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Guillain-Barre Syndrome (GBS)

GBS represents a spectrum of polyneuropathies, which arise from immune-mediated
attack on different myelin or axonal antigens of peripheral and/or cranial nerves.
GBS is the most common cause of flaccid paralysis worldwide after the elimination
of poliomyelitis [1]. GBS encompasses a spectrum of diseases (i.e., subtypes) with
varied clinical manifestations, reflective of the target antigen of autoimmune attack
(myelin vs. axon) as well as the location of immunopathology within the peripheral
nervous system (nerve roots, plexi, distal nerves, cranial nerves). Besides the auto-
immune etiology, the GBS subtypes share the acute to subacute onset and albu-
minocytological dissociation in the CSF.

Subtypes of GBS have been defined based on the clinical manifestations, neuro-
physiological features, and presence of different antibodies to neural glycolipid
components. Acute inflammatory demyelinating polyneuropathy (AIDP) consti-
tutes the typical primarily demyelinating form of the disease. AIDP is the most
common subtype of GBS in Europe and North America and is typically character-
ized by acute onset of flaccid, hypo-, or areflexic paralysis [1, 2]. The clinical course
consists of progressive weakness within hours to days and maximum weakness and
disability within 4 weeks. Muscle weakness (including proximal limb and respira-
tory) usually dominates the clinical presentation. However, sensory symptoms, usu-
ally a distal paresthesia, very often allow distinguishing AIDP from some of its
mimics such as myasthenia gravis and botulism. Dysautonomia is prevalent in
AIDP and is one of its life-threatening manifestations. A less common, atypical
presentation, which is encountered in 8% of the patients, is paraparesis without arm
weakness. [3] Patients with paraparetic GBS, however, usually have sensory symp-
toms and areflexia, as well as abnormal conduction studies in the upper
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extremities [3]. Acute motor axonal neuropathy (AMAN) is the second most com-
mon form of GBS in North America and Europe, accounting for 6-78% of the
cases, and the most common in China and Bangladesh [4]. AMAN patients have a
purely motor picture (positive sensory symptoms in only 10% of patients). In con-
trast to AIDP, dysautonomia and cranial nerve involvement are rare, and deep ten-
don reflexes are often normal to brisk in AMAN [4]. AMAN is also associated with
a more rapid progression early in the course, with earlier peak than AIDP (11.5 vs.
18 days) [5]. Acute motor and sensory axonal neuropathy is the third GBS subtype
which has sensory involvement (in contrast to AMAN) and is characterized by less
favorable recovery because of axonal degeneration. Miller Fisher syndrome (MFS),
the fourth major subtype of GBS, accounts for 5-12% of the GBS cases [6]. MFS
typically presents with a triad of ophthalmoparesis, ataxia, and areflexia, and the
patients generally do not develop significant weakness or respiratory impairment
and have a good prognosis. MFS by itself has different clinical subtypes: acute
ataxic neuropathy (without ophthalmoplegia), acute ophthalmoparesis (without
ataxia), and a variant with CNS symptoms such as hypersomnolence (Bickerstaft’s
encephalitis) [1]. Yet another less common, local subtypes of MFS include
pharyngeal-cervical-brachial variant, which is characterized by rapidly progressive
weakness of oropharyngeal, cervical, and upper extremity muscles accompanied by
areflexia of the upper extremities [7].

Examination of cerebrospinal fluid (CSF) demonstrates albuminocytological
dissociation in all the variants of GBS. Another useful diagnostic test is nerve con-
duction study and abnormal nerve conduction study, which demonstrates segmental
demyelination in AIDP and axonal neuropathy in AMAN, AMSAN, and MFS and
its variants [8]. It should be noted that conduction block, which is characteristic for
AMAN, is secondary to functional blockage of axonal salutatory conduction and
not secondary to segmental demyelination, leading to the recommendation that at
least two sets of nerve conduction studies over time to differentiate AIDP from
AMAN [9].

Pathology

AIDP is characterized by lymphocytic (mainly T cell) and macrophage infiltration
and associated segmental demyelination, which affect nerve roots, plexi, and proxi-
mal portions of the nerves, which are more myelinated [10, 11]. Complement acti-
vation has been suggested to play an early role, as deposition of complement
activation marker C3d and terminal complement complex C5b-9 on the surface of
Schwann cells and myelin degeneration were shown to precede macrophage infiltra-
tion in patients who succumbed in early stage of AIDP [12].

On the other hand, postmortem findings in AMAN subtype may show Wallerian
degeneration of the motor axons; presence of macrophages within the periaxonal
space, which surround or displace the axons; and intact myelin sheath [13]. Some of
the AMAN patients with fatal paralysis have had minimal axonal degeneration in
the postmortem study consistent with functional impairment of axonal electrical
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conduction in these cases [13]. Axonal degeneration of the motor and sensory
nerves is the hallmark of the neuropathology in AMSAN [13]. Because of the
benign clinical course of MFS, the pathological studies are limited. Although seg-
mental demyelination is reported in a patient with MFS [14], the patient more likely
had AIDP and associated ophthalmoplegia.

Immunopathogenesis

About two thirds of GBS cases occur after a respiratory or gastrointestinal infection,
and the pathogen can be identified in about half of these cases [15]. Some of the
more common preceding infections include C. jejuni cytomegalovirus, Epstein-Barr
virus, Mycoplasma pneumonia, Hemophilus influenza, influenza A, and hepatitis E
virus [2]. The best explanation for the association of GBS and aforementioned
infections is molecular mimicry between the components of pathogens and axonal
or myelin structures. C. jejuni is the most common antecedent infection in GBS,
ranging from 26 to 65% of the cases depending on the geographic location [4].
Patients with AMAN after C. jejuni infection have high titers of antibodies to GM1
and GDla, which is the result of cross-reactivity between lipo-oligosaccharides
from the bacterial wall of C. jejuni and respective gangliosides of the motor nerve
axons [16, 17]. On the other hand, lipo-oligosaccharides that mimic the carbohy-
drate moiety of peripheral nerve gangliosides are expressed in only a subset of C.
Jjejuni strains, Penner D: 19 serogroup, as it is different from other serotypes in
containing genes for enzymes involved in synthesis of sialic acids which result in
molecular mimicry with gangliosides GM1, GD1a ND GD1B [1]. As a result, GBS
is a relatively rare outcome of these infections: e.g., only one out of 5000 C. pylori
gastroenteritis results in GBS [18]. Whether C. jejuni infection is a cause of AIDP
is a matter of controversy. A previous study showed that only 5 of 22 (23%) of
patients with GBS post C. jejuni infection had AIDP, but when they were followed
by repeated nerve conduction studies, all of those who had prolonged motor distal
latencies normalized in less than 2 weeks suggestive for impaired axonal conductiv-
ity (seen in AMAN) rather than segmental demyelination seen in AIDP, which is
associated with more slowing of the nerve conduction study in the same time period
during remyelination [19]. A neuropathy characterized by severe axonal degenera-
tion and seropositivity for IgG or IgM GM1 antibodies has also been reported in
patients who received ganglioside injections for chronic pain [20]. IgG antibodies
against GQ1b and GD1a are detected in more than 90% of patients with MES [21—
23], as well as patients with AIDP who have ophthalmoplegia. As about half of
patients with pharyngeal-cervical-brachial variants are seropositive for IgG anti-
GTla antibodies which cross-reacts with GQ1b, it is considered to be in the broad
spectrum of MFS [7].

Differences in anatomical expression of gangliosides explain the diverse pheno-
typic manifestations of GBS variants. GM1 is suggested to be expressed more in the
motor than sensory nerve roots, therefore providing possible explanation for motor
involvement of AMAN [23]. On the other hand, GM1/GD]1a is also present in the
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sensory nerves [24]. The predominant or pure motor involvement could be the result
of specificity of autoantibodies for epitopes of these gangliosides that are only pres-
ent in the motor axons. Furthermore, nodes of Ranvier of the distal, intramuscular
portion of the motor axons are suggested to be particularly susceptible to comple-
ment activation by antibodies to GD1a [25]. The blood-nerve barrier is more perme-
able in the unmyelinated distal branches of the motor nerves and the nerve roots,
making these parts of the peripheral nerves more vulnerable to circulating factors
such as autoantibodies and complement [26, 27]. Ophthalmoplegia and areflexia in
MES which is associated with antibodies directed to GQ1b are explained by high
expression of GQ1b in the oculomotor nerves and muscle spindles [23].

The autoantigen involved in AIDP is so far unknown, and most of the AIDP
patients are not seropositive for antiganglioside antibodies. Some of the putative
antigens include proteins which are expressed at the nodes of Ranvier (neurofascin
186, gliomedin, sodium channels, ankyrin, and spectrin) and at the paranode (neu-
rofascin 155, contactin/Caspr 1, and connexins Cx31.3, Cx3232) [23].

A recently identified molecular target is moesin in patients with CMV infection
as antibodies against moesin were present in most of AIDP cases after CM'V but not
with other GBS patients or other neurological disease controls [28]. Moesin is
expressed in the microvilli of the Schwann cells and has been proposed to have a
critical role in myelination [29].

There is also evidence for involvement of T cells in the pathogenesis of GBS,
based on: (1) T cell infiltration is present in experimental allergic neuritis (EAN)
which is considered as an animal model of GBS. (2) There is increased frequency of
Th1 and Th17 levels in the blood and of T cell-related cytokines (IFN gamma, IL-17,
and IL-22) in the cerebrospinal fluid of GBS patients [30-32]. (3) Reduced number
and abnormal function of CD4*Foxp3* (T,) cells, which have a critical role in
immune homeostasis, have been demonstrated in the blood of GBS patients [32, 33].

Animal Models

Experimental allergic neuritis (EAN) has been considered as an animal model for
human GBS. EAN is usually (but not always) a monophasic illness, which is induced
by vaccination of rats, mice, rabbits, and guinea pigs with peripheral nerve homog-
enate or different myelin proteins such as PO, PMP 22, and P2 [34-37]. It presents
with weakness and ataxia after a period of about 2 weeks after the vaccination.
Perivascular T cell infiltration is noted 2-3 days before the onset of demyelination
and paralysis [36, 37]. T cell infiltration results in activation of monocytes to tissue
macrophages, which subsequently strip myelin and cause axonal injury by secreting
cytokines such as tumor necrosis factor alpha. B cells also play a role in the patho-
genesis of EAN, and autoantibodies against the myelin play a synergistic role in
causing demyelination, after the blood-nerve barrier has become more permeable
because of T cell activation and subsequent infiltration of macrophages [38].
Although the target antigen in EAN remains to be elusive, neurofascin 186 and glio-
medin, which are involved in clustering of voltage-gated Na channels at the nodes of



10 Immunopathogenesis and Treatment of GBS and CIDP 207

Ranvier, have been suggested as potential antigenic targets [39, 40]. In the EAN
model induced by vaccination with peripheral myelin in rat, antibodies to neurofas-
cin and gliomedin cause dismantling of nodal organization and Na channel clusters,
therefore leading to conduction block prior to onset of demyelination [39, 40].

B cell immunity, particularly autoantibodies to gangliosides, appears to have a
primary role in the pathogenesis of GBS variants. Immunization of Japanese white
rabbits with a bovine brain ganglioside mixture or isolated GM1 results in an
AMAN phenotype: acute monophasic flaccid paralysis, seropositivity for anti-GM 1
antibodies, axonal degeneration, IgG deposits at the nodes of Ranvier and lympho-
cytic infiltration in the periaxonal space, and lack of segmental demyelination [41,
42]. On the other hand, GQ1b and GD1a antibodies cause conduction block at the
motor nerve terminals in a mouse model [25].

Treatment of GBS

Treatment of GBS consists of supportive treatment as well as immunotherapy in
more severe cases. Supportive care is better provided in an intensive care unit in the
progressive phase of the disease.

Supportive Treatment

1. Respiratory care

Respiratory failure is one of the most serious short-term complications of
GBS. About 25% of patients with GBS who are unable to walk and 30-50% of
patients who are admitted to ICU undergo intubation and mechanical ventilation
[43]. The need for mechanical ventilation should be anticipated in GBS when
there is rapidly progressive course as manifested by time to peak disability less
than 7 days, time from the onset of symptoms to hospitalization less than 7 days,
and presence of more than 30% reduction of vital capacity, NIF, and PEF during
the course of hospitalization [44, 45]. It is essential to anticipate the need for
mechanical ventilation (MV) and proceed with elective intubation in selected
patients. It is therefore recommended to assess FVC every 2—4 h during the day
and every 4-6 h at night in a patient with declining respiratory function. A vital
capacity of less than 20 mL/kg, maximal inspiratory pressure less than 30 cm
H,O, maximal expiratory pressure less than 40 cm H,0O, and a reduction of more
than 30% in vital capacity, maximal inspiratory pressure, or maximal expiratory
pressure anticipate need for oncoming respiratory failure [44]. Elective intuba-
tion and MV are recommended in patients with significant respiratory distress,
fatigue, sweating, tachycardia, active aspiration, FVC < 15 mL/kg, hypercarbia
(PaCO2 48 mm Hg), and hypoxemia (PaO2 on room air <56 mm Hg) [1, 46].

2. Dysautonomia
Autonomic dysfunction in GBS is more common in the acute stage of the dis-
ease, can involve sympathetic or parasympathetic systems, and is a major
cause of mortality [2]. In a study on pediatric GBS patients, hypertension and
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tachycardia occurred in 70 and 77% of the patients, respectively, and they were
more likely with increasing motor weakness [47]. In another study on 156
GBS patients, tachycardia, hypertension, and hypotension were noted in 38,
69, and 11% of the patients, respectively [48]. Less common manifestations
include transient ECG changes such as ST segment elevation and diffusely
inverted T waves secondary to coronary vasospasm [49]. Careful assessment
for fluctuations in blood pressure and pulse rate and appropriate treatment
which may involve symptomatic treatment and even insertion of a pacemaker
are therefore important aspects of the GBS care, especially during the ICU
care, but also during the recovery period [1].

Gastrointestinal dysfunction was noted in 45% of a large cohort of GBS patients
[48], while adynamic ileus was reported in 15% of GBS patients admitted to the
ICU in another study [50]; however, the authors speculated that some of the cases
could have been due to other factors such as abdominal surgery, immobility, and use
of medications such as opioids.

About a quarter of GBS patients (39% of AIDP and 19% of the AMAN cases)
had urinary symptoms, including urinary retention in about 10% of the cases [51,
52]. Urinary dysfunction in GBS is proposed to be caused by either hypo- or hyper-
activity of lumbosacral nerves [52]. Besides incontinence and urinary retention
which will require the use of a catheter, patients may develop underactive detrusor,
overactive detrusor, and, to a lesser extent, hyperactive sphincter. Urinary symptoms
may be persistent and affect the quality of life in the patients who have recovered
from the acute phase, i.e., urinary frequency and urgency were present in one third
and nocturia in half of the patients who recovered from GBS patients when these
patients were followed for 6 years [53].

Immunomodulatory Treatments

GBS was associated with mortality in 10% of patients and severe residual neuro-
logical deficit in 20 of cases before the introduction of immunotherapy [54]. As
detailed below, immunomodulatory treatments directed at removal (plasma
exchange (PLEX)) or modulation of immunoglobulins and probably T cell responses
(intravenous immunoglobulins (IVIG)) have been proven to be effective in GBS. In
contrast to many other autoimmune neurological diseases, steroids have not shown
to hasten recovery nor affect the long-term outcome [55], and their use is not recom-
mended in GBS, neither alone nor combined with PLEX or IVIG [1, 2].

1. Plasma Exchange (PLEX)
The immunomodulatory action of PLEX is through the removal of autoantibod-
ies and complement components. It is usually administered at five plasma vol-
ume exchanges (50 ml/kg each) usually every other day, over a period of up to
2 weeks [56, 57]. PLEX is more effective if done early in the course of the ill-
ness, preferentially the first week after the onset of symptoms [58]. However,
larger exchanges of 1.5 plasma volumes have also been used. Hughes et al.
reviewed four clinical studies involving 585 severely affected GBS patients and
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concluded that there is significant improvement and less disability in the treated
patients after 4 weeks and 1 year after of randomization [56-60]. The treated
patients also had a higher chance of full strength recovery (odds ratio 1.24, con-
fidence interval 1.07-1.45), as well as lower disability and higher likelihood for
full recovery in 1 year [59]. In milder GBS patients who did not lose the ability
to ambulate, patients who received two sessions of PLEX over 3 days had shorter
onset of motor recovery (4 vs. 8 days) and better improvement after 1 month
compared to those who did not receive PLEX [57]. On the other hand, in GBS
patients who could not stand unaided, there was a higher likelihood of regaining
full motor strength in 1 year after four sessions of PLEX (x1.5 plasma volume
each) than after two sessions (64% vs. 48%) [57]. Six exchanges were similar in
efficacy to four in the severe GBS cases in the latter study.

Intravenous Immunoglobulin (IVIG)
IVIG has become the preferred treatment for GBS because of the availability and
convenience of use [1]. The therapeutic effect of IVIG in GBS may arise from
blocking pathogenic autoantibodies and antibody-mediated complement activa-
tion [8]. On the other hand, IVIG has shown to result in reduced number of Th1
and Th17 and expansion of the population of T, cells in GBS patients [31, 32].
IVIG, when started within 2 weeks of onset of weakness, has been shown to be
effective in AIDP patients with more severe disease manifested as inability to
walk 10 m unaided (GBS disability scale score >3) [59]. IVIG treatment has been
demonstrated to be as effective as PLEX if given within 2 weeks in patients who
lose the ability to walk [61, 62]. The dosage of IVIG used in the GBS clinical tri-
als has been 2 g/kg divided over 5 days [59]. The same dose can be divided over
2-4 days in selected cases, although a study suggested more posttreatment
relapses in children who received the dose in 2 days [63]. It has been suggested
that some patients may have a better response with a higher dose than 2 g/kg total
or a second course of treatment, for the following reasons: (1) about 10% of the
IVIG-treated GBS patients have a relapse, which usually responds to further treat-
ment with IVIG [64], and (2) a subgroup of GBS have poor initial response and
slower recovery, which has been correlated with lower levels of serum immuno-
globulin concentrations due to different pharmacokinetics [65]. The latter sub-
group may benefit from a higher dose or a second course of treatment [65].
Although the optimal immunomodulatory treatment for AMAN is still
unclear, PLEX has been suggested to be more efficient and cost-effective than
IVIG [2, 66]. The prognosis of MFS is generally good without treatment.
Although the recovery started earlier in the MFS patients who received IVIG, the
final outcome was not changed by the use of PLEX or IVIG in a study [67].

Oncoming Treatments
Considering the role of anti-ganglioside antibodies and complement activation in
the pathogenesis of GBS variants, modulation of complement activation through
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monoclonal antibodies and synthetic serine protease inhibitors is emerging as a new
treatment for GBS [8]. Eculizumab is a humanized monoclonal antibody, which
binds plasma C5 and blocks its cleavage to C5b, therefore preventing the formation
of membrane attack complex [68]. Eculizumab prevented the occurrence of anti-
GQ1b-mediated neuropathy in a murine model [69]. Nafamostat, a synthetic serine
protease inhibitor which is used as a short-acting anticoagulant during hemodialy-
sis, has been shown to ameliorate the phenotype of anti-GM1 antibody-mediated
neuropathy in a rabbit model due to its anticomplement activity [70].

Chronic Inflammatory Demyelinating Polyneuropathy (CIDP)

The term CIDP refers to a chronic form of an acquired inflammatory polyneuropa-
thy that is clinically differentiated from AIDP by its time course. CIDP encom-
passes a spectrum of phenotypic variants with common features of chronicity,
demyelination evident on the nerve conduction studies, and albuminocytological
dissociation in the CSF.

Clinical Manifestations

Classical CIDP is characterized by symmetrical proximal and distal muscle weak-
ness, sensory loss, and hyporeflexia or areflexia, with either a relapsing or progres-
sive course [71]. Proximal weakness and upper extremity involvement are common
in classical CIDP, which is in contrast to most other types of polyneuropathy which
are generally characterized by a more distal pattern of involvement [72]. Sensory
changes may include numbness, paresthesias, and difficulty with proprioception
and balance. Neuropathic pain is a rather infrequent feature in CIDP [73], but rarely
pain is the presenting feature [74]. Respiratory compromise and dysautonomia are
uncommon in CIDP (in contrast to GBS) and occur in less than 10% of patients
[75]. Facial, ocular, and oropharyngeal involvement is infrequent as well and is
estimated to occur in about 15% of patients [76]. CIDP is differentiated from GBS
by its time course: the time to nadir in CIDP is more than 8 weeks (it is usually
<2 weeks and maximally 4 weeks in GBS) [2]. In two thirds of those affected, the
disease has a progressive course, with the remainder experiencing relapses.

CIDP Variants

Only 50% of patients with CIDP present with classic features described above [77].
Other variants of CIDP include sensory-predominant, motor-predominant, ataxic,
chronic inflammatory sensory polyradiculopathy (CISP), and multifocal acquired
demyelinating sensory and motor (MADSAM) neuropathy.

Five to thirty-five percent of CIDP patients present with sensory symptoms in
their lower extremities [78]. Despite this purely sensory presentation from the clini-
cal standpoint, motor nerve conduction abnormalities consistent with demyelination
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can be found in many of these patients, and a pure sensory variant of CIDP has only
been reported rarely [79, 80]. On the other hand, many of the patients with purely
sensory variant will develop motor involvement years later [81]. Sensory CIDP may
mimic sensory ganglionopathy if the sensory action potentials are absent and motor
conduction studies are entirely normal. In these instances, nerve biopsy may be
required for the diagnosis [79, 82]. A rare (~5%) predominantly sensory ataxic form
of CIDP (chronic immune sensory polyradiculopathy (CISP)) is a distinct clinical
entity that involves large fibers of the dorsal roots rather than distal sensory nerves
[83, 84]. In these cases peripheral nerve conduction studies may be unrevealing, and
somatosensory conduction potentials may need to confirm demyelination of the
sensory nerve roots [85]. The motor-predominant variant of CIDP presents with
relatively symmetric proximal and distal muscle weakness, demyelination on the
nerve conduction study, and minimal or absent sensory involvement, which occurs
in about 7-10% of patients with CIDP, more commonly in young adults <20 years
of age [78, 86, 87]. The main differential diagnosis for motor variant of CIDP is
multifocal motor neuropathy. Multifocal acquired demyelinating sensory and motor
(MADSAM, aka Lewis-Sumner syndrome) neuropathy is a focal variant which
occurs in about 6-15% of CIDP patients [78]. MADSAM presents with an asym-
metrical muscle weakness and sensory changes, usually starting in one or both
upper extremities. Later in its clinical course, MADSAM may become more diffuse
and involve both lower extremities as well.

It is differentiated from axonal mononeuritis multiplex by the presence of seg-
mental demyelination in the nerve conduction study, involving both motor and sen-
SOry nerves.

Pathology

Postmortem studies as well as MRI and ultrasonography have demonstrated involve-
ment of nerve roots, plexi, and proximal nerve trunks, as well as focal involvement
of more distal portion of peripheral nerves in CIDP patients [88, 89]. The classic
histopathological findings include demyelination, remyelination (thick myelin
sheath and onion bulb formation), endoneurial edema, and presence of inflamma-
tory infiltrates (CD4, CD8 lymphocytes) in the perineurium and endoneurium [73].
Macrophages intercalate between the layers of Schwann cell membranes, including
outer mesaxon, extending their elongated processes into the myelin lamellae and
breaking them down [90]. Due to the focal distribution of lesions, up to 20% of
biopsies may show no inflammatory changes. Only 10-50% of nerve biopsies show
inflammatory cell infiltrates, due to the focal nature of the disease [90]; on the other
hand, 20-40% only show features of axonal degeneration [73, 91, 92].

Immunopathogenesis

CIDP is an autoimmune disease as proven by its response to immunomodulatory
treatments, presence of inflammatory infiltrates in the peripheral nerves, and



212 E. Grebenciucova and K. Rezania

development of a chronic relapsing EAN in animal models, similar to CIDP from
the pathological and electrophysiological standpoint [93, 94].

Immunopathogenesis of CIDP is complex and involves both cellular and humoral
arms of the immune system, affecting peripheral myelin. Breakdown in the blood-
nerve-barrier (BNB), which protects the microenvironment of the nerve from exog-
enous proteins such as potentially pathogenic immunoglobulins, plays a key role in
the pathogenesis of CIDP. Abnormal permeability of BNB can be detected via con-
trast enhancement seen in the MRI of the inflamed nerve trunks and plexi of patients
with CIDP [95, 96].

Similar to AIDP, the target antigen remains unknown in CIDP, but unlike GBS,
CIDP is characteristically not preceded by an antecedent infection. Although about a
third of cases were preceded by an infection in a previous study [97], other studies
have challenged that data by finding that the antecedent infections were present in
only 10% of patients with CIDP, which does not differ from the prevalence of in the
general population [98]. On the other hand, the onset has not been consistently linked
to any one specific antecedent infection, with the exception of rare association of
CIDP and HIV infection [99, 100]. CIDP has been rarely reported in association with
malignant melanoma, which is explained by presence of shared antigens, such as
myelin-associated glycoprotein and different gangliosides, between melanocytes and
Schwann cells, as they both are derived from neuroectodermal origin [101-104].

Cellular Immunity

Aberrant T cell activation plays an important role in the pathogenesis of CIDP as
suggested by several lines of evidence: (i) sural nerve biopsies of CIDP patients
frequently demonstrate endoneurial infiltration by CD4+, CD8+ T cells, and macro-
phages [105]; (ii) changes in T cell subsets, function, and interleukin profiles have
been reported in the blood and CSF of patients with CIDP [106]; and (iii) gamma
delta T cells, which are capable of recognizing nonprotein antigens such as ganglio-
sides, were observed in 14 of 20 CIDP nerve biopsy specimens [107].

It is yet unclear whether the initial activation of T cells occurs in lymphoid organs
or within the peripheral nerve. Upon the activation of peripheral CD4+ T cells, they
release multiple inflammatory cytokines (interleukin (IL)-2, interferon-y (IFNy),
and IL-17 as well as the chemokines (interferon gamma-induced protein (IP)-10
and macrophage inflammatory protein 3 § (MIP3f) and stimulate the increase in the
expression of the endothelial adhesion molecules (VCAM, ICAM, ELAM) that
mediate the adherence and transmigration of T cells through BNB and into the
nerve compartment. When in the endoneurium, T cells release pro-inflammatory
cytokines and metalloproteinases (MMP), further breaking down the BNB. Both
MMP-2 and MMP-9 were found to be upregulated in nerves of CIDP patients [108].
As T cells transmigrate BNB, they become locally activated due to the upregulation
of MHC II and co-stimulatory molecules B7-1 and B7-2 by infiltrating macrophages
as well as Schwann cells. An antigen-driven, major histocompatibility complex
class I-restricted CD8+ T cell-mediated immune attack has also been suggested to
play a role in the pathogenesis of CIDP [109, 110]. An oligoclonal or polyclonal
repertoire of CD8+ T cells is found in peripheral nerves of patients with CIDP
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which correlates with the same expansion in their blood [109]. On the other hand,
IVIG corrects this prominent oligoclonal repertoire of CD8+ T cells [110].

Another important checkpoint that controls the extent of inflammatory reaction
and autoimmunity is T, cells. In patients with CIDP, T, cells are reduced in num-
ber and have been found to be less functional than in healthy controls [111, 112].
The B7-1/B7-2 CD28/CTLA4 signaling pathways are important in the lymphocyte
activation and homeostasis of T, cells, with CD28 signaling promoting and CTLA4
signaling downregulate T cell activation [36, 113]. The importance of the aforemen-
tioned pathways in the pathogenesis of CIDP is demonstrated by occurrence of a
spontaneous autoimmune neuropathy in B7-2 knockout nonobese diabetic mice
(see below).

Endoneurial macrophages and Schwann cells may function as antigen-presenting
cells particularly in regard with nonprotein antigens, as indicated by overexpression
of MHC-like molecules CD1la and CDI1b in these cells in the nerve biopsies of
CIDP patients [114, 115]. Moreover, Schwann cells may participate as accessory
cellsin T cell activation as they express CD58 molecule (LFA-3) [115]. Macrophages
recruited into the site of inflammation represent one of the dominant effector cells
in CIDP [116]. They form clusters around the endoneurial vessels and participate in
antigen presentation, in the release of pro-inflammatory cytokines, and at the end
stage in stripping away the damaged myelin and phagocytizing it.

Humoral Immunity

Different lines of evidence suggest that humoral immunity has an important role in
the pathogenesis of CIDP. Firstly, sural nerve biopsies of some patients with CIDP
have shown complement and immunoglobulin deposition on the surface of Schwann
cells and compact myelin [117, 118]; secondly, serum proteins from CIDP patients
bind to the segments of healthy nerves, which results in demyelination and conduc-
tion blocks, when injected interneurally [119]; thirdly, the efficacy of plasma
exchange in the treatment of CIDP implicates the important role of humoral factors
in its pathogenesis.

It is therefore plausible that after the BNB is first damaged by the action of T
cells and macrophages detailed above, autoantibodies mediate demyelination by
complement fixation and by directing macrophages to the antigenic targets via Fc
receptors, leading to opsonization and phagocytosis.

Although the target antigen in CIDP remains elusive, antibodies to a number of
myelin and axonal antigens such as glycolipids GM1, LM1, and LM1-containing
ganglioside complex, beta tubulin, galactocerebroside, chondroitin sulfate, and pro-
teins PO, P2, and PO-related glycoprotein have been reported in sera from CIDP
patients [120, 121]. On the other hand, these antibodies have not been detected in
most patients with CIDP, and only antibodies against PO were shown to be patho-
genic in vivo with passive transfer or intraneural injection [122]. The presence of
these autoantibodies may represent an epiphenomenon of the ongoing inflammation
rather than denote causality.

Proteins in the non-compact myelin in the nodal, paranodal, and juxtanodal
regions have an important role for the maintenance of structural integrity of the
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nodes of Ranvier and therefore saltatory conduction. As the search for a target anti-
gen among major compact myelin proteins has been so far unsuccessful, the atten-
tion has shifted toward non-compact myelin proteins such as gliomedin, neurofascin,
contactin, and Caspr 1 [40, 123, 124]. The complex of contactin/Caspr/neurofas-
cin-155 has a critical function in the integrity of paranodal junctions [125]. In a
study by Deveaux et al., 30% of patients with CIDP had IgG antibodies that bound
to the nodes of Ranvier and paranodes of the rodent nerves, and the binding was
specific to gliomedin, neurofascin 186, and contactin [123]. Another study showed
that 13 of 533 Japanese patients with CIDP had an IgG4 antibody to contactin 1;
seropositivity was associated with sensory ataxia and poor responsiveness to IVIG
treatment [126]. In another study and using the same group of patients, antibodies
to neurofascin-155 were identified in 7% of the patients [127]; those who were
seropositive were more likely to have sensory ataxia (42%), tremors (13%), and
demyelinating CNS lesions (8%) and also were poorly responsive to IVIG [127].
Poor response to IVIG in patients positive to neurofascin-155 and contactin 1 has
been suggested to be due to the fact that antibodies are of IgG4 type, which do not
result in complement fixation and have low affinity to Fc receptors, two postulated
immunomodulatory mechanisms of IVIG [127].

Antibodies to contactin/Caspr/neurofascin-155 complex are pathogenic as serum
of anti-contactin-positive CIDP patients prevents adhesive interaction between con-
tactin. Caspr and neurofascin-155 therefore alter the structure of paranodal junc-
tions in myelinated neuronal culture [125].

Animal Models

Immunization of rabbits with a high dose of bovine myelin results in a relapsing or
progressive form of EAN [93]. Chronic EAN has been created in the Lewis rats by
immunization with myelin after treatment with low-dose cyclosporine A (CsA),
which is explained by inhibition of T cell apoptosis and therefore perpetuation of
inflammatory response by low-dose CsA [128]. Higher doses of CsA actually
resulted in attenuation of the disease severity, attributed to suppression of overall T
cell responses, which leads to prevention of the occurrence of EAN [128].
Spontaneous autoimmune polyneuropathy (SAP) in nonobese diabetic (NOD)
mice is another model of inflammatory neuropathy 36. The NOD mouse strain is a
model of type 1 diabetes, but it also has the propensity to develop other autoimmune
diseases. When B7-2 was knocked out in these mice, they did not develop insulitis
and diabetes, but on the other hand, all female and one third of male mice developed
a chronic demyelinating neuropathy beginning at 20 weeks of age with pathological
(heavy infiltration by CD4+, CD8+ T cells and dendritic cells in peripheral nerves
and dorsal root ganglia) and electrophysiological (demyelination, conduction block-
ing) characteristics of CIDP 129. There was overexpression of B7-1 by the antigen
presenting cells in that model. The disease was reproduced by treatment of NOD
mice with antibody against B7-2, and by transfer of CD4+ T cells but not by sera
from SAP animals [129]. Interferon gamma secreting Thl cells that are reactive
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against certain episodes of myelin protein zero (P0) are shown to have a critical role
in SAP in B7-2 deficient mouse model [130].

Treatment

CIDP is considered a treatable form of autoimmune neuropathy, and therefore a
variety of immunomodulatory and immunosuppressive agents have been studied for
its treatment.

Several controlled and retrospective studies as well as a few randomized trials
have confirmed the efficacy of current first-line treatments: corticosteroids, IVIG,
and PLEX [131-133]. Approximately, 50-70% of patients with CIDP respond to
one of these treatments, with another 50% of the remainder responding to one of the
other therapies [78, 134].

Corticosteroids

Steroids are the oldest treatment used for CIDP. The mechanism of action of ste-
roids is multimodal and includes decrease in circulating lymphocytes, inflammatory
cytokines, macrophage activation, and lymphocyte transmigration. A 3-month, ran-
domized, placebo-controlled trial showed the efficacy of high-dose prednisone
(120 mg) on alternate days in 28 CIDP patients [135]. A clinical response to steroid
treatment occurs between 2 weeks and several months with an average of about
8 weeks [91, 121]. Although oral steroids are effective, daily dosing is commonly
poorly tolerated due to multiple side effects (osteoporosis, weight gain, glycemic
control, stomach irritation). As a result, pulse treatments with intravenous methyl-
prednisolone or oral dexamethasone have been investigated as an alternative
approach. When the efficacy of dexamethasone 40 mg daily for 4 days a month was
compared to prednisolone at 60 mg in a double-blind, randomized, controlled trial,
remission occurred in about 40% of patients at both arms at 12 months [136]. The
median time to remission was however shorter in the dexamethasone (20 weeks)
versus prednisone group (39 weeks). Another retrospective study evaluated intrave-
nous methylprednisolone, loading dose of 1 g/day for 3-5 days followed 1 g/week
for 4-8 weeks, and then a slow taper over a period of 2 months to 2 years [137].
There was favorable response as assessed by remission rate and improved disability
score, in 13 out of 16 patients at 6-month follow-up, and IV methylprednisolone
regimen was equal in efficacy to IVIG and oral prednisolone arms in that study.
There were fewer steroid-related side effects in the IV methylprednisolone than the
prednisone arm.

Intravenous Immunoglobulins (IVIG)

IVIG has been used as a preferred treatment for CIDP for almost two decades.
Axonal loss, as demonstrated by muscle atrophy clinically or low or absent motor

potentials on EMG, is an important predictor of lack of response to IVIG [138].
The mechanism of action of IVIG in CIDP is multimodal and includes blocking

or decreased production of pathogenic antibodies and decreased complement
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deposition [139]. IVIG also modulates cellular immune system and decreases the
concentration of adhesion molecules and cytokine secretion by the endothelial cells
[139]. Wong et al. showed significantly reduced ratio of sialylated/agalactosylated
IgG-Fc in CIDP patients, and decrease in that ratio was associated with more severe
disease [140]. Treatment with IVIG resulted in increased levels of sialylated IgG-Fc
which correlated with clinical improvement [140]. The effect of IVIG on the T cell
profile and T, cells is described above [32].

IVIG is administered at 2 g/kg divided over 3-5 days and followed by mainte-
nance infusions of 0.5-1 g/kg every 2-4 weeks. The frequency and dose of the
maintenance therapy are adjusted based on the clinical response of the patient. IVIG
is overall well tolerated by most patients. Infusion reactions include chills, rash,
nausea, headache, and myalgias. These can be prevented or improved by premedi-
cating patients with acetaminophen and diphenhydramine and slowing the infusion
rate [141]. Other serious but not common side effects include renal failure (typically
in patient with underlying renal insufficiency), congestive heart failure (in patients
with pre-existing heart disease), anaphylactic reactions (more common in IgA-
deficient patients), and thromboembolic events such as deep venous thrombosis and
ischemic stroke. Other rare side effects include aseptic meningitis, neutropenia, and
uveitis [141]. The efficacy of IVIG was proven in the CIDP Efficacy (ICE) trial,
which is thus far the largest and longest (up to 48 weeks) randomized, double-blind,
placebo-controlled, crossover trial in this disease. The trial used a loading dose of
2 g/kg administered over 2 to 5 days, followed by maintenance infusions of 1 g/kg
administered every 3 weeks for 6 months, and demonstrated improvement in
adjusted INCAT disability score and grip strength and lower rate of relapse com-
pared to the placebo arm [142].

Subcutaneous IG (SCIg) is being investigated as an alternative to IVIG in
those patients who cannot tolerate IVIG infusions. These have been used for two
decades for other autoimmune disorders and require more frequent administra-
tion but at lower doses. Recent randomized trials showed efficacy of SClg in
improving the muscle strength in CIDP patients who were previously responsive
to IVIG [143, 144].

Two IVIG formulations (Gammagard 5% IVIG and Kiovig 10% IVIG) were
compared for their efficacy and side effect profile in a study, which demonstrated
similar efficacy and side effect profile [145]. No randomized trials of IVIG versus
SClg have thus far been conducted. The effectiveness of IVIG versus pulsed IV
methylprednisolone (500 mg IV daily for 4 days, followed by a monthly administra-
tion for 6 months) was compared in a randomized controlled trial, which showed
that IVIG was less frequently discontinued because of inefficacy or side effects at
6 months (87.5% vs. 47.6%, respectively); however, the relapse rate after discon-
tinuation was higher in the IVIG group, while in the patients who remained in the
methylprednisolone group, no patients relapsed at 6 months of treatment [146].

Plasma Exchange (PLEX)
PLEX has been demonstrated to be effective in CIDP in multiple studies, including
the two short-term randomized placebo-controlled trials [147, 148]. In the study by
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Hahn et al., PLEX was effective in 80% of the patients as indicated by improvement
in grip strength, clinical disability grade, and the mean neurologic disability score,
as well as summated motor potential amplitudes and conduction velocities [148]. Of
those patients who responded to the plasma exchange, most improved within
4 weeks of receiving therapy with no significant difference in responsiveness
between those with progressive and relapsing disease, i.e., five of seven patients
with progressive course and seven of eight patients with relapsing course improved
in that study. Despite good response initially, after discontinuation of therapy, about
two thirds of patients will experience deterioration within several weeks [133, 148].
There are no specific guidelines for the use of PLEX in CIDP beyond 4 weeks; clini-
cal response, timing, and degree of deterioration should be used to guide decision-
making regarding frequency of subsequent PLEX sessions. Usually, a maintenance
therapy with one PLEX session at least every 8 weeks may be needed, sometimes in
addition to other immunomodulatory medications [121].

Plasma exchange administration requires a central catheter placement and about
three to five sessions per treatment. Adverse effects include bleeding, infection at
the site of the catheter, hypotension, anemia, and hypocalcemia due to citrate toxic-
ity [133]. Pre-existing coagulation abnormalities, thrombocytopenia, and hemody-
namic instability warrant the use of another treatment modality.

Other Treatments

A large number of immunosuppressants (azathioprine, cyclophosphamide, meth-
otrexate, cyclosporine A, mycophenolate mofetil, rituximab) and immunomodu-
latory drugs (alpha and beta interferon) have been tried for CIDP. Although some
of the aforementioned medications are commonly used in CIDP patients as
steroid-sparing drugs, none have been shown to be effective in CIDP in random-
ized, controlled trials [149]. When azathioprine was added to a regimen of alter-
nate-day steroid treatment, the outcome was not different [150]; on the other
hand, azathioprine has been used in the treatment of CIDP patients who also had
diabetes in small case series [151, 152]. A double-blinded randomized study did
not show efficacy of a weekly dose of oral methotrexate in patients in CIDP who
were also on IVIG and prednisone [153]. Interferon Bla was shown not to be
effective in a cohort of ten patients with treatment-resistant CIDP in a random-
ized, double-blind, placebo-controlled study [154]. High-dose cyclophosphamide
(200 mg/kg over 4 days) infusion was reported to be effective in a cohort of four
CIDP patients who had failed other treatments, with remissions that could last
more than 3 years [155]. Cyclosporine has been reported to be effective to sustain
remission in a child with CIDP and to reduce the required dose of prednisolone in
another [156]. In a retrospective study on eight CIDP patients, neuropathy dis-
ability score improved in all eight, and in six of eight, the concomitant medica-
tions could be stopped or dose reduced by >50% [157]. On the other hand, another
study on 21 CIDP patients suggested efficacy of mycophenolate in only one third
of patients [158]. Autologous hematopoietic stem cell transplantation (AHSCT)
has been successfully used for treatment-resistant CIDP [159]. In a prospective
study, 11 patients with therapy-refractory CIDP underwent AHSCT with a median
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follow-up time of 28 months. Eight had a drug-free remission at their last follow-
up [159].

Other treatment modalities are being investigated, including agents affecting B
cells, T cells, transmigration molecules, and signal transduction pathways.

Rituximab, which is a monoclonal antibody against CD20 and acts by depleting
the precursors of antibody-producing B cells, was used in 13 patients with refrac-
tory CIDP, eight of whom had concurrent hematological disease (B cell lymphoma,
Waldenstrom macroglobulinemia, and IgM monoclonal gammopathy of unknown
significance) [160]. Nine of 13 (7 of 8 with hematological disease) showed improved
in that study, with median duration of 2 months from rituximab infusion to a
response and mean duration of response of 1 year. In another study, rituximab was
used in four patients with anti-CNTNI1/NF155-positive, IVIG-resistant, CIDP
patients [161]. The autoantibody titer diminished in all the patients and three of the
four improved clinically.

Alemtuzumab is a monoclonal antibody directed against the CD52, therefore
resulting in lymphocytic depletion via apoptosis. In a cohort of seven patients with
treatment-resistant CIDP who underwent treatment with alemtuzumab, two had
remissions and another two needed a lower dose of IVIG [162]. Fingolimod, a
sphingosine-1-phosphate receptor modulator approved for relapsing-remitting mul-
tiple sclerosis, is currently under investigation for the treatment of CIDP in a ran-
domized, double-blind, placebo-controlled trial.

Supportive Therapies

Physical therapy and supportive equipment such as canes, walking sticks, walkers,
braces, and ankle-foot orthotics may be helpful in assisting CIDP patients in walk-
ing and other activities of daily living. Physical therapy may help maintain range of
motion and prevent joint contractures. Neuropathic pain, anxiety, depression, and
fatigue may need to be treated with symptomatic medications. Exercise can be help-
ful in combatting fatigue and encouraging endurance.
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