosuppression during the active phase of the disorder.

and inflammation and near complete recovery in motor func-
tion."”® Using a novel flow-dependent in vitro human blood-
nerve model encompassing cytokine-stimulated primary
human endoneurial endothelial cells, we observed the multi-
step leukocyte trafficking paradigm via the paracellular
route.**'** We elucidated a crucial role of ap-integrin (also
known as CD11b)-intercellular adhesion molecule-1 signaling
in untreated GBS patient leukocyte trafficking across the
blood-nerve barrier in vitro using function-neutralizing mono-
clonal antibodies and further validated the pathogenic rele-
vance of this integrin in vivo via monoclonal antibody blockade
following disease onset in the severe murine EAN model."*”'*’
Translational potential to the AIDP variant of GBS was sup-
ported by demonstrating clusters of CD11b+ mononuclear leu-
kocytes within the sural nerve endoneurium of nerve biopsies
from untreated patients,'”” suggesting a pathogenic role and
potentially disease-specific molecular therapy for GBS. Figure 2
shows potential targets for novel GBS immunotherapy develop-
ment, emphasizing specificity of leukocyte trafficking
antagonists.

In general, EAN models provide essential tools to study and
modulate acute immune-mediated demyelination or axonal
injury in a living system with clinical, electrophysiological and
histopathological features similar to GBS. This is essential to
the development of novel efficacious immunotherapies. How-
ever, to increase translational potential, it is imperative to
choose molecular targets amenable to small molecular or

biologic antagonists modulated after appreciable disease mani-
festation and design preclinical animal studies with the same
degree of scientific rigor applied to clinical trials in GBS
patients.

Conclusions

Current immunotherapy for GBS is limited to ameliorating the
disease via non-specific systemic pathogenic antibody modula-
tion by PE and IVIg. Despite partial efficacy, it is well estab-
lished that cohorts of patients show limited or no response,
necessitating repeat therapy with the other or the same modal-
ity, and in some patients that respond, outcomes are subopti-
mal with residual disability associated with chronic
neuropathic pain and residual motor deficits. Despite signifi-
cant advances in molecular biology over the last 30 years,
numerous publications on GBS pathogenesis, and success in
developing disease-specific immune modulatory therapies in
rheumatoid arthritis, psoriasis, inflammatory bowel disease,
multiple sclerosis and cancers, translational immunotherapies
are lacking in GBS and other peripheral nervous system
immune-mediated disorders. It is imperative to consider the
role of the blood-nerve barrier in GBS pathogenesis and thera-
peutic development, and we advocate pathogenic leukocyte
trafficking as a biologically relevant mechanistic target with
translational potential for disease-specific immune modulatory
therapy using function-neutralizing antagonists such as
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humanized monoclonal antibodies that do not require blood-
nerve barrier permeability and retention within peripheral
nerve/ nerve root endoneurium.
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