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Abstract  

Clinical assessment of disease progression and effective design of clinical trials in peripheral 

neuropathy would benefit from objective biomarkers that closely reflect disease biology. This 

is particularly important in the inflammatory neuropathies, where reliable biomarkers of 

peripheral demyelination and axonal damage are needed to identify and measure active 

disease and responses to treatment.  

This thesis describes the development of a novel ultrasensitive immunoassay to measure 

periaxin, a protein exclusively expressed in the peripheral nervous system, as a biomarker of 

peripheral demyelination. It also details the optimisation of a previously developed assay for 

peripherin, an intermediate filament predominantly expressed in peripheral axons, to serve as 

a biomarker of axonal injury. Together with neurofilament light chain (NfL), a validated 

biomarker of axonal damage, periaxin and peripherin form a complementary panel that 

improves diagnostic accuracy, disease monitoring, and supports biomarker-driven research in 

peripheral neuropathies. The work spans the full translational pathway, from biomarker 

conception and assay development to validation in patient samples, along with the use of cell-

based models of neuropathy for biomarker validation. By combining clinical and in vitro 

work, this research establishes a biologically grounded framework for translating research 

findings into improved patient care.   
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Impact statement  

My DPhil research led to the development and optimisation of ultrasensitive assays for 

periaxin and peripherin - biomarkers of peripheral nerve demyelination and axonal injury - 

with validation in patient cohorts and in vitro models. Combined with NfL, these biomarkers 

enhance classification of neuropathy subtypes and assessment of disease activity, with 

promising results in relation to outcome prediction.  

A fluid biomarker of peripheral demyelination has long been sought, but previous candidates 

have lacked specificity or robustness for clinical use. Periaxin is the first peripheral nerve-

specific biomarker with the potential to improve diagnosis and monitoring of demyelinating 

neuropathies, particularly when used alongside axonal biomarkers and clinical scales. It also 

holds promise as a surrogate endpoint to enhance the design and efficiency of early-phase 

clinical trials. 

This work has attracted international collaborations across Europe and North America, as 

well as interest from pharmaceutical partners. Locally, collaborations within the Nuffield 

Department of Clinical Neurosciences and University College London are advancing 

integration into translational neuromuscular research. Future directions include application to 

broader disease cohorts, longitudinal studies to define clinically meaningful thresholds, and 

detailed profiling of disease-specific biomarker signatures to support precision diagnosis and 

therapy in peripheral neuropathy. 
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1. INTRODUCTION 

1.1 The inflammatory neuropathies  

The inflammatory neuropathies are a heterogeneous group of peripheral nerve disorders 

driven by abnormal immune system activity and presumed immune-mediated pathogenesis. 

All inflammatory neuropathies are characterised by pathological evidence of immune-

mediated injury, in the form of inflammatory cell infiltration or indirect immune effector 

mechanisms, with variable degrees of demyelination and/or axonal damage. Chronic 

inflammatory demyelinating polyradiculoneuropathy (CIDP) and Guillain-Barré syndrome 

(GBS) are the most common inflammatory neuropathies. Others include neuropathies 

associated with paraproteinaemia, autoimmune nodopathies (where the damage primarily 

occurs at the node of Ranvier or paranodal regions), and vasculitic neuropathy. Peripheral 

neuropathy can also develop as a secondary manifestation of systemic autoimmune 

conditions (such as systemic vasculitis and connective tissue diseases), infections, and as a 

paraneoplastic complication of cancer. 

Clinical management of the inflammatory neuropathies is hampered by the lack of valid 

biomarkers of peripheral nerve disease. Current methods are poorly sensitive and can lead to 

overtreatment-related side effects or excess disability due to undertreatment. Meanwhile, 

demand, consumption and cost of therapies continue to increase. Objective and responsive 

biomarkers are urgently needed to measure peripheral nerve disease, individually tailor 

therapies and improve their cost-effectiveness. 
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1.1.1 Chronic inflammatory demyelinating polyradiculoneuropathy  

CIDP is the most common chronic immune-mediated peripheral nerve disorder. It is an 

acquired, treatable demyelinating neuropathy with an estimated prevalence of 0.67 to 7.7 per 

100,000 individuals. Males are more commonly affected than females (gender rate ratios 

range from 1.4 to 4.4),1 and onset is most frequently between 40 and 60 years of age, 

although younger cases including paediatric can be seen.2 

1.1.1.1 Pathophysiology 

CIDP is currently thought to be the result of a complex interplay involving a combination of 

cellular, humoral, and cytokine-driven mechanisms. Evidence from pathological studies on 

nerve biopsy specimens shows that myelin is phagocytosed by macrophages,3–9 likely 

activated by CD4+ T cells releasing IL-17, IL-2, IFN-γ and other proinflammatory 

cytokines.10 Activated macrophages then act as antigen presenting cells and contribute to the 

release of cytokines, further activating CD4+ lymphocytes11 and ultimately disrupting the 

integrity of the blood-nerve barrier.12 CD8+  cytotoxic T lymphocytes have also been 

identified in the endoneurium13 and have been shown to be clonally expanded in nerve 

biopsies.14 Immunoglobulin treatment of CIDP leads to greater suppression of CD8+ activity 

compared to CD4+, which may suggest a more prominent role of CD8+ cells in CIDP 

pathogenesis,15 although the same findings have not been replicated in other studies. Humoral 

mechanisms may also initiate or propagate demyelination in CIDP, but no antibody targets 

have yet been identified. Antibodies to nodal and paranodal antigens,16 discussed later in this 

chapter, are found in the autoimmune nodopathies, which are now a considered to be distinct 

clinical entities and no longer variants of CIDP. Finally, complement is also involved in the 

pathogenesis of CIDP, and contributes by modulating humoral and cytotoxic responses. 
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Complement factors are thought to direct macrophage-associated Schwann cell phagocytosis 

through opsonisation and further cytokine release. Macrophages can engage complement 

components either directly, through complement receptors (CRs), or indirectly via Fc 

receptors that recognize the Fc region of immunoglobulins bound to C3b deposited on 

Schwann cells (Fig. 1.1).17–22 

 

Figure 1.1. Immune mechanisms in CIDP 

 

Schematic overview of immune mechanisms involved in CIDP. Macrophages, complement, 

antibodies, T cells, and B cells all likely contribute to nerve injury through both cellular and 

humoral immune pathways. 
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1.1.1.2 Clinical features  

Typical CIDP presents with progressive or relapsing, symmetrical weakness that 

predominantly affects proximal more than distal muscles, in both the upper and lower limbs. 

Symptoms develop over a period of at least eight weeks and are accompanied by sensory 

involvement in two or more limbs. Deep tendon reflexes are characteristically absent. Tremor 

may be present, as with all demyelinating conditions, and in some cases can be prominent. In 

contrast, autonomic dysfunction is less usual.  

Several CIDP variants have been described, each with distinct clinical characteristics that 

may pose diagnostic challenges. These include multifocal CIDP (multifocal acquired distal 

sensory and motor neuropathy, often referred to as MADSAM or Lewis-Sumner syndrome), 

focal CIDP, distal CIDP (also known as distal acquired demyelinating sensory neuropathy, or 

DADS), as well as pure motor and pure sensory forms. The differential diagnosis of these 

variants can be challenging and is discussed later in this chapter. 

In some cases, CIDP may present with an acute onset (A-CIDP), characterized by rapid 

symptom progression within four weeks. This form can initially mimic GBS; however, A-

CIDP typically progresses beyond the first month and is generally (but not always) not 

associated with features commonly seen in GBS, such as bulbar dysfunction (dysphagia 

and/or respiratory symptoms), cranial nerve involvement, or autonomic disturbance. 

Recognising these distinctions is crucial for accurate diagnosis and appropriate treatment. 
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1.1.1.3 Diagnosis of CIDP 

 
The 2021 European Academy of Neurology/Peripheral Nerve Society (EAN/PNS) 

guidelines23 recommend electrophysiology (with both motor and sensory nerve conduction 

studies) to support a clinical diagnosis of CIDP. If electrophysiology strongly supports 

demyelination, ‘CIDP’ is the diagnosis, whereas if the support for demyelination is weak, 

‘possible CIDP’ should be diagnosed. In cases where clinical criteria are met but 

electrophysiological findings suggest only possible CIDP, additional investigations such as 

imaging, cerebrospinal fluid (CSF) analysis, or nerve biopsy may provide supportive 

evidence. Conversely, some of the CIDP mimics can also meet electrophysiological criteria 

for demyelination and may present with similar CSF and imaging findings, adding 

complexity to the diagnostic process. A positive response to immunotherapy can support a 

clinical diagnosis of CIDP but a lack of response does not exclude it, and improvement with 

treatment is not specific to CIDP alone. 

1.1.1.4 CIDP mimics  

A chronic, progressive neuropathy with predominantly proximal weakness is most suggestive 

of CIDP. The variant forms of CIDP, however, can pose diagnostic challenges, and are often 

misdiagnosed as other conditions with overlapping clinical features but distinct 

pathophysiological mechanisms. 

Paraproteinaemic neuropathies  

A paraprotein (also known as an M-protein or monoclonal gammopathy) is a monoclonal 

immunoglobulin secreted by a population of clonally expanded B cells. Normal 
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immunoglobulins are composed of a heavy chain, which determines the isotype (IgM, IgG, or 

IgA), and a light chain (either kappa or lambda). Paraproteins may be complete (formed by 

both heavy and light chains) or light chains only (kappa or lambda paraproteins). Paraproteins 

are relatively common in older adults, detected in 3%–4% of individuals over the age of 50,24 

and are found in approximately 10% of patients with a neuropathy of unknown cause.25 Most 

paraproteinaemic neuropathies are IgM-related, and an IgM paraprotein is more likely to be 

pathogenic, particularly when the neuropathy is “demyelinating” on electrophysiology.26–28 

Anti-myelin-associated glycoprotein neuropathy, commonly referred to as anti-MAG 

neuropathy, is a paraproteinaemic demyelinating neuropathy (PDN) where IgM antibodies 

selectively target MAG in Schwann cells. IgM kappa light chain paraproteins are most 

common, although IgM lambda can also be found. The clinical phenotype of anti-MAG 

neuropathy is distinctive: patients typically present with early unsteadiness and sensory 

ataxia, often followed by tremor and minimal distal weakness. Sensory examination reveals a 

striking loss of vibration sense, often extending up to the costal margins, in contrast to 

relatively mild impairment of small fibre function. Electrophysiology characteristically 

demonstrates distal, symmetrical demyelination with disproportionately prolonged distal 

motor latencies. Nerve biopsy will reveal widely spaced myelin, which is pathognomonic 

(Fig. 1.2). In anti-MAG neuropathy, the weakness is more often distal, whereas CIDP 

patients have proximal weakness and less profound loss of vibration. Distinguishing CIDP 

from anti-MAG neuropathy is crucial, as treatment strategies differ significantly: anti-MAG 

neuropathy typically responds to B cell depletion with rituximab, whereas IVIg and steroids 

alone are rarely effective.29 However, in cases where MAG antibody testing is negative, and 

the clinical phenotype is CIDP-like, the presence of an IgM paraprotein may still suggest a 

better response to rituximab.30,31 
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Figure 1.2. Electron microscopy of normal versus widely spaced myelin 

 

Electron microscopy of normal myelin (A) versus widely spaced myelin (B) as observed in anti-MAG 

neuropathy.32 

 

- Another important differential diagnosis of CIDP is multifocal motor neuropathy (MMN), 

a less common neuropathy with a prevalence approximately one-third that of CIDP.33 

MMN is more frequently seen in men than women and is characterized by multifocal 

weakness that primarily affects the distal upper limbs, often with disproportionate 

weakness in finger extension, which can help distinguish it from other motor 

neuropathies. Unlike CIDP, MMN is distinguished by the absence of sensory 

involvement; patients may report sensory symptoms but examination should not reveal 

objective abnormalities, other than minor disturbance of vibration sense at the ankle.34 As 
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the disease progresses, muscle wasting typically develops, particularly in the finger 

extensors and intrinsic hand muscles. The electrophysiological hallmark of MMN 

is conduction block, which helps differentiate it from other motor neuropathies, notably 

motor neuron disease where primary demyelination should not be present. IgM 

ganglioside antibodies to GM1 are detected in approximately 30-50% of cases,35 and a 

paraprotein may be identified in some patients. It should be noted that, while MMN is 

sometimes included within the group of paraproteinaemic neuropathies (as it is here), it is 

not consistently classified as such as many patients have a negative serum protein 

electrophoresis. Although less commonly employed, magnetic resonance imaging (MRI) 

and ultrasound (USS) can also aid diagnosis by revealing nerve enlargement and/or 

contrast enhancement.36,37 The mainstay of MMN treatment is intravenous 

immunoglobulin (IVIg), with subcutaneous immunoglobulin (SCIg) serving as an 

alternative option in some patients. Steroids often exacerbate symptoms in MMN, 

underscoring the importance of accurately distinguishing it from CIDP to ensure 

appropriate treatment. 

- Polyneuropathy, organomegaly, endocrinopathy, M-protein, and skin changes (POEMS) 

syndrome is a paraneoplastic, multisystem disease, caused by a plasma cell neoplasm. It 

is a rare yet important differential diagnosis of CIDP. Like anti-MAG neuropathy and 

some forms of MMN, the neuropathy of POEMS syndrome is paraproteinaemic, but its 

pathology is associated with IgG or IgA paraproteins rather than IgM. IgG or IgA 

paraproteinaemic neuropathies often present as chronic, symmetrical, and predominantly 

sensory, and may resemble CIDP.34 However, these presentations are generally more 

heterogeneous than those seen with IgM-related neuropathies. Patients with IgG or IgA 

MGUS (monoclonal gammopathy of undetermined significance) neuropathy often have 
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less weakness and relatively more sensory involvement, both clinically and 

electrophysiologically, compared to those with “idiopathic” CIDP.34 Neurophysiological 

studies in these neuropathies are diverse, showing either demyelinating or axonal/mixed 

patterns in approximately equal proportions, further adding to the diagnostic complexity. 

Recognising such distinctive features is crucial to distinguishing POEMS syndrome and 

IgG/IgA-related neuropathies from CIDP and guiding appropriate management, as the 

treatment of POEMS syndrome primarily targets the underlying haematological cancer.  

Autoimmune nodopathies  

The autoimmune nodopathies (AIN) are neuropathies caused by autoantibodies targeting 

nodal or paranodal molecules: neurofascin 155 (NF155), neurofascin isoforms (NF140/186), 

contactin-1 (CNTN1), or contactin-associated protein 1 (Caspr1). Patients with AIN often 

have a neuropathy with more aggressive acute or subacute onset and additional symptoms 

including ataxia and tremor, as well as respiratory dysfunction and cranial nerve involvement 

– both of which are less common in CIDP. CSF protein levels tend to be significantly 

elevated, and patients do not respond to standard treatment with IVIg, corticosteroids, or 

plasma exchange (PLEX). It should be noted, however, that not all AIN patients present with 

such distinctive clinical features, and testing for nodal and paranodal antibodies should be 

pursued routinely: this is of therapeutic relevance, as robust evidence now shows that 

rituximab improves functional outcomes in patients with AIN, particularly if given early in 

the disease course.30,38,39 
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Other peripheral nerve disorders 

The differential diagnosis of CIDP includes several other peripheral nerve disorders, 

particularly when the phenotype is atypical. In focal or multifocal presentations, entrapment 

neuropathies, hereditary neuropathy with liability to pressure palsies (HNPP), peripheral 

nerve tumours, or vasculitis should be considered. In cases of pure motor presentations, the 

differential may include motor neuron disease, neuromuscular junction disorders, or 

myopathies. Conversely, in pure sensory presentations, sensory neuronopathy is an important 

consideration. Charcot-Marie-Tooth (CMT) disease should be considered in patients with 

long-standing symptoms, particularly when these are less pronounced than clinical signs. 

Compared to CIDP, CMT may present with additional features such as hearing loss, scoliosis, 

and the development of ankle-foot deformities later in the disease course. CSF protein levels 

are typically normal or only mildly elevated in CMT, and standard immunotherapy is 

generally ineffective, further distinguishing it from CIDP.40  

1.1.1.5 Treatment of CIDP  

When warranted, treatment of CIDP should be commenced as soon as possible to minimise 

secondary axonal damage and associated clinical disability. First-line treatments in CIDP 

include corticosteroids, IVIg, or plasma exchange. IVIg is supported by the highest level of 

evidence,41 there is no difference between IVIg and steroids,42 and both are superior to 

placebo.43 If tolerated, steroids may produce a longer lasting remission compared to IVIg. 44 

B cell depletion with rituximab is not more effective than placebo in preventing clinical 

deterioration following IVIg cessation,29 though may have a role in escalation therapy when 

response to IVIg is poor. Other immunosuppressants have been tried in CIDP but only 

cyclophosphamide has shown promise.45 Efgartigimod (ARGX-113), a neonatal Fc receptor 
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(FcRn) antagonist that reduces pathogenic IgG antibodies by blocking their recycling,46 is 

currently under investigation in CIDP. Steroids and plasma exchange may exacerbate 

symptoms and should be avoided in motor-predominant CIDP, MADSAM and MMN. 

Most patients with CIDP respond to first-line immunotherapy; if clinical deterioration 

continues after initial treatment, diagnosis should be re-evaluated, with the caveat that IVIg 

can confound antibody testing and serum protein electrophoresis (which, in fact, should be 

done before commencing treatment) and CSF white cell count. Corticosteroids may mask 

neurolymphomatosis. Nerve biopsy might be needed if less invasive tests have been 

inconclusive and, if the most probable diagnosis remains CIDP, alternative 

immunosuppressive agents such as cyclophosphamide may be tried.  

Ultimately, more than half of CIDP patients require assistance with walking or become 

bedbound at some point during their illness. At any given time, 13% of patients need mobility 

support or are confined to bed. Over 50% require ongoing treatment to maintain disease 

stability.34,47 

1.1.2 Guillain-Barré syndrome  

GBS is the leading cause of acute neuromuscular paralysis worldwide. It is a postinfectious, 

immune-mediated, monophasic polyradiculoneuropathy, primarily diagnosed on the basis of 

clinical patterns with or without the support of electrophysiology and laboratory findings. 

About a third of patients with GBS develop a severe, generalised neuropathy, and ultimately 

require mechanical ventilation due to respiratory failure. One in twenty patients die. The 

mainstay of treatment remains intravenous immunoglobulin or plasma exchange. Interval 

neurological examination and outcome measures are used to monitor disease activity and 
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response to treatment, whilst novel therapies are being explored and may soon contribute to 

clinical management.48  

Each year, GBS affects an estimated 100,000 people worldwide.49 Incidence varies 

geographically, with the lowest reported rates in Japan (0.44 per 100,000)50 and the highest in 

Chile (2.12 per 100,000)51 and Bangladesh (3.25 per 100,000),52 likely reflecting differences 

in exposure to infectious organisms. Seasonal variations have been described,53 and spikes in 

GBS cases have been reported following infectious outbreaks, most notably those caused 

by Campylobacter jejuni54 and Zika virus.55,56 GBS predominantly affects older adults, with 

peak incidence occurring between 50 and 70 years of age. Men are more commonly affected 

than women, with a male-to-female ratio of approximately 1.5:1.49,57,58   

1.1.2.1 Pathophysiology 

In GBS, disruption of axons and myelin is initiated by an immunological trigger. Most cases 

are postinfectious, with two-thirds of patients reporting preceding gastrointestinal or 

respiratory symptoms. Campylobacter jejuni remains the most frequently identified 

pathogenic trigger, causing GBS in approximately one in every 1000 cases. This occurs 

through molecular mimicry between the bacterium's surface lipo-oligosaccharide (LOS) and 

host peripheral nerve gangliosides. The resulting immune response generates cross-reactive 

antibodies targeting gangliosides such as GM1, GD1a, and GQ1b, ultimately leading to 

axoglial damage (Fig. 1.3). Other pathogens linked to GBS include Epstein-Barr virus (EBV), 

Cytomegalovirus (CMV), Mycoplasma pneumoniae, Haemophilus influenzae, influenza A 

virus, hepatitis E virus (HEV), and Zika virus. While the precise mechanisms underlying the 

relationship between most of these pathogens and nerve damage remain unclear, molecular 

mimicry involving C. jejuni and peripheral nerve glycans remains the most well-established 
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postinfectious mechanism in GBS. However, the process by which patients lose tolerance to 

self-glycans following C. jejuni infection has yet to be fully understood. 

Some vaccines have been epidemiologically linked with a subsequent diagnosis of GBS. 

These include the vaccine for the ‘swine flu’ (A/New Jersey/76 influenza),59 the recombinant 

zoster vaccine (RZV),60 and the adenovirus-vectored SARS-CoV-2 vaccines.61–63  

The risk of developing GBS may be increased in the six weeks following surgery,64 with 

orthopaedic and gastrointestinal procedures posing the greatest risk, particularly in patients 

with active malignancy.65 GBS has also been reported in stem cell transplant recipients 

undergoing immunosuppression with tacrolimus for graft-versus-host disease (GVHD) 

prophylaxis,66 as well as in patients on immune checkpoint inhibitors.67 Further studies are 

needed to clarify the exact risk associated with these treatments, as a definitive link has not 

been ascertained. 
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Figure 1.3. Molecular mimicry in GBS: cross-reactivity between Campylobacter jejuni 

LOS and nerve gangliosides 

 

The lipo-oligosaccharide (LOS) on the outer membrane of Campylobacter jejuni induces cross-reactive 

antibodies which, through molecular mimicry, bind to the structurally identical glycans (areas in green) present 

on peripheral nerve gangliosides (GM1 and GQ1b in the example above), resulting in damage to axons and 

Schwann cells.48 
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Both innate and adaptive immune mechanisms are involved in the pathogenesis of GBS. 

While T cells, B cells, NK cells, dendritic cells, and macrophages all contribute to 

demyelination and axonal damage, the underlying mechanisms may vary between different 

electrophysiological subtypes of the disease. Traditionally, two main forms of GBS have 

been described: acute inflammatory demyelinating polyradiculoneuropathy (AIDP) and acute 

motor axonal neuropathy (AMAN). Recent research has shown that patients with AIDP have 

CD4+ and CD8+ T cells in their blood, CSF, and nerve tissue that are reactive to key myelin 

proteins, including myelin protein 0 (P0), myelin protein 2 (P2), and peripheral myelin 

protein 22 (PMP22)48,68 (Fig. 1.4A). Such or similar autoreactive T cells were not found in 

AMAN patients. It remains to be established whether antibodies primarily targeting the 

Schwann cells exist, and if T cells are implicated in the activation of B cells.  

Axonal damage is mediated by ganglioside antibodies69–74 targeting axonal or glial antigens 

and causing damage through complement activation and MAC formation, or inducing myelin 

and axonal regeneration independent of complement. Membrane disruption aberrantly 

increases calcium influx into the axon, leading to calpain activation, and ultimately damaging 

the node of Ranvier, the paranode, and the motor nerve terminals (Fig. 1.4B)..48,71,72,75,76  

The immunobiology of GBS may also be influenced by genetic factors. Polymorphisms of 

the tumour necrosis factor (TNF) and of the mannose-binding lectin (MBL) genes have been 

associated with GBS;77,78 the latter contributes to complement activation and to the clearance 

of apoptotic cells by dendritic cells and macrophages. Large-scale research is still needed to 

clarify the genetic basis of GBS, with genome-wide association studies in well-characterized 

cohorts expected to provide further insights.  
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Figure 1.4. Pathogenesis of GBS: established and proposed immune mechanisms 

 

 (A) Autoreactive T cells targeting myelin antigens in the peripheral nervous system. Anti-myelin antibodies 

have not been identified yet. T cells might be activated by macrophages or other antigen-presenting cells 

(APCs). It has been hypothesised that the Schwann cells might act as APCs themselves. (B) In AMAN, 

ganglioside antibodies bind to their targets and induce complement activation, MAC formation, influx of 

calcium into the axolemma, cytoskeletal disruption, and ultimately nodal and paranodal destruction as well as 

damage to the motor terminals.48 
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1.1.2.2 Clinical features and diagnosis of GBS 

 
GBS typically presents with acute, rapidly progressive flaccid paralysis affecting the arms 

and legs, accompanied by absent or decreased deep tendon reflexes. Sensory disturbances 

may also be present, though this is variable. Most patients reach their peak disability (nadir) 

in the first two weeks, with symptoms rarely progressing beyond four weeks.58,79,80  

The diagnosis of GBS is fundamentally clinical, based on clinical history and examination 

findings. The 2023 EAN/PNS guidelines on the diagnosis and management of GBS81 state 

that progressive weakness of the upper and lower limbs developing over and not beyond 4 

weeks, with absent or reduced deep tendon reflexes, are essential diagnostic criteria. While 

electrophysiological studies and CSF analysis can provide supportive evidence, they are not 

mandatory for the diagnosis. Imaging has a limited role but may occasionally be helpful 

(Table 1.1).  

Initial hyperreflexia and sphincter dysfunction (bladder and/or bowel disturbance) are 

uncommon and often suggest an alternative diagnosis but do not exclude GBS. A sensory 

level typically points to a myelopathy, whilst encephalopathy or altered consciousness may 

indicate Bickerstaff brainstem encephalitis (BBE). It should be noted, however, that 

involvement of the thoracic roots or intercostal nerves can produce a pseudo-spinal level in 

GBS. This may manifest as an anterior “level” that is absent posteriorly, particularly in cases 

of length-dependent involvement.48 

Some patients with GBS may experience recurrent clinical worsening following initial 

improvement or stabilization, a phenomenon known as treatment-related fluctuations (TRF). 

This can occur if the disease duration exceeds the therapeutic effect of treatment. However, 
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the occurrence of three or more TRFs and/or fluctuations beyond eight weeks is atypical for 

GBS and should prompt consideration of alternative diagnoses, such as CIDP or an 

autoimmune nodopathy. 

CSF analysis and serology  

Normal CSF protein is common during the first week of the disease and does not exclude 

GBS, and may be normal or only mildly elevated in the second week after onset of 

symptoms. Higher WCC should raise suspicion for infections (HIV, Lyme), haematological 

malignancy, or granulomatous inflammatory disorders such as sarcoidosis. Crucially, CSF 

should be sampled prior to treatment with IVIg, which typically raises both CSF protein and 

white cell count (WCC). 

The CSF hallmark of GBS is albuminocytological dissociation, characterized by an elevated 

protein level with a normal WCC. Alongside an increased CSF/serum albumin quotient 

(Qalb), it reflects disruption of the blood-nerve barrier in the affected nerve roots, allowing 

proteins to diffuse into the subarachnoid space through the leaky vessels.48 Normal CSF 

protein levels are common during the first week and do not exclude GBS; levels may also 

remain within normal range or only mildly elevated in the second week after symptom onset. 

A higher WCC should prompt consideration of alternative diagnoses such as infections (HIV, 

Lyme disease), granulomatous inflammatory conditions (sarcoidosis), or haematological 

malignancies.  
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Table 1.1 Guillain-Barré syndrome diagnostic criteria (2023 EAN/PNS guidelines) 

 

Essential criteria 

- Progressive weakness of upper and lower limbs  

- Absent or decreased deep tendon reflexes  

- Progression of clinical worsening not beyond 4 weeks 

Clinical features supportive of GBS 

- Symmetrical neuropathy 

- Mild or absent sensory symptoms (compared to motor) 

- Cranial nerve involvement (especially bilateral facial palsy) 

- Respiratory failure 

- Autonomic dysfunction 

- Recent gastrointestinal or respiratory infection (<6 weeks) 

- Back pain (interscapular or radicular) 

Other supportive findings 

- CSF albuminocytological dissociation 

- Electrophysiology confirming peripheral neuropathy 
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The presence of ganglioside antibodies (of the IgG and/or IgM isotype) supports a diagnosis 

of autoimmune neuropathy, but their absence does not exclude GBS,82 nor does it impact on 

clinical management or monitoring. On a prognostic level, high and persistent anti-GM1 

antibody titers are associated with poor clinical recovery.83 Anti-GQ1b antibodies have the 

highest specificity and should be tested in cases of suspected Miller Fisher syndrome (MFS) 

or GBS/MFS overlap. Nodal and paranodal antibodies should be tested in patients with poor 

response to treatment or recurrent TRFs, as a diagnosis of autoimmune nodopathy would 

impact on management and prognosis.  

Electrophysiology  

Traditionally, slowing of conduction velocity (CV), prolonged distal motor latencies, delayed 

F waves, temporal dispersion, and conduction block have been associated with the acute 

inflammatory demyelinating polyradiculoneuropathy (AIDP) form of GBS. Conversely, 

patients with substantially reduced compound muscle action potentials (CMAP) and 

relatively less severe conduction slowing have been classified as having the acute motor (and 

sensory) axonal neuropathy (AM[S]AN) form of GBS. Such distinction is no longer endorsed 

in the 2023 EAN/PNS guidelines, fundamentally because there is no gold standard to select 

among the various published criteria.48,81  

The presence of a sural-sparing sensory pattern helps distinguish GBS from mimics,84,85 

whereas absent H-reflexes may suggest a radiculopathy86,87 and their presence makes GBS 

unlikely.88,89 It should be noted that neurophysiology may be normal in the first week, or 

show inexcitable nerves, indicating severe nerve damage, but a normal study several weeks 

after disease onset is extremely unusual.  
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Imaging 

MRI and USS may be helpful in cases with diagnostic uncertainty. Spinal cord MRI might 

help discriminate between peripheral neuropathy and myelopathy, and may show nerve root 

contrast enhancement or enlargement in radiculopathies. However, diffuse nerve thickening 

is highly non-specific and can be found in a wide range of neuropathies including 

inflammatory, infective, infiltrative and genetic.48 

1.1.2.3 Differential diagnosis of GBS 

An acute or subacute onset with progressive symptoms over days or weeks, elevated CSF 

protein, and symptom improvement with immunotherapy are features that suggest an 

inflammatory neuropathy. GBS is most likely if the neuropathy is acute, inflammatory, and 

monophasic. The differential diagnosis includes other peripheral neuropathies, NMJ disorders 

and myopathies (discussed here) and CNS diseases (summarised in Fig. 1.5). In some cases, 

the diagnosis of GBS can only be confirmed or excluded with time.   

Peripheral nerve 

Autoimmune nodopathies can present with an acute, monophasic course similar to GBS, but 

they frequently exhibit additional distinguishing features. Patients with NF186 or pan-

neurofascin (NF155, NF140 and NF186) antibodies often develop a severe neuropathy 

resembling GBS, characterised by cranial nerve involvement, respiratory compromise, and 

autonomic dysfunction. Clinical features that increase the likelihood of a diagnosis of 

autoimmune nodopathy or A-CIDP include the presence of three or more treatment-related 

fluctuations (TRFs), disease progression or relapse beyond eight weeks from symptom onset, 
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marked sensory ataxia, and the presence of nephrotic syndrome (often found in CNTN-1 

autoimmune nodopathy).90 A subacute disease onset (defined as a time to nadir exceeding 

two weeks) and/or prominent early reductions in motor conduction velocity may further 

support an alternative diagnosis to GBS. Differentiating GBS from CIDP is critical, as CIDP 

typically responds to corticosteroids, may require long-term or repeated immunotherapy, and 

can benefit from steroid-sparing agents. Autoimmune nodopathies, instead, tend to respond 

poorly to standard treatments, but may show clinical improvement if B-cell depleting therapy 

with rituximab is given early.30,38,39  

Other peripheral nerve disorders may mimic GBS. Vasculitic neuropathies, while 

occasionally presenting acutely, more commonly follow a subacute course with symptom 

onset over several weeks and progression over months. The pattern is typically asymmetrical, 

multifocal, characteristic of a mononeuritis multiplex - in contrast to the generally 

symmetrical presentation of GBS and its variants (with the exception of rare monomelic 

forms). Pain in early GBS is most frequently located in the lower back, interscapular region, 

or follows a radicular distribution, and may persist for months despite immunosuppressive 

treatment.91 

Certain infectious neuropathies can also mimic GBS by presenting with acute flaccid 

paralysis. These include neuropathies associated with  Lyme disease, HIV, paralytic forms of 

rabies, and diphtheric polyneuropathy. Additionally, poliovirus infection targets the anterior 

horn cells of the spinal cord, leading to a poliomyelitis-related neuronopathy, particularly in 

unvaccinated individuals. This typically follows a prodromal phase marked by fever and 

myalgia, before the onset of motor symptoms.92,93 
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Non-polio enteroviruses more commonly present with gastrointestinal symptoms such as 

diarrhoea, fever, and general malaise. In approximately 20% of cases, these systemic 

symptoms are followed - typically one to two weeks later - by the development of a 

peripheral neuropathy.94 HIV-associated neuropathy is often related to seroconversion and 

can closely mimic GBS; however, it is usually distinguished by a markedly elevated CSF 

white cell count. In patients with advanced HIV infection and profound immunosuppression 

(low CD4 counts), neuropathy may also result from opportunistic infections. Causative 

pathogens in such cases include CMV, EBV, HSV, and VZV. In rare instances, weakness 

may arise as a complication of antiretroviral therapy or from nutritional deficiencies, such as 

vitamin B1 deficiency.93,95 

Toxic neuropathies caused by exposure to heavy metals - such as thallium, lead, arsenic, and 

mercury - can also mimic GBS and may present acutely or subacutely. These neuropathies 

can exhibit distinctive clinical patterns, including predominant upper limb weakness with 

wrist drop in lead poisoning, or pronounced sensory symptoms with sensory ataxia in 

mercury toxicity. Similarly, thiamine (vitamin B1) deficiency can produce a neuropathy that 

shares clinical features with GBS, such as areflexia and progressive ascending weakness. 

However, unlike GBS, it does not show CSF albuminocytological dissociation and lacks 

demyelinating features on neurophysiology. 

Finally, acute intermittent porphyria (AIP) may cause a neuropathy that mimics GBS. This 

typically begins with symmetrical, proximal upper limb weakness, which may progress to 

involve the lower limbs. Less commonly, the initial presentation includes distal weakness, 

such as foot or wrist drop, with sensory symptoms being relatively uncommon.96 Porphyric 

neuropathy can rapidly progress to tetraparesis, respiratory failure, and potentially death if 

not promptly treated. It is usually preceded by a prodromal phase featuring neuropsychiatric 
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disturbances, abdominal pain, gastrointestinal symptoms (nausea and vomiting), and 

autonomic dysfunction. While both AIP-related neuropathy and GBS are characterised by 

acute onset, rapid progression, and frequent autonomic involvement, porphyric neuropathy is 

typically axonal on nerve conduction studies, lacks albuminocytological dissociation in CSF, 

and does not respond to immunotherapy. 

 

Figure 1.5. Differential diagnosis of GBS 

 

Differential diagnosis of Guillain-Barré syndrome. LEMS, Lambert–Eaton myasthenic syndrome; MOGAD, 

myelin  oligodendrocyte glycoprotein antibody-associated disease. 
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Neuromuscular junction disorders  

Myasthenia gravis (MG), the most prevalent disorder of the neuromuscular junction, is 

characterised by fatigable muscle weakness, often with diurnal fluctuations, preserved deep 

tendon reflexes, and a decremental response on repetitive nerve stimulation during 

electrophysiological testing. Bulbar-onset MG and MG associated with anti-muscle-specific 

kinase (anti-MuSK) antibodies can clinically resemble the pharyngeal-cervical-brachial 

variant of GBS, and vice versa. Lambert-Eaton myasthenic syndrome (LEMS), frequently 

paraneoplastic in origin, typically presents with proximal weakness that improves with 

exertion, reduced or absent reflexes, and an incremental response to repetitive nerve 

stimulation. While MG, LEMS and GBS can all present with muscle weakness, features such 

as fluctuating symptoms and activity-dependent changes in strength are not characteristic of 

GBS, where reflexes are generally absent. 

Botulism, another NMJ disorder, may also mimic GBS, presenting with acute flaccid 

paralysis. However, botulism typically manifests with descending weakness and prominent 

autonomic signs such as fixed dilated pupils (mydriasis). Similarly, organophosphate 

poisoning leads to flaccid paralysis but is distinguished by a constellation of cholinergic 

features, including diarrhoea, urinary frequency, lacrimation, hyperhidrosis, hypersalivation, 

miosis, and bradycardia. 

Myopathies  

Acute muscle disorders that may mimic GBS include hypokalaemic periodic paralysis, 

certain forms of viral-induced acute myositis, and acute colchicine myopathy. Hypokalaemic 

periodic paralysis is characterised by recurrent episodes of flaccid weakness, typically 
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without sensory symptoms, sphincter dysfunction, or involvement of bulbar or respiratory 

muscles - features that help distinguish it from GBS. Viral myositides, such as those caused 

by influenza A, can present with rapid-onset paralysis accompanied by myalgia, fever, and 

rhabdomyolysis. These cases are often preceded by a prodromal phase of flu-like symptoms. 

In contrast to GBS, the presence of fever and rhabdomyolysis is more typical of viral 

myositis and less commonly observed in GBS. Acute colchicine myopathy may also mimic 

GBS, presenting with rapidly progressive weakness often preceded by gastrointestinal 

symptoms such as diarrhoea. However, key distinguishing features include the absence of 

cranial nerve involvement, elevated serum creatine kinase levels, and the presence of 

myotonic discharges on electromyography.97 

1.1.2.4 Treatment of GBS 

IVIg and PLEX are currently the only disease modifying therapies in GBS. Corticosteroids 

do not improve neurological outcome,98,99 may delay recovery or cause side effects,100,101 and 

are not beneficial even combination with IVIg.102 Immunoadsorption, a procedure that 

selectively removes IgG from the blood by passing separated plasma through an absorption 

column, may be a safe and effective treatment. However, it is costly, not widely available, 

and not currently recommended as a first- or second-line therapy for GBS.81 

IVIg and plasma exchange are equally efficacious but IVIg is less likely to be 

discontinued.103 The choice of which therapy to offer is often guided by practical 

considerations and patient or clinician preference, with current guidelines not favouring one 

treatment over the other.81  PLEX may be unavailable in some centres, while IVIg is 

generally easier to administer. Conversely, small vol PLEX may be only option in settings 

with poor resources. IVIg is usually well tolerated but carries a risk of thromboembolism, 



 50 

particularly in patients with a history of thrombotic events.104 PLEX is also well tolerated but 

can cause complications such as hypotension due to rapid fluid shifts, fluid overload, and 

vasovagal episodes. These may be more frequent in GBS patients, who often have labile 

blood pressure due to autonomic dysfunction. Allergic or anaphylactic reactions can also 

occur and are typically linked to the infusion of plasma or human albumin solution. 

Additionally, complications related to vascular access, such as line infections, sepsis, 

hematomas, venous thrombosis, and vascular injury, should be considered when selecting 

PLEX as a treatment option.48,105 

Potential therapies and future directions 

Several new therapies targeting the complement system are under investigation for GBS, 

though none have yet been adopted in routine clinical practice. Among these, eculizumab, a 

humanized monoclonal antibody that inhibits complement protein C5, has been tested in 

clinical trials. However, due to a lack of proven efficacy,106 high costs, and potential adverse 

effects, eculizumab is not currently recommended for GBS treatment. Another complement 

inhibitor, ANX005, a monoclonal antibody targeting C1q, has shown promising early results. 

Preliminary data suggest that ANX005 may reduce neurofilament light chain (NfL) levels 

and reduce disability in the early stages of the disease.107 Ongoing studies are assessing its 

long-term safety and efficacy. Imlifidase, an IgG-degrading enzyme derived 

from Streptococcus pyogenes, offers a novel approach by cleaving and inactivating all four 

subclasses of human IgG. In vitro studies have demonstrated its ability to indirectly block 

complement activation,108 and in animal models of GBS with axonal injury, imlifidase 

reduced axonal degeneration and improved recovery.109 While these therapies show promise, 

robust evidence from larger clinical trials is required before they can be integrated into 

standard GBS management. 
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1.1.2.5 Prognosis  

GBS is a treatable disease and most patients ultimately recover. Around half of those affected 

return to their baseline function within a year,110 and approximately 80% regain the ability to 

walk independently. However, GBS can lead to significant complications. Up to 10% of 

patients require prolonged mechanical ventilation, and severe, lasting disability occurs in 

more than 10% of cases. Mortality rates are estimated at 3–7% across all GBS patients,110–112 

increasing to approximately 20% in those who require ventilatory support. Death is usually 

due to sepsis, acute respiratory distress syndrome, pulmonary embolism, or cardiac arrest.113 

Factors associated with a worse prognosis include older age, rapidly progressing weakness 

(onset to hospital admission within seven days), severe weakness at presentation, ventilatory 

dependence, preceding diarrheal illness, and electrophysiological evidence of severe 

neuropathy.  

1.1.3 Current outcome measures  

Outcome measures in the inflammatory neuropathies are usually ordinal composite measures, 

and sum scores are generally used. These include the MRC sum score, the Inflammatory 

Rasch-built Overall Disability Scale (I-RODS, which however is not ordinal in its centile 

version), the Inflammatory Neuropathy Cause and Treatment (INCAT) disability scale, and 

the Overall Neuropathy Limitation Scale (ONLS). In GBS, disability is also measured using 

the GBS Disability Scale (GDS), also known as Hughes Disability Score. 
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MRC Sum Score  

The MRC Sum Score (MRC-SS) was first developed to assess bedridden or ventilated 

patients with GBS and has then subsequently been used in a wide range of neurological 

diseases of the peripheral and central nervous system. It measures global muscle strength by 

assessing six muscle groups on both sides, with a scoring that ranges from 0 to 60. MRC-SS 

has served as an outcome measure in several clinical trials in patients with inflammatory 

neuropathies, and its interobserver agreement is 89%.114,115 

I-RODS 

The Inflammatory Rasch-built Overall Disability Scale (I-RODS) is a linearly weighted scale 

that focuses on day-to-day life functional limitations in patients with GBS and other 

inflammatory neuropathies (CIDP, multifocal motor neuropathy and paraproteinemic 

neuropathies).116 Based on the Rasch model, which enables the conversion of ordinal data 

into an interval metric, I-RODS includes a wide range of item difficulties, from simple tasks 

such as “reading a newspaper” to “standing for hours” and “running”. 

INCAT  

The INCAT disability score evaluates upper and lower limb functional impairment based on 

the ability to perform daily life tasks.117–119  Each category is scored from 0 to 5 and the total 

INCAT score ranges between 0 and 10, with higher scores indicating more severe 

impairment.  
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ONLS 

The Overall Neuropathy Limitation Scale (ONLS) is often used to assess patients with GBS 

and was derived from the Overall Disability Sum Score (ODSS), which was the first scale 

designed to evaluate arm and leg functional limitations in patients with immune-mediated 

peripheral neuropathies, including GBS, CIDP and paraprotein-associated neuropathies.120 

Although the Arm Scale is identical in ODSS and ONLS, the latter was modified to include 

climbing stairs and running. The Arm Scale score ranges from 0 to 5, the Leg Scale from 0 to 

7, and the total ONLS is 0-12.  

GBS Disability Scale 

The Guillain-Barré syndrome Disability Scale (GDS) was first introduced in a multicentre, 

randomised trial of prednisolone in GBS, and has been the most widely used outcome 

measure in the majority of GBS trials to date. Patient disability is graded on a seven-point 

scale ranging from 0 (no symptoms) to 6 (dead).100  

Prediction of respiratory insufficiency in GBS 

Early identification of patients at risk of severe GBS is crucial for timely intervention. The 

Erasmus GBS Respiratory Insufficiency Score (EGRIS) is a clinical tool designed to predict 

the likelihood of respiratory failure within the first week of hospital admission. This score is 

calculated based on specific clinical features identified at presentation.121 A more recent 

version, the modified EGRIS (mEGRIS), extends this predictive capability to assess the risk 

of respiratory failure at any point during the first two months following symptom onset, 

rather than being limited to the first week. In practice, certain clinical features indicate a 
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higher risk of respiratory compromise. These include rapid disease progression within the 

first four weeks, bulbar palsy, and weakness of the neck and hip flexors. Such individuals 

should be monitored closely, with a low threshold for intensive care unit (ICU) admission if 

deterioration occurs.122,123 

Prediction of functional outcome in GBS 

The modified Erasmus GBS Outcome Score (mEGOS) is a predictive tool that estimates the 

likelihood of being unable to walk independently after GBS onset.124 It incorporates three key 

variables: age at onset, preceding diarrhoea (which may suggest Campylobacter 

jejuni infection, severe axonal injury, and poorer prognosis), and the severity of muscle 

weakness, assessed both at admission and on day 7 using the Medical Research Council sum 

score (MRC-SS). 

1.1.4 Limitations of non-fluid biomarkers  

While neurological examination, electrophysiology and clinical scales remain cornerstone 

tools in the diagnosis and monitoring of peripheral neuropathies, several limitations hinder 

their utility as outcome measures, particularly in longitudinal settings. These limitations span 

issues of subjectivity, practicality, patient experience, accessibility, and sensitivity to disease 

progression. 

1. Subjectivity and inter-rater variability 

Neurological examination findings and the interpretation of electrophysiological data are 

inherently subjective and prone to inter-observer variability. Even among experienced 

clinicians, differences in technique, interpretation, and scoring can result in 
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inconsistencies that limit the reproducibility of assessments. This lack of standardisation 

can be particularly problematic when attempting to compare disease status over time or 

across different clinical settings. 

 

2. Time consumption and resource intensity 

Electrophysiological investigations are time-consuming, requiring considerable clinician 

input and infrastructure. Nerve conduction studies (NCS) and electromyography (EMG) 

often demand lengthy appointments, particularly when multiple nerves and limbs are 

assessed for comprehensive evaluation. This practical burden can limit their feasibility in 

routine clinical practice or in studies requiring serial assessments. 

 

3. Patient discomfort and poor tolerability 

Electrophysiological tests are frequently poorly tolerated by patients due to the 

discomfort associated with electrical stimulation and needle EMG. This is especially 

relevant in patients with sensory hypersensitivity or severe weakness, where repeated 

testing may be contraindicated or refused. Poor tolerability can compromise data quality 

and hinder longitudinal follow-up. 

 

4. Requirement for specialist expertise and equipment 

These assessments require trained personnel and specialised equipment, which may not 

be readily available in all clinical settings, particularly in resource-limited environments. 

This restricts their generalisability and makes them less suitable for widespread 

implementation, especially in multicentre studies or routine outpatient monitoring. 

 

5. Limited sensitivity and semi-quantitative nature 
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Although useful for identifying specific patterns of nerve involvement (e.g. demyelinating 

vs axonal), both clinical examination and electrophysiology offer limited sensitivity to 

subtle or evolving pathological changes. Their semi-quantitative nature often fails to 

capture small but clinically meaningful variations in disease activity. For example, 

significant functional deterioration may occur without corresponding changes in nerve 

conduction parameters, particularly in chronic or patchy disease processes. 

 

6. Suboptimal for longitudinal monitoring 

Given the combination of the above factors, these methods are poorly suited for tracking 

disease progression or treatment response over time. Variability in assessments, lack of 

granularity, and practical constraints limit their effectiveness in providing reliable, 

repeatable longitudinal data. This presents a major challenge in both clinical trials and 

real-world practice, where accurate monitoring of disease dynamics is critical. 

Taken together, these limitations highlight the need for complementary biomarkers that are 

objective, sensitive, minimally invasive, and feasible for repeated measurement - 

characteristics increasingly sought in fluid biomarkers for peripheral neuropathies. 

1.2  Fluid biomarkers in peripheral nerve disease  

The development of ultrasensitive technologies for biomarker detection has led to increasing 

interest in fluid biomarkers - measured in blood or CSF - for peripheral nerve disorders. Both 

established and emerging biomarkers are being explored, including neuronal biomarkers of 

axonal degeneration and glial biomarkers indicative of peripheral demyelination.82 



 57 

1.2.1 Neuronal biomarkers of axonal degeneration  

Biomarkers of peripheral axonal degeneration hold significant promise for clinical 

application, with potential uses ranging from detecting nerve pathology to monitoring disease 

activity and therapeutic response. They may facilitate early identification and quantification 

of axonal injury, particularly in GBS, where elevated levels have been shown to correlate 

with poorer functional outcomes.125 In CIDP, the degree of axonal damage is a key 

determinant of clinical disability and, consequently, an important predictor of long-term 

prognosis. 

Neurofilaments 

Neurofilaments are intermediate filaments located within the neuronal cytoplasm. Alongside 

microtubules and actin filaments, they constitute a major structural component of the axonal 

cytoskeleton in both the central and peripheral nervous systems. They are classified into light 

(NfL), medium (NfM), and heavy (NfH) chains based on their molecular weight and degree 

of phosphorylation, with each subtype contributing uniquely to the organization and function 

of the cytoskeletal framework. 

NfL is an important but generic biomarker of axonal damage in the central and peripheral 

nervous systems.126,127 In CIDP, plasma NfL is marginally higher before treatment with IVIg 

compared to healthy controls and in patients with active versus stable disease. Although NfL 

may decrease in some after treatment, it does not increase again with relapse after treatment 

withdrawal.128–130 In GBS, serum NfL levels correlate with disease severity and axonal 

neurophysiology, and high baseline levels in early disease are associated with worse 

functional outcomes.131,132 As such, NfL could contribute to improved clinical measures and 
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prognostic models in CIDP and GBS. However, due to the ubiquitous expression of NfL 

throughout the nervous system, it is not specific to any one disease,133 and high levels of NfL 

can be found in over 80 peripheral and CNS conditions, as well as some non-neurological 

disorders.133 The difference between plasma NfL in active or untreated disease compared to 

controls is marginal and often not definitive in indicating disease activity or progression in 

individual patients. 

NfH, the larger and more heavily phosphorylated isoform, has been extensively investigated 

in amyotrophic lateral sclerosis (ALS),134 where elevated levels in plasma, serum, and CSF 

have been linked to faster disease progression. In contrast, NfH appears to have limited utility 

as a biomarker in Charcot-Marie-Tooth disease (CMT), with studies reporting no significant 

differences in plasma concentrations between patients and healthy controls, and minimal 

change over time21 - likely reflecting the slow and chronic nature of axonal degeneration, 

which is insufficient to exceed excretion or decay kinetics. In diabetic neuropathy, plasma 

NfH levels are only mildly increased compared to controls.136 From an analytical perspective, 

NfH is also less robust than NfL. Its larger molecular size (200–220 kDa) increases 

susceptibility to hook effects, whereby excessively high analyte concentrations can result in 

artifactually low measurements and variability in plasma quantification137,138 - limitations not 

typically observed with NfL.139 

Neuron-specific enolase (NSE)  

Neuron-specific enolase (NSE) is an intracellular enzyme expressed in neurons and 

neuroendocrine tumours, traditionally used as a prognostic biomarker in hypoxic-ischaemic 

brain injury. Elevated NSE levels have been observed in individuals with diabetes (both type 

1 and type 2) and peripheral neuropathy, compared to diabetic patients without neuropathy.26  
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NSE has demonstrated a diagnostic sensitivity of 66.3% and a specificity of 72.5% for 

diabetic peripheral neuropathy.26–28 However, longitudinal data on NSE levels over time are 

lacking. Further research is required to determine its clinical relevance and potential role in 

the monitoring of peripheral nerve disease. 

Total Tau (t-tau) 

Total tau (t-tau) is an established biomarker of axonal injury in the CNS.33,34 It is expressed in 

both central and peripheral axons, with the highest concentrations found in the cerebral 

cortex,35 where it plays a fundamental role in stabilising microtubules and supporting axonal 

transport.36 Pathological aggregation of T-tau is characteristic of neurodegenerative diseases 

such as Alzheimer’s disease (AD) and progressive supranuclear palsy (PSP).37,38 Elevated 

serum levels have also been reported in AD, traumatic brain injury (TBI),39 and hypoxic brain 

injury following cardiac arrest.40 An observational, single-centre, retrospective study 

evaluating axonal injury biomarkers in inflammatory neuropathies3 reported higher CSF T-

tau levels in patients with CIDP compared to healthy controls. In the same study, plasma T-

tau concentrations were elevated in patients with GBS, CIDP, paraproteinaemic 

demyelinating neuropathies (PDN), and MMN, compared to disease-free and healthy 

controls. While these findings suggest that plasma T-tau may have diagnostic value in acute 

and chronic inflammatory neuropathies, its prognostic or monitoring utility remains 

uncertain, as no data are currently available correlating T-tau with clinical outcome measures 

such as I-RODS. Moreover, the source of increased CSF T-tau in CIDP remains unclear - 

whether of central or peripheral origin - leaving its specificity for peripheral nerve pathology 

yet to be established. 
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1.2.2 Glial biomarkers for peripheral demyelinating disorders 

Demyelination is the predominant pathological correlate in most cases of GBS, occurring in 

approximately 60–80% of patients in North America and Europe. In CIDP, macrophage-

mediated myelin damage is thought to play a central role in pathogenesis, and demyelination 

is an important contributor to disability. Dysmyelination - the absence or abnormal 

development of peripheral myelin - is the pathological hallmark of certain genetic 

neuropathies. A fluid biomarker capable of detecting peripheral demyelination would be 

valuable for clinical management and disease classification. However, no such biomarker has 

yet been validated for clinical use. Several candidates have been investigated, including two 

glial proteins, TMPRSS5 and GFAP, as well as the myelin sphingolipid sphingomyelin. 

Transmembrane Protease Serine 5 (TMPRSS5) 

TMPRSS5 has been investigated as a potential Schwann cell biomarker in a study that 

profiled plasma from CMT1A patients and healthy controls.41 Plasma levels of TMPRSS5 

were significantly elevated in CMT1A compared to controls; however, no correlation was 

observed with clinical severity scores, nerve conduction velocities, or patient age. 

Importantly, TMPRSS5 levels were not significantly increased in other forms of CMT, 

including CMT2A, CMT2E, CMT1B, or CMT1X. Despite these limitations, TMPRSS5 

represents the first Schwann cell-specific plasma protein shown to be elevated in patients 

with CMT1A. 
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Glial Fibrillary Acidic Protein (GFAP) 

GFAP, an intermediate filament protein expressed in both the CNS and PNS, has been 

reported to be significantly elevated in the serum of patients with chronic axonal 

neuropathies—including vasculitic, toxic-alcoholic, diabetic, and idiopathic forms—when 

compared to individuals with CIDP, MMN, and healthy controls. Increased GFAP levels 

correlated with reduced sensory nerve action potential amplitudes and greater disease 

severity.42 In the same study, GFAP was also modestly elevated in MMN compared to 

controls, although no significant difference was observed between CIDP and MMN. 

Longitudinal data on GFAP dynamics over time are lacking. Based on current evidence, 

GFAP appears to have limited utility for detecting or quantifying demyelination, and its 

performance relative to neuronal markers such as neurofilaments in assessing axonal 

degeneration remains unclear. 

Sphingomyelin  

In a prospective multicentre cohort study,43 serum and CSF levels of sphingomyelin were 

assessed in patients with CIDP, axonal and demyelinating subtypes of GBS, non-

demyelinating central nervous system disorders, and healthy controls. A fluorescence-based 

assay was employed, involving lipid extraction followed by a series of enzymatic reactions: 

sphingomyelin was first hydrolysed into phosphorylcholine and ceramide, then 

phosphorylcholine was converted to choline, which was subsequently oxidised to generate 

hydrogen peroxide and betaine. In the final step, horseradish peroxidase catalysed the 

reaction between hydrogen peroxide and dihydroxyphenoxazine, producing resorufin—a 

highly fluorescent compound used for quantification. Sphingomyelin concentrations were 

significantly elevated in the CSF of patients with CIDP and demyelinating GBS compared to 
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controls, while serum levels did not differ across diagnostic groups. However, the lack of 

peripheral nerve specificity, along with the absence of elevated serum levels in patients with 

active disease, limits the clinical utility of sphingomyelin as a biomarker for peripheral nerve 

demyelination. 

Biomarkers of inflammation 

Sialylated IgG-Fc - the Fc region of IgG antibodies bearing terminal sialic acid residues on 

their glycans - has been proposed as a biomarker of disease activity in CIDP. A study showed 

that both the absolute levels of sialylated IgG-Fc and the ratio of sialylated to agalactosylated 

IgG-Fc are reduced in the serum of patients with CIDP compared to healthy controls, 

correlating with clinical severity and increasing following IVIg treatment.143 Elevated tumour 

necrosis factor alpha (TNF-α) levels have also been reported in a subset of CIDP patients 

with active disease, potentially correlating with the extent of electrophysiological conduction 

slowing.144 Similarly, serum levels of endothelial leucocyte adhesion molecule 1 (ELAM-1 or 

selectin E) have been found to be higher in patients with CIDP and acute GBS compared to 

those with ALS, stroke, or healthy controls.145 While sialylated IgG-Fc, TNF-α, and ELAM-1 

may reflect inflammatory activity to some extent, they are non-specific markers of 

inflammation and are unlikely to have clinical utility in peripheral nerve disorders. 

Furthermore, these findings are based on small study cohorts and have yet to be 

independently validated. 

1.2 Ultrasensitive assays for the measurement of fluid biomarkers 

For many years, enzyme-linked immunosorbent assay (ELISA) has served as the practical 

gold standard for quantifying fluid biomarkers. However, this technique has notable 



 63 

limitations, including the relatively large sample volumes required (typically 50-100 µl per 

test) and the need for millions of analyte molecules to produce a detectable signal, which 

restricts its sensitivity. Detection limits rarely fall below the nanogram per millilitre (ng/ml) 

range, rendering it unsuitable for identifying proteins present at lower concentrations in blood 

or CSF.  

Recent advances have led to the development of ultrasensitive and multiplexed technologies 

capable of detecting disease biomarkers and other low-abundance molecules. While these 

methods are based on the same core principle as sandwich ELISA - the formation of immune 

complexes between antibodies and their target analytes - they incorporate novel approaches 

to antigen capture and presentation, signal amplification, imaging, and data analysis. The 

result is enhanced sensitivity by several orders of magnitude, which allows the detection of 

previously unmeasurable biomarkers using smaller sample volumes. Additionally, many of 

these platforms enable multiplexing, facilitating the simultaneous quantification of multiple 

analytes. 

Single molecule array (Simoa) technology, chemiluminescence, electrochemiluminescence 

(ECL), proximity extension assays (PEA), and microfluidic immunoassays are the only 

ultrasensitive technologies that have thus far been applied in the study of peripheral 

neuropathies.  

1.2.3 Single molecule array technology (Simoa) 

The advent of single molecule array (Simoa) technology has marked a paradigm shift in 

biomarker discovery, allowing for routine detection of analytes that were previously beyond 

the reach of conventional methods. Its ultra-high sensitivity can be likened to detecting and 
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quantifying a single spoonful of sugar dissolved in an Olympic-sized swimming pool.82 

Compared to conventional ELISA, Simoa requires only minute amounts of analyte - down to 

50 femtograms - to detect ultra-low concentrations of proteins and nucleic acids. This results 

in a dramatic increase in sensitivity and allows for detection limits in the attomolar range 

(10⁻¹⁶ M), vastly surpassing the capabilities of traditional methods. 

Simoa is based on the capture and enzyme-labeled antibody detection of target analytes using 

paramagnetic beads, which are distributed into arrays of microwells for digital or analogue 

quantification. Paramagnetic beads are functionalised with capture antibodies that selectively 

bind the analyte of interest, which is then detected using biotinylated detection antibodies to 

form a classic immuno-sandwich complex. This complex - comprising the bead, capture 

antibody, analyte, and detection antibody - is subsequently labelled with an enzyme 

conjugate, streptavidin-β-galactosidase (SBG), as shown in Fig. 1.6. The labelled beads are 

resuspended in a fluorogenic substrate, resorufin β-D-galactopyranoside (RGP), and loaded 

onto a disc containing over 200,000 microwells, each designed to accommodate a single 

bead. A vacuum draws the beads into individual wells, and an oil layer is applied to remove 

excess beads and seal the wells. Fluorescent signal is generated when the enzyme catalyses 

the substrate, and a single analyte molecule can produce a detectable signal. This signal is 

captured via high-resolution imaging. At low analyte concentrations, the system operates in a 

digital mode, counting individual fluorescent wells in a binary ‘on–off’ manner. At higher 

concentrations, multiple immunocomplexes may form per bead, resulting in increased 

fluorescence intensity and enabling quantification in analogue mode. This dual-mode 

capability allows Simoa to achieve wider dynamic ranges and significantly greater sensitivity 

than conventional immunoassays. 
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1.2.4 Chemiluminescence and electrochemiluminescence (ECL) 

Luminescence refers to the emission of light resulting from a chemical (chemiluminescence) 

or electrochemical (electrochemiluminescence, ECL) reaction. Both chemiluminescent 

enzyme immunoassays and ECL-based platforms have been used to measure biomarkers in 

disorders of the central and peripheral nervous systems. 

 

Figure 1.6. Single Molecule Array (Simoa) technology 

 

 

 

 (A) In Simoa assays, paramagnetic beads coated with capture antibodies specifically bind the target analyte. A 

biotinylated detection antibody then forms a sandwich complex, which is subsequently labeled with an enzyme 

(streptavidin-β-galactosidase, SGB) and incubated with a fluorescent substrate (resorufin-β-D-

galactopyranoside, RGP) for signal development and analyte quantification. (B) The formed immune complexes 

are loaded onto a microwell array disc, where wells containing single bead-analyte complexes emit a 

fluorescent signal, enabling digital detection and quantification.82 
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ECL is combined with multi-array technology for the simultaneous detection of multiple 

proteins within a single sample. This approach offers several advantages over traditional 

ELISA, including reduced background noise, signal amplification, enhanced sensitivity, and a 

broader dynamic range. Many ECL platforms support multiplexing, allowing for the 

quantification of up to 10 analytes from a single sample. Most assays are performed using 

multi-spot microplates, where electrodes are integrated at the base of each well. Each spot is 

coated with a distinct capture antibody. Following incubation with the sample, detection 

antibodies are introduced. A ruthenium-based SULFO-TAG is then applied, along with 

tripropylamine, to catalyse a light-emitting reaction upon application of an electrical current 

to the electrodes (Fig. 1.7). The intensity of the emitted light is proportional to the 

concentration of the target analyte. The SULFO-TAG can be directly conjugated to the 

detection antibody, to a secondary antibody, or coupled to streptavidin for use with 

biotinylated detection antibodies (Fig. 1.8). 

Two widely used ECL-based platforms include Elecsys (Roche) and MSD (Meso Scale 

Discovery). Elecsys is primarily used in clinical diagnostics and operates as a single-analyte 

system on fully automated platforms such as the cobas analyzers. In contrast, MSD is 

designed for research applications and supports multiplex detection, allowing up to 10 

analytes to be measured simultaneously within a single well. Both platforms use ECL 

detection based on ruthenium chemistry, but differ in throughput, clinical applicability, and 

degree of multiplexing. 

A comparative study of conventional ELISA, ECL and Simoa technologies for the 

measurement of NfL in serum and CSF demonstrated that both Simoa and ECL are 

substantially more sensitive than ELISA. The reported limits of detection were 0.62 pg/ml for 
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Simoa, 15.6 pg/ml for ECL, and 78.0 pg/ml for ELISA146 although the latest Simoa NfL 

assay kits now offer detection limits as low as 0.085 pg/ml. 

Chemiluminescent enzyme immunoassay (CLEIA) technology is similar to ECL in that both 

rely on light emission generated by a chemical reaction for analyte detection. However, a key 

distinction is that ECL requires an electrode surface to initiate the luminescent reaction, 

whereas CLEIA does not. Chemiluminescent assays can also support multiplexing, and many 

platforms offer automation, which helps reduce intra- and inter-assay variability and 

improves precision. CLEIA is employed by several commercial platforms including 

Lumipulse (Fujirebio), now widely used in clinical and research settings for high-throughput 

and sensitive protein quantification. CLEIA has been applied to measure total tau levels in 

the CSF of patients with both acute and chronic inflammatory neuropathies,147 with a 

previously reported detection limit of 141 pg/ml.148 
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Figure 1.7. Electrochemiluminescence  

 

When an electrical potential is applied, the ruthenium (Ru) SULFO-TAG and tripropylamine (TPA), both 

electrochemically active, react and emit light. The ruthenium label is oxidised at the electrode surface and, 

simultaneously, TPA is oxidised to a radical cation that loses a proton. The resulting TPA radical reacts with 

oxidised ruthenium, which shifts to an excited state and decays, emitting a photon (620 nm).82 

 

Figure 1.8. Immune sandwich configurations in ECL assays  

 

 

Schematic representation of the three possible electrochemiluminescence immune sandwich configurations. In 

all combinations, the capture antibody (red) selectively binds to the analyte (black), which is then detected by 

the detection antibody (green). (A) Direct tagging of the detection antibody (green); (B) SULFO-TAG coupled 

with streptavidin (violet) binding to biotinylated detector antibody (green); (C) tagged secondary antibody (light 

blue) binding to detector (green).82 
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1.2.5 Proximity Extension Assays (PEA) 

Proximity Extension Assay (PEA) technology is based on the principle of immuno–

polymerase chain reaction (immuno-PCR), combining the specificity of antibody-based 

detection with the amplification power of PCR. The assay begins with the binding of capture 

and detection antibodies to the target analyte, forming an immunocomplex. The detection 

antibody is conjugated to an oligonucleotide sequence, which pairs with a complementary 

oligonucleotide primer. This allows for DNA polymerase–dependent extension and 

subsequent PCR amplification. As a result, the signal generated by the immunocomplex is 

greatly amplified, achieving assay sensitivities up to 1,000 times higher than traditional 

ELISA. 

However, early forms of immuno-PCR were limited by high background signals and long 

turnaround times due to multiple incubation and wash steps. These limitations have been 

addressed by the development of a more advanced PEA platform based on proximity-

dependent DNA ligation. In this system, matched pairs of capture and detection antibodies 

bind to adjacent epitopes on the target protein.149–151 Each antibody is conjugated to a unique 

single-stranded DNA (ssDNA) sequence specific to the analyte. Upon binding, the 

complementary ssDNA strands hybridize and serve as a primer for DNA polymerase–

mediated extension during PCR. The resulting signal intensity is directly proportional to the 

protein concentration (Fig. 1.9). The use of complementary DNA sequences enhances 

specificity, reduces background signal, and eliminates the need for wash steps typically 

required in traditional immunoassays, thereby shortening turnaround times. This technology 

forms the basis of the Olink platform, a widely used commercial system for high-throughput 

protein biomarker profiling in research settings. 
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Proximity Extension Assay (PEA) typically reports results as Normalised Protein expression 

(NPX) values on a log2 scale, enabling the interpretation of relative differences in protein 

levels between samples or groups. Changes in NPX values can be translated into fold 

changes; for example, a difference of 1 NPX unit corresponds to a twofold change in protein 

concentration. While this relative quantification is useful for comparing protein expression 

patterns across conditions, it has important limitations. NPX values are not absolute 

concentrations, making it difficult to compare results across different platforms or studies. 

Additionally, reliance on fold changes may overemphasise biologically insignificant 

differences if baseline expression levels are low. Without absolute quantification, interpreting 

the clinical significance of changes - particularly for low-abundance proteins - can be 

challenging. Therefore, while fold changes derived from PEA offer valuable insights, they 

should be interpreted cautiously and ideally supported by orthogonal validation methods. 

 

Figure 1.9. Proximity extension assay technology 

 

 

(A) A pair of antibodies labelled with DNA oligonucleotides bind their target analyte. (B) Brought into 

proximity, oligonucleotides hybridise and are extended by a DNA polymerase. (C) This newly formed DNA 

barcode is then amplified by PCR ready for readout by quantitative PCR.82 
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1.2.6 Microfluidic immunoassays  

Microfluidic technology, implemented on platforms such as the enzyme-linked ligand assay 

(ELLA), uses cartridge-based assays to measure analytes and, like traditional and digital 

ELISA, relies on antigen capture followed by enzyme-labelled antibody detection. However, 

instead of combining multiple assays in a single reaction chamber as in conventional 

multiplex systems, each sample is divided into parallel microfluidic channels - each coated 

with a distinct capture antibody (Fig. 1.10). This design is more accurately described as 

“multi-analyte” rather than multiplex. By separating assays into individual channels, this 

parallel-plexing approach enhances sensitivity - reportedly achieving limits of detection as 

low as 2.7 pg/ml152 - and minimises the risk of cross-reactivity between antibody pairs. 

In a study comparing Simoa, Ella, Lumipulse (CLEIA), and Elecsys (ECL) for the 

measurement of NfL in patients with ALS, the results were consistent and reproducible 

across platforms, supporting the reliability and robustness of these methods for biomarker 

quantification.153 
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Figure 1.10. Microfluidic immunoassay technology  

 

 

 

Schematic representation of a microfluidic immunoassay. Each sample is divided into four parallel, isolated 

microfluidic channels, with each channel containing a single-plex immunoassay designed to detect a specific 

analyte. 

 

1.3  Aims, objectives and hypotheses  

1.3.1 Rationale for the study 

Assessing disease progression and informing clinical trials in peripheral neuropathy would 

benefit from objective and responsive fluid biomarkers closely linked to disease biology. This 

is particularly important in CIDP and GBS, where reliable biomarkers of peripheral 

demyelination and axonal damage would help identify, and potentially measure, active 

disease and responses to treatment.  
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The primary aim of this study was to develop an ultrasensitive assay to measure periaxin, a 

protein exclusively expressed by myelinating Schwann cells, and to evaluate its potential as a 

biomarker of peripheral nerve demyelination. A secondary aim was to optimise a previously 

developed assay for peripherin, an intermediate filament protein predominantly expressed in 

the peripheral nervous system. Periaxin and peripherin were investigated as candidate 

biomarkers of peripheral nerve disease, alongside NfL, with periaxin indicating 

demyelination and peripherin and NfL both reflecting axonal injury. 

The full process of assay development – from initial conception through to analytical 

validation - is described in Chapter 3. Chapter 4 discusses the use of in vitro models of 

neuropathy for assay validation. Chapters 5 and 6 evaluate the clinical utility of periaxin, 

peripherin and NfL in peripheral neuropathy. 

1.3.2 Study hypotheses  

1. Peripheral myelin and axon specific proteins are released in the systemic circulation upon 

peripheral nerve damage. Their levels can be accurately measured in plasma and/or serum 

using ultrasensitive immunoassays.  

2. The ratio of periaxin to peripherin - and vice versa - distinguishes primary demyelinating 

from axonal neuropathies and correlates with the severity of peripheral nerve damage. 

3. Periaxin and peripherin are not released in the absence of peripheral nerve disease or with 

isolated central nervous system pathology. 

4. Periaxin and peripherin distinguish active from quiescent demyelination or axonal loss, 

respectively.  

5. Levels of periaxin and peripherin correlate with neurological outcomes in patients with 

inflammatory neuropathies. 
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1.3.3 Study aims  

1. Develop an ultrasensitive assay for the measurement of periaxin in blood (plasma and/or 

serum) and cell culture supernatants.  

2. Optimise the previously developed Simoa-based peripherin assay. 

3. Develop biomarkers to distinguish PNS from CNS pathology, and disease from healthy 

conditions. 

4. Develop biomarkers capable of discriminating primary demyelinating from axonal 

peripheral nerve injury. 

5. Develop biomarkers which can differentiate active from quiescent disease in CIDP.  

6. Develop biomarkers that correlate with neurological outcome at one year, as measured by 

validated clinical scales.  
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2. METHODS 

This chapter outlines the key methodologies employed in this study. Humanised myelinating 

peripheral nerve cocultures were used to model antibody-mediated demyelination and axonal 

degeneration in vitro. Biomarker levels in culture supernatants were then correlated with the 

directly observed type and extent of morphological injury. To support clinical relevance, the 

assays were subsequently validated using blood samples from patients with inflammatory and 

inherited neuropathies. Accordingly, this chapter details the generation and maintenance of 

myelinating cocultures, methods for inducing axoglial injury, immunohistochemistry 

protocols, the Simoa NfL assay, participant recruitment, and ethical approvals. The technical 

development and optimisation of the periaxin and peripherin biomarker assays are covered 

separately in Chapter 3. 

2.1  Generation and maintenance of myelinating cocultures 

Myelinating coculture systems were generated using human induced pluripotent stem cell 

(IPSC) derived sensory neurons and rodent Schwann cells. IPSC from healthy control 

subjects were obtained through the IMI/EU sponsored StemBANCC consortium via the 

Human Biomaterials Resource Centre, University of Birmingham, UK.  

2.1.1 Induced pluripotent stem cell maintenance and differentiation 

IPSCs were thawed and plated onto Matrigel®-coated plasticware in mTeSR1 medium, 

which was refreshed daily. Cells were passaged at approximately 80% confluence using 

TrypLE Express (ThermoFisher) onto fresh Matrigel®-coated plates. A Rho-associated, 
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coiled-coil containing protein kinase (ROCK) inhibitor (ScienCell) was added to the medium 

at a final concentration of 10 μM for 24 hours following each passage to enhance cell 

survival. Prior to initiating differentiation, IPSCs were seeded onto Matrigel®-coated 6-well 

plates. After 24 hours, the medium was switched from mTeSR1 to mouse embryonic 

fibroblast (MEF)-conditioned medium (ScienCell) supplemented with 10 ng/mL human 

recombinant FGF2. Cells were expanded in this medium until reaching ~50% confluence, at 

which point differentiation was initiated.154 

Differentiation proceeded via a stepwise transition from knockout serum replacement 

medium to N2 medium over an 11-day period. On day 11, immature neurons were 

dissociated using TrypLE (Gibco) and replated onto Matrigel®-coated coverslips in 100% 

N2 medium supplemented with human recombinant NGF, GDNF, BDNF, and NT3. Medium 

changes were performed twice weekly thereafter. This differentiation protocol yielded a 

highly pure neuronal population within 2–3 weeks following completion of the small 

molecule inhibitor stage. 

2.1.2  Schwann cell harvesting and culture  

All procedures involving animals were conducted in accordance with UK Home Office legislation 

(Animals [Scientific Procedures] Act 1986). Schwann cells were isolated from the sciatic nerve and 

brachial plexus of postnatal day 3 or 4 rats. Rat-derived Schwann cells were used due to the 

availability of well-established culture protocols and their proven capacity for multiple in vitro 

expansions, enabling the generation of cryopreserved cell stocks. Nerve tissues were enzymatically 

dissociated by incubation in collagenase (3 mg/mL; Sigma) and dispase II protease (2.5 mg/mL; 

Sigma) for 1 hour at 37°C. Following digestion, the tissue was gently triturated using a P1000 pipette 

tip and plated onto poly-D-lysine (PDL) and laminin-coated plastic in Schwann cell expansion 
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medium [DMEM/F12 (ThermoFisher) supplemented with 10% foetal bovine serum (ThermoFisher), 

200 ng/mL NRG1-β1 EGF domain (R&D Systems), 10 ng/mL recombinant murine NGF (Peprotech), 

and 4 µg/mL forskolin (Sigma)]. To minimise fibroblast contamination, cultures were serially treated 

with 5–10 µM cytosine β-D-arabinofuranoside (araC). After approximately four passages - each time 

doubling the culture surface area - cells were cryopreserved using a Mr Frosty freezing container 

(ThermoFisher) and stored in liquid nitrogen. 

2.1.3 Generation of myelinating cocultures 

To initiate cocultures, frozen Schwann cells were rapidly thawed in a 37°C water bath, then washed 

by centrifugation in phosphate-buffered saline (PBS) and resuspended in a defined Schwann cell basal 

medium. This medium consisted of DMEM/F12 (ThermoFisher) supplemented with 5 µg/ml insulin 

(Sigma), 100 µg/ml transferrin (Millipore), 25 ng/ml recombinant human NGF (Peprotech), 25 ng/ml 

selenium (Sigma), 25 ng/ml thyroxine (Sigma), 30 ng/ml progesterone (Sigma), 25 ng/ml 

triiodothyronine (Sigma), and 8 µg/ml putrescine (Sigma). Prior to Schwann cell addition, the 

medium on IPSC-derived neuronal cultures was switched from N2 medium to the Schwann cell basal 

formulation. Between 25,000 and 50,000 Schwann cells suspended in 100 µl were gently added to 

each well of a 96-well plate containing the neurons, carefully avoiding contact between the pipette tip 

and the well bottom. Plates were immediately returned to the incubator to facilitate Schwann cell 

attachment. Two days after plating, the culture medium was refreshed. A second medium change 

followed at day 4 post-Schwann cell addition. One week after initiating coculture, myelination was 

triggered by replacing the medium with a myelination-inducing formulation consisting of N2 medium 

supplemented with 1:300 phenol-free Matrigel® (Scientific Laboratory Supplies), 5% charcoal-

stripped fetal bovine serum (ThermoFisher), 25 ng/ml recombinant human NGF (Peprotech), and 50 

µg/ml ascorbic acid (Sigma). From this point onward, the medium was changed once per week to 

support ongoing myelination. 
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2.2  Methods for inducing axoglial damage in vitro  

Demyelination was induced by applying serum with previously validated IgG reactivity against 

myelin to the cultures155 at a 1:50 dilution. To model axonal injury, a monoclonal anti-GD2 antibody 

(14G2A) was used at a concentration of 10 µg/ml in neurobasal medium supplemented with N2 (Cat. 

No. 17502-048), B27 (Cat. No. 12587-010), Glutamax (Cat. No. 35050-038), and an antibiotic-

antimycotic mixture containing penicillin, streptomycin, and amphotericin (Cat. No. 15240-062), all 

from Gibco, Life Technologies. This complete neurobasal medium also contained recombinant human 

β-NGF (rhNGF) at 25 ng/ml (Cat. No. 450-01, Peprotech). One hour following incubation with either 

antibody or serum, 20% normal human serum (NHS 20%) was added to induce complement-mediated 

demyelination and/or axonal injury. Culture supernatants were then collected at defined time points 

from three wells per condition - demyelination, axonal injury, and control (complete neurobasal 

medium with β-NGF) - as detailed later. 

2.3  Immunohistochemistry  

2.3.1 Immunohistochemistry of fixed cell-cultures  

For immunocytochemistry, coverslips were transferred to PBS, fixed with 4% 

paraformaldehyde for 30 minutes, and washed three times in PBS. Cells were then 

permeabilized with ice-cold methanol for 20 minutes, followed by three additional PBS 

washes. Blocking was performed using PBS containing 5% normal goat serum (NGS), after 

which cells were washed and incubated overnight at 4°C with primary antibodies. For axonal 

staining, either chicken anti-neurofilament heavy chain (NFH) antibody (Abcam, ab204893; 

1:10,000) or mouse anti-peripherin monoclonal antibody (Santa Cruz, sc-377093; 1:1,000) 

was used. For myelin detection, rat anti-myelin basic protein (MBP) antibody (Abcam, 
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ab40390; 1:500), mouse anti-periaxin monoclonal antibody (Santa Cruz, sc-515672), or 

rabbit anti-periaxin polyclonal antibody (Biorbyt, orb413079) were applied. Following 

primary antibody incubation, cells were washed in PBS and incubated for 1 hour at room 

temperature on an orbital shaker (500 rpm, protected from light) with the appropriate 

secondary antibodies: goat anti-chicken Biotin (1:500, Life Technologies BA9010), goat anti-

rat Alexa Fluor 546 (1:1,000, Life Technologies A11081), goat anti-mouse Alexa Fluor 647 

(Thermo Fisher A-21236), or goat anti-rabbit Alexa Fluor 488 (Thermo Fisher A-11008). 

After further PBS washes, Streptavidin-Pacific Blue (1:500, Life Technologies S11222) was 

applied. Coverslips were then mounted onto Superfrost Plus microscope slides (Thermo 

Scientific) using Vectashield mounting medium (Vector Laboratories). Demyelination and 

axonal degeneration were confirmed through confocal microscopy, and systematic random 

sampling was used to ensure objective coverage across the coverslip. Myelin fragmentation 

was quantified using thresholded MBP signal in ImageJ, calculated as: (myelin fragment 

area) / (total myelin area – non-specific particle area) x 100. Confocal imaging was 

performed using a Zeiss LSM700 confocal microscope or an Olympus SpinSR10 spinning 

disk confocal microscope. 

2.3.2 Immunohistochemistry of nervous tissue  

Frozen human tissue samples were obtained from the cerebral cortex, cerebellum, optic nerve, and 

spinal cord. Rodent spinal cord tissue was dissected from postnatal day 56 (P56) Sprague Dawley rats, 

sectioned into 1 cm segments, and snap-frozen in liquid nitrogen. All samples were stored at −80°C 

until further use. Thoracic spinal cord segments were further subdivided into 0.2 mm transverse slices, 

cryosectioned at 10 μm thickness, and mounted onto Polysine slides (631-0107, Avantor). For 

peripheral nerve tissue, pre-prepared slides containing monkey peripheral nerve cross-sections 

(504210, NOVA Lite) and formalin-fixed, paraffin-embedded (FFPE) human peripheral nerve 
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sections were used. FFPE sections underwent dewaxing in xylene to remove paraffin and unmask 

epitopes, followed by graded washes in xylene and ethanol. Rehydration was completed using 

decreasing concentrations of ethanol in water, ending with a final rinse in distilled water. 

Immunostaining was performed at room temperature. All tissue sections were blocked with 5% 

bovine serum albumin (BSA) for 1 hour. Primary antibodies—mouse monoclonal anti-periaxin (sc-

515672, Santa Cruz) at 1:250 and chicken polyclonal anti-β-tubulin III (302306, Synaptic Systems) at 

1:1000—were diluted in 1% BSA and applied for 1 hour. Sections were then washed three times in 

phosphate-buffered saline (PBS), each for 10 minutes. Secondary antibodies—goat anti-mouse Alexa 

Fluor 647 (A-21236, Thermo Fisher) and goat anti-chicken Alexa Fluor 555 (A-21437)—were 

applied at 1:1000 dilution in 1% BSA-PBS for 1 hour, followed by PBS washes. Nuclei were 

counterstained with PureBlu Hoechst 33342 (135-1304, Bio-Rad), diluted to 1 mg/mL in distilled 

water, incubated for 10 minutes, and washed. Imaging was conducted using a NanoZoomer S60 

Digital Scanner (model C13210-01). 

2.4  Simoa NfL assay  

NfL concentrations were quantified using the Quanterix NF-light® v2 Advantage Kit (Cat. 

No. 104073) on the Simoa HD-X Analyzer, according to the manufacturer’s instructions for 

the two-step digital immunoassay format. Calibrators and controls were stored at −80°C, 

while all other reagents were kept upright at 2–8°C. Prior to the assay, all reagents were 

brought to room temperature. Serum and plasma samples were loaded onto the plate 

undiluted, with a 1:4 onboard dilution performed automatically by the instrument. Each 96-

well plate included eight calibrators in triplicate, two controls in duplicate, and 34 test 

samples in duplicate. Calibrators were added at 130 μl per triplicate set, and samples and 

controls were added at 80 μl per well. The calibrator range extended from 0 to 450 pg/ml, 

corresponding to a measurable concentration range of up to 1,800 pg/ml for serum and 
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plasma. The assay was performed using a two-step protocol. In the first step, paramagnetic 

beads coated with anti-NfL capture antibodies were incubated with each sample and a 

biotinylated detector antibody. During this incubation, NfL present in the sample formed a 

sandwich complex with the capture and detector antibodies. After a wash step to remove 

unbound material, the second step involved incubation with streptavidin-conjugated β-

galactosidase, followed by a final wash and addition of the fluorescent substrate. Signal 

detection was performed on the HD-X Analyzer using digital counting of individual enzyme-

labelled beads in reaction wells, enabling high-sensitivity single-molecule quantification. A 

standard curve was generated (Figure 2.2) using the calibrators, and sample concentrations 

were interpolated using a four-parameter logistic (4PL) model. All measurements were 

performed in duplicate. Only values with intra-assay coefficients of variation below 15% 

were considered acceptable for downstream analysis.  

 

Figure 2.2. NfL Simoa standard curve  

 

Simoa NfL standard curve. Lower limit of detection: 0.34 pg/ml. AEB: Average Enzyme per Bead. 
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2.5  Participants and clinical samples 

2.5.1 Sample sources  

Samples were obtained from multiple clinical centres.  

- CIDP samples were collected from the Manchester Centre for Clinical Neurosciences at 

Salford Royal Hospital, the John Radcliffe Hospital in Oxford, the National Hospital for 

Neurology and Neurosurgery (NHNN) in London, and the Department of Neurology at 

the University of KwaZulu-Natal in Durban, South Africa.  

- GBS samples were obtained from Salford Royal Hospital, with CSF samples also 

collected in Durban.  

- Samples from patients with MMN, anti-MAG neuropathy and POEMS syndrome were 

sourced from NHNN and the John Radcliffe Hospital.  

- Charcot-Marie-Tooth (CMT) and transthyretin (TTR) amyloid neuropathy samples were 

obtained from NHNN.  

- Amyotrophic lateral sclerosis samples were obtained through a collaboration with the 

Oxford Motor Neuron Disease Centre.  

- Healthy control samples were collected at the John Radcliffe Hospital and NHNN. 

Further details are provided in Chapter 5 and Chapter 6.  

2.5.2 Sample collection and processing  

As samples were obtained from multiple biobanks, full standardisation of collection and 

processing procedures was not possible. However, all samples were plasma, serum or CSF, 
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centrifuged within five hours of collection, and stored at −80°C. None had undergone more 

than one previous freeze–thaw cycle.  

2.6  Funding and ethical approval  

This study was supported by a Medical Research Council (MRC) clinical research training fellowship 

(MR/Y001826/1) and a Guarantors of Brain pre-doctoral fellowship. All samples were collected and 

analysed under the ethically approved Biomarker Investigation & Study of Pathology in Neuropathy 

(Bio-SPiN) protocol (REC reference: 14/SC/0280) and the Queen Square Research Ethics Committee 

approval (REC reference: 16/LO/1852; study ID: 190929). Written informed consent was obtained 

from all prospectively recruited participants, including consent for data storage in compliance with the 

Data Protection Act. The study was conducted in accordance with Good Clinical Practice (GCP) 

guidelines and the principles outlined in the World Medical Association Declaration of Helsinki. 
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3. ASSAY DEVELOPMENT 

3.1 Introduction  

3.1.1 Periaxin 

The first step in developing a biomarker assay is the selection of a relevant and system-

specific target. For the measurement of peripheral nerve injury, it is ideal to choose an 

analyte whose presence in biological fluids would reflect peripheral pathology without 

confounding from central nervous system involvement. For peripheral demyelination, only 

three are Schwann cell proteins are truly PNS-specific: periaxin, myelin protein zero (P0), 

and early growth response protein 2 (Egr2). Periaxin is a cytoplasmic protein expressed 

exclusively by myelinating Schwann cells.156–158 Its expression begins early in development, 

as Schwann cells first ensheathe axons in a 1:1 relationship. Initially localized to the adaxonal 

surface (apposing the axon) during the formation of myelin, periaxin later shifts to the 

abaxonal compartment (apposing the basal lamina) as myelination matures. In adult 

peripheral nerves, its expression remains confined to the abaxonal surface of myelinating 

Schwann cells. In developing and regenerating nerves, periaxin immunoreactivity is detected 

prior to the expression of other major myelin proteins such as MAG, myelin basic protein 

(MBP), and P0, consistent with its early and likely fundamental role in Schwann cell 

differentiation and myelin formation. Mutations in the periaxin gene (PRX) cause CMT4F, a 

severe autosomal recessive form of Charcot-Marie-Tooth disease159 characterised by early-

onset demyelination, providing further evidence for its critical developmental role in 

peripheral nerve biology. Compared to P0, an integral membrane protein tightly embedded 

within compact myelin, and Egr2, a nuclear transcription factor, periaxin’s cytoplasmic 
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distribution and ultimate localisation to the abaxonal surface - adjacent to the extracellular 

environment - make it more accessible to release into the surrounding tissue and circulation, 

facilitating its detection during early Schwann cell injury and demyelination. For this reason, 

and because of its strict PNS specificity, periaxin was selected as the most suitable candidate 

for assay development, offering a biologically relevant and specific marker of Schwann cell 

injury and peripheral nerve demyelination. This chapter details the development and 

analytical validation of a novel immunoassay to measure periaxin. 

3.1.2 Peripheral nerve specificity of periaxin: immunohistochemical evidence 

Immunohistochemistry of human nervous tissue across the neuroaxis demonstrates that 

periaxin is strongly and selectively expressed in the PNS, with minimal background signal or 

complete absence in CNS structures such as the cerebral cortex, cerebellum, optic nerve, and 

spinal cord (Fig. 3.1A). The absence of co-localisation with β-tubulin, an axonal marker, 

confirms that periaxin is not expressed by axons but rather by myelinating Schwann cells. 

Notably, periaxin is absent in the optic nerve, where myelination is provided by 

oligodendrocytes instead of Schwann cells. High-resolution sections of peripheral nerve 

fascicles (Fig. 3.1B) reveal that periaxin is a prominent structural component of Schwann 

cells, outlining individual axons (stained with β-tubulin, yellow), consistent with its role in 

the formation and maintenance of peripheral myelin. 
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Figure 3.1. IHC localisation of periaxin in human nervous system tissues 

 

(A) Immunohistochemistry of human brain cortex, cerebellum, optic nerve, spinal cord, and peripheral nerve 

cross-sections. Periaxin (in red) is absent in the central nervous system but is strongly expressed in peripheral 

nerve tissue. In contrast, β-tubulin (yellow), an axonal marker, is robustly expressed in both central and 

peripheral tissues. (B) Longitudinal section of peripheral nerve tissue (left) showing that periaxin is located 

within the Schwann cells, surrounding each axon, with greater detail visible in the zoomed-in section (middle). 

The right panel presents a magnified view of the peripheral nerve transverse cross-section shown in (A). Scale 

bars as indicated.  
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These findings are conserved across species. In rat tissue, periaxin is not detected within the 

spinal cord itself (Fig. 3.2C), but is present in the preganglionic segments of sensory fibres as 

they enter the cord dorsally (white arrows, Fig. 3.2C) and in ventral motor roots as they exit 

the cord (yellow arrows, Fig. 3.2C), both of which are myelinated by Schwann cells. In 

contrast, peripheral nerve tissue from monkey shows strong periaxin expression (Fig. 3.2G), 

consistent with its selective presence in the PNS. Meanwhile, β-tubulin is broadly expressed 

in both central and peripheral nerves (Fig. 3.2B-F), further reinforcing the specificity of 

periaxin to the Schwann cell lineage. Altogether, these results demonstrate that periaxin is a 

reliable and specific marker of myelinating Schwann cells in the PNS, and its absence in CNS 

structures reflects the distinct cellular mechanisms of myelination between Schwann cells and 

oligodendrocytes. 
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Figure 3.2. Periaxin in rat and monkey  

	

Immunohistochemistry of frozen rat spinal cord (A-D) and monkey peripheral nerve (E-H) cross sections. 

Periaxin is absent inside the spinal cord (C) but can be detected in the preganglionic segments of the afferent 

sensory fibres as they enter the cord dorsally (white arrows) and in the ventral motor neurons exiting the cord 

(yellow arrows). In the peripheral nerve, instead, periaxin is strongly expressed (G). On the contrary, b-tubulin, 

axonal marker, is strongly expressed both centrally and peripherally (B, F). The zoomed-in section (round 

image, merge peripheral nerve staining) shows that periaxin (in red) is located within the Schwann cells, 

surrounding each axon (b-tubulin, green). 
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3.2  Development of ultrasensitive assays for the measurement of periaxin  

3.2.1 Purification of full-length recombinant periaxin  

a) Transient transfection of human embryonic kidney cells 

Human embryonic kidney cells (HEK293T) were transiently transfected with a full-length 

periaxin plasmid (OHu25883D, GenScript) to establish expression in a HEK cell-based 

system. Successful expression of periaxin was confirmed using a cell-based assay with a 

commercial mouse monoclonal antibody (clone G-5, sc-515672, Santa Cruz) alongside a 

range of three custom-made polyclonal antibodies, as shown in Fig. 3.3. 

b) Affinity chromatography purification of periaxin  

Method 

HEK293T cells expressing FLAG-tagged periaxin were harvested by detachment and 

centrifugation. Cell pellets were thawed on ice and resuspended in a lysis buffer containing 

Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1 mM sodium orthovanadate, 10 mM NaF, 

protease inhibitors (1 mM benzamidine, 0.5 mM TLCK, 10 µg/ml antipain, and a protease 

inhibitor cocktail), and detergents (1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS), 

supplemented with 1% Triton X-100. The lysates were incubated on ice for 20 minutes and 

clarified by centrifugation at 20,000 × g for 30 minutes at 4°C. The resulting supernatant was 

filtered through a 0.2 µm PES filter and incubated in batch mode with 0.4 ml of equilibrated 

50% anti-FLAG M2 affinity gel (Sigma) for 2 hours at 4°C with gentle rotation. Beads were 

transferred to a mini-batch column (Generon) and washed three times with 0.5 ml of lysis 
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buffer. Bound protein was eluted in five fractions using 0.2 ml of elution buffer (20 mM 

HEPES pH 8.0, 150 mM NaCl, 0.1 mg/ml 3X FLAG peptide), with a 5-minute incubation 

between each elution step. Elution fractions were analyzed by SDS-PAGE using 4–20% pre-

cast TGX gels (Bio-Rad), stained with Coomassie blue, and visualized alongside a Fermentas 

PageRuler Plus Prestained protein ladder (Cat No. SM1811). Eluted fractions (typically 1–4 

or 1–5) were pooled and dialysed against a detergent-free storage buffer containing protease 

inhibitors. Following buffer exchange, samples were centrifuged at 20,000 × g for 10 minutes 

at 4°C to remove any precipitated protein. Protein concentration and purity were estimated by 

BCA assay and band densitometry. Purified protein was supplemented with 0.1% BSA, snap-

frozen in aliquots, and stored at –80°C. 

Results 

Two independent rounds of periaxin purification were performed using the protocol 

described above. In the first round, fractions 1–5 were pooled and dialysed against storage 

buffer. Protein concentration was estimated at 76.7 µg/ml (~40% purity based on the top 

band) or 143.9 µg/ml (~75% purity when including the top three bands, likely corresponding 

to FLAG-tagged periaxin with varying levels of post-translational modification; Fig. 3.4B). 

The sample was aliquoted, snap frozen, and stored at –80°C. In the second purification, 

fractions 1–4 were pooled and dialysed against the same storage buffer. The resulting protein 

concentration was 170 µg/ml (~54% purity based on the top band) or 244 µg/ml (~78% 

purity including the top three bands). Both purification rounds yielded successful enrichment 

of FLAG-tagged periaxin using anti-FLAG M2 affinity gel, with reproducible results. The 

consistent three-band pattern observed in SDS-PAGE is in line with expected post-

translational modifications of periaxin. 
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Figure 3.3. Cell-based assay for periaxin 

	

Confirmation of periaxin expression in transiently transfected HEK293T cells using a panel of antibodies. Three 

custom-made polyclonal antibodies and one commercial monoclonal antibody were tested in a cell-based assay 

to detect recombinant periaxin. All antibodies demonstrated binding to periaxin-expressing HEK cells, 

supporting successful expression. 
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Figure 3.4. Periaxin purification 

	

 (A, C) Coomassie blue stained SDS-PAGE gels of purified periaxin_FLAG fractions using anti-FLAG affinity 

resin. (B, D) Final Periaxin_FLAG purified samples. Volumes in brackets show amount of sample loaded on the 

SDS-PAGE gels. M, marker; Ap: applied sample (1 ml); FT: flowthrough (1ml); W1-W3: wash 1 to 3 (6.5 ml); 

E1-E5: eluates 1 to 5 (6.5 ml); PrD: pre-dialysis (5 ml); F: final sample post-dialysis (5 ml).  

 

3.2.2 Development of an ECL-based periaxin immunoassay  

Method  

The full-length recombinant periaxin protein, purified from transiently transfected HEK293T 

cells, was used to evaluate the performance of a selected antibody pair across a broad range 

of concentrations, with the aim of identifying the optimal signal-to-noise ratio. A mouse 
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monoclonal antibody (G5 clone, sc-515672, Santa Cruz) was chosen as the capture antibody, 

and a rabbit polyclonal antibody (orb413079, Biorbyt) as the detector. Both antibodies had 

been previously validated for applications including Western blotting, ELISA, 

immunocytochemistry, and immunohistochemistry, and were therefore selected for testing in 

an ECL-based assay format. ECL was initially explored to determine whether its sensitivity 

would be sufficient to detect periaxin in both disease and healthy biological samples. Capture 

and detector antibodies were tested using a checkerboard approach across various 

concentrations: 2–6 μg/ml for the capture antibody and 0.5–4 μg/ml for the detector antibody, 

with periaxin concentrations ranging from 0 to 400.000 pg/ml. The optimal concentrations for 

capture and detection antibodies were found to be 2 μg/ml and 4 μg/ml, respectively, as 

shown in Table 3.1. A SULFO-TAG labelled anti-rabbit secondary antibody (Meso Scale 

Discovery, MSD R32AB-5) was added at 1 μg/ml, as per manufacturer recommendations. 

MSD standard plates were chosen over high-bind plates based on better signal-to-noise ratio. 

Plates were coated with 30 μl of capture antibody at 2 μg/ml in PBS per well, sealed and 

incubated overnight at 4°C. Plates were then washed with PBST, and 150 μl of blocking 

solution [PBST + 5% MSD blocker A (R93AA-2)] were added to each well. After 1 hour of 

incubation (RT, 800 rpm), plates were washed, and 25 μl of calibrator (full-length 

recombinant periaxin) were added to each well prior to incubation [1 hour, room temperature 

(RT), 800 rpm]. Wells were then washed, 25 μl of detection antibody were added and 

incubated for 1 hour (RT, 800 rpm) prior to further washing. 25 μl of TAG-labelled 

secondary antibody were added and incubated for 1 hour (RT, 800 rpm). Finally, 150 μl of 

MSD read buffer (MSD, R92TC-3) were added and the plate was read immediately on the 

MSD instrument.  

Results  
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The lower limit of detection (LLOD), defined as 2.5 times the standard deviation (SD) plus 

the mean average ECL signal of ten replicate results of the blank calibrator, was 30 pg/ml. 

The final standard curve is illustrated in Fig. 3.5. The LLOD represents the lowest 

concentration that can be distinguished from background noise, but not necessarily quantified 

reliably. The lower limit of quantification (LLOQ), in contrast, refers to the lowest 

concentration at which the assay can produce results with acceptable accuracy and 

consistency. In practice, the LLOQ is typically higher than the LLOD. Given this, it was 

uncertain whether the effective quantification threshold of the ECL assay would be sufficient 

to detect the low endogenous levels of periaxin postulated in biological samples. In light of 

this uncertainty, and to maximize sensitivity for detecting low-abundance proteins in complex 

matrices such as plasma and serum, further assay development was transitioned to the Simoa 

platform, which offers superior analytical sensitivity. 
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Table 3.1. Selection of optimal antibody concentration for the ECL-based periaxin assay 

Plate  Capture antibody Detector antibody Secondary antibody LLOD (pg/ml) 

Standard Mouse mono 2ug/ml Rabbit poly 4ug/ml Anti-rabbit-TAG  
1 ug/ml 

137 

 Mouse mono 2ug/ml Rabbit poly 2ug/ml 
Anti-rabbit-TAG  

1 ug/ml 919 

 Mouse mono 2ug/ml Rabbit poly 1ug/ml 
Anti-rabbit-TAG  

1 ug/ml 380 

 Mouse mono 2ug/ml Rabbit poly 
0.5ug/ml 

Anti-rabbit-TAG  
1 ug/ml 

1060 

Standard Mouse mono 6ug/ml rabbit poly 4ug/ml Anti-rabbit-TAG  
1 ug/ml 

4808 

 Mouse mono 6ug/ml rabbit poly 2ug/ml 
Anti-rabbit-TAG  

1 ug/ml 2651 

 Mouse mono 4ug/ml rabbit poly 4ug/ml 
Anti-rabbit-TAG  

1 ug/ml 
1846 

 Mouse mono 4ug/ml rabbit poly 2ug/ml Anti-rabbit-TAG  
1 ug/ml 

875 

Standard Rabbit poly 4 ug/ml  Mouse mono 2ug/ml 
Anti-mouse-TAG 

1 ug/ml 3292 

 Rabbit poly 2 ug/ml  Mouse mono 2ug/ml 
Anti-mouse-TAG 

1 ug/ml 3995 

 Rabbit poly 4 ug/ml Rabbit poly-TAG 
2ug/ml 

 12321 

 Rabbit poly 2 ug/ml Rabbit poly-TAG 
2ug/ml 

 11799 

Standard mouse mono 2ug/ml Rabbit poly 4ug/ml 
Anti-rabbit-TAG  

1 ug/ml 1007 

 mouse mono 2ug/ml Rabbit poly 2ug/ml 
Anti-rabbit-TAG  

1 ug/ml 
9164 

 mouse mono 2ug/ml Rabbit poly 4ug/ml Anti-rabbit-TAG  
1 ug/ml 

572 

 mouse mono 2ug/ml Rabbit poly 2ug/ml 
Anti-rabbit-TAG  

1 ug/ml 2377 

Standard mouse mono 2ug/ml Rabbit poly 4ug/ml 
Anti-rabbit-TAG  

1 ug/ml 37.7 

 mouse mono 2ug/ml Rabbit poly 4ug/ml Anti-rabbit-TAG  
1 ug/ml 

37.2 

 mouse mono 2ug/ml Rabbit poly 4ug/ml Anti-rabbit-TAG  
1 ug/ml 

37 

 mouse mono 2ug/ml Rabbit poly 4ug/ml 
Anti-rabbit-TAG  

1 ug/ml 194 

High bind mouse mono 2ug/ml Rabbit poly 4ug/ml 
Anti-rabbit-TAG  

1 ug/ml 1127 

 mouse mono 2ug/ml Rabbit poly 2ug/ml Anti-rabbit-TAG  
1 ug/ml 

806 
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Figure 3.5. Periaxin ECL standard curve 

	

Standard curve of the ECL-based periaxin assay. The lower limit of detection, calculated as the mean plus 2.5 

standard deviations of the blank signal, was 30 pg/ml. 

 

3.2.3 Development and optimisation of a Simoa periaxin assay  

3.2.3.1 Standard curve  

Method  

The capture antibody was buffer exchanged into the recommended bead conjugation buffer 

using Amicon Ultra-0.5 50 kDa centrifugal filters (Merck), as per the Simoa Homebrew 

Assay Development Guide (Quanterix®). Paramagnetic dyed singleplex assay beads (TECH-
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0143 488, Quanterix) were washed and prepared to provide a supply of 1.4 x 109 beads/ml of 

capture antibody solution. Beads were activated using 1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide (EDC), and capture antibodies were then conjugated to the beads with 

incubation at room temperature for 30 minutes on a rollator (HulaMixer, Thermo Fisher). 

Conjugated beads were washed and blocked with blocking solution for 45 min at 2–8°C. 

Following three washes, the conjugated beads were resuspended and stored at 4°C. The 

detection antibodies were buffer exchanged into Quanterix® biotinylation reaction buffer 

using Amicon Ultra-0.5 50 kDa filters. The detector antibody was biotinylated with NHS-

PEG4-biotin (A39259, Thermo Fisher Scientific) at a 40:1 challenge ratio, and incubated for 

30 minutes at room temperature. Bead-conjugated capture antibody and biotinylated detector 

were then tested to detect recombinant periaxin protein across a range of concentrations from 

0 to 100,000 pg/ml. For analyte quantification, capture and detection can be performed using 

a 2-step or 3-step assay protocol. In a 3-step protocol, the analyte is first captured by 

antibody-coated beads, followed by the addition of a biotinylated detection antibody in the 

second step to form an antibody-analyte sandwich. In the third step, the complex is labelled 

with the enzyme (SBG). A wash step is included between each incubation to remove 

unbound components and reduce background signal. In a 2-step protocol, the sample, capture 

beads, and detection antibody are incubated together, allowing the sandwich complex to form 

in a single step before washing and enzyme labelling.  

Efficient assay performance depends on coating the beads with a high density of monomeric 

capture antibody. The coupling reaction exploits carboxyl groups on the bead surface, which 

react with primary amines on the capture antibody via EDC-mediated crosslinking. 

Traditionally, Quanterix® protocols recommend a two-step conjugation process where beads 

are first activated with EDC alone, followed by a two-hour incubation with the antibody. To 
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enhance coupling efficiency, a sulfo-N-hydroxysulfosuccinimide (S-NHS) can be added 

during bead activation. Although during bead activation EDC forms a reactive O-acylisourea 

intermediate with carboxyl groups on the bead surface, this intermediate is unstable in 

aqueous environments and rapidly hydrolyzes. The addition of Sulfo-NHS stabilizes the 

intermediate by converting it to a more robust sulfo-NHS ester, thereby improving the 

efficiency of covalent coupling to the antibody’s amine groups (Fig. 3.7). 

Results 

A 2-step protocol was chosen over a 3-step protocol, as the former displayed higher dose-

response and lower background noise. A comparison of preliminary standard curves 

generated using the two assay protocols – each optimised over a concentration range of 0 to 

100,000 pg/ml, expected to encompass the plausible physiological and pathological levels of 

periaxin in serum or plasma - is shown in Fig. 3.8.  
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Figure 3.7. EDC/Sulfo-NHS chemistry for bead conjugation 

	

Schematic of EDC/Sulfo-NHS chemistry used for covalent coupling of capture antibodies to carboxylated beads. 

Sulfo-NHS stabilizes the reactive intermediate formed by EDC, enhancing the efficiency of antibody 

immobilization through amine-reactive sulfo-NHS ester formation. Image source: Thermo Fisher  
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Figure 3.8. Comparison between assay protocols: 3 steps vs 2 steps 

 

Comparison of preliminary standard curves generated using a 3-step (A) and a 2-step (B) assay protocol, each 

optimized over a concentration range of 0 to 100,000 pg/ml. The 2-step protocol demonstrated superior 

performance, with a stronger dose-response - defined as a more pronounced increase in signal with increasing 

analyte concentration - and lower background signal at low concentrations, indicating improved sensitivity and 

signal-to-noise ratio compared to the 3-step protocol. 

 

Bead coating efficiency was evaluated by comparing the traditional EDC-only protocol (pH 

6.5) with the modified protocol incorporating S-NHS and a lower activation pH of 5.0. With 

EDC alone, coating efficiency ranged from 35% to 50%, indicating suboptimal conjugation 

of the capture antibody to the bead surface. In contrast, the inclusion of S-NHS during 

activation and lowering the pH to 5.0 significantly improved coupling efficiency, consistently 

achieving values between 85% and 98%, as shown in Fig. 3.9. These results support the use 

of S-NHS-enhanced conjugation chemistry and optimised pH conditions to maximise bead 

loading and assay reproducibility. 
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Figure 3.9. Bead conjugation methods compared: EDC only vs ECC + S-NHS  

	

Standard curves generated using beads conjugated under two different activation conditions. (A) Beads coated 

using EDC alone at pH 6.5 resulted in lower assay sensitivity and reduced signal across the dynamic range. (B) 

Beads conjugated with EDC and Sulfo-NHS at pH 5.0 produced significantly improved signal response, 

reflecting higher coating efficiency (85–98%) and enhanced assay performance. 

 

To optimise assay performance, a range of detector antibody concentrations was evaluated, 

including 1.0 µg/ml, 1.5 µg/ml and 2.0 µg/ml (Fig. 3.10). Concentrations of 1.0 µg/ml and 

1.5 µg/ml produced the most favourable results, showing strong dose-response curves with 

acceptable background signal (AEB <0.05). Based on these findings, a concentration of 1.25 

µg/ml was selected as a compromise between the two optimal conditions, in order to 

maximise signal across the dynamic range while maintaining minimal background noise. 

To optimise the signal amplification step, two concentrations of SBG were evaluated: 150 

pM and 300 pM. While both concentrations produced comparable signal intensities at higher 

analyte concentrations, the 300 pM condition resulted in noticeably higher background signal 

at the lower end of the curve (blank AEB > 0.1). Therefore, 150 pM was selected for the final 
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assay protocol, as it provided sufficient signal amplification while maintaining low 

background noise and overall assay specificity (Fig. 3.11).  

To	improve	the	signal-to-noise	ratio,	helper	beads	were	introduced	into	the	assay.	Helper	beads	

are	non-functional	magnetic	beads	that	do	not	carry	capture	antibodies	but	are	added	alongside	

functional	 assay	 beads	 to	maintain	 an	 optimal	 total	 bead	 number	 per	 cuvette.	 By	 improving	

bead	resuspension	and	ensuring	consistent	bead	fill	during	cuvette	 loading,	helper	beads	help	

reduce	variability	and	background	signal,	particularly	at	 the	 lower	end	of	 the	standard	curve.	

This	strategy	is	recommended	by	the	manufacturer	for	late-stage	assay	optimisation	and	not	as	

an	initial	parameter	to	be	tuned.	Four	combinations	of	assay	and	helper	beads	were	tested	while	

keeping	the	total	bead	number	constant	at	500,000	per	cuvette:		

- 100%	assay	beads	

- 75%	assay	/	25%	helper	(350K/150K)	

- 50%	assay	/	50%	helper	(250K/250K)	

- 25%	assay	/	75%	helper	(150K/450K).		

As	shown	in	Fig.	3.12,	the	100%	assay	bead	condition	yielded	strong	signal	intensity	but	did	not	

significantly	 outperform	 the	 75%/25%	 mix.	 The	 75%	 assay	 /	 25%	 helper	 configuration	

produced	comparable	signal	while	reducing	background	noise,	resulting	in	an	improved	signal-

to-noise	 ratio.	 In	 contrast,	 the	 50%/50%	 and	 25%/75%	 mixes	 were	 associated	 with	

progressively	 higher	 background	 signals,	 with	 the	 50%/50%	 condition	 showing	 the	 highest	

non-specific	 background	 (blank	 AEB	 >	 0.1)	 and	 poorest	 curve	 definition.	 Based	 on	 these	

findings,	 the	 75%	 assay	 /	 25%	 helper	 bead	 ratio	 (350K/150K)	 was	 selected	 as	 the	 optimal	

configuration	for	the	assay.	
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Figure 3.10. Optimisation of detector antibody concentration 

 

Standard curves were generated using a range of biotinylated detector antibody concentrations (1.0, 1.5, and 

2.0 µg/ml). Concentrations of 1.0 and 1.5 µg/ml yielded optimal performance with strong dose-response and 

low background signal. A final concentration of 1.25 µg/ml was selected to balance sensitivity and background, 

providing consistent signal across the dynamic range. 
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Figure 3.11. Optimisation of SBG concentration 

	

Standard curves generated using two concentrations of streptavidin-β-galactosidase (SBG): (A) 150 pM and 

(B) 300 pM. While both concentrations produced adequate signal at higher analyte levels, the 300 pM condition 

showed increased background at lower concentrations. As a result, 150 pM was selected for the final assay to 

maximise specificity and minimise background noise. 
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Figure 3.12. Helper beads 

 

Standard curves were generated using (A) 100% assay beads, (B) 75% assay / 25% helper beads (350K/150K), 

(C) 50% assay / 50% helper beads (250K/250K), and (D) 25% assay / 75% helper beads (150K/450K). The 

75%/25% combination (B) produced the most favourable signal-to-noise ratio, maintaining strong dose-

response while minimising background. Higher proportions of helper beads were associated with increased 

background signal and reduced assay performance. 

 

Finally, to further minimise background noise and maximise overall assay sensitivity, 

detector antibody labelling was optimised. Three different biotinylation reagents were 

compared: NHS-PEG4-Biotin (the manufacturer-recommended reagent), NHS-LC-Biotin, 

and NHS-LC-LC-Biotin (Fig. 3.13). All three reagents were used to label the same detector 

antibody under identical conditions, and their performance was assessed by comparing 

standard curves generated using each biotinylated antibody. While all reagents supported 

analyte detection, NHS-LC-LC-Biotin consistently produced the lowest background signal, 



 106 

particularly at low analyte concentrations, without compromising overall signal intensity. 

This suggests that the increased spacer length provided by the LC-LC linker may enhance 

accessibility of the biotin moiety for enzyme binding, thereby improving signal-to-noise 

ratio. Based on these results, NHS-LC-LC-Biotin was selected for further assay development. 

Fig. 3.14 illustrates the standard curve for the final optimised periaxin assay, incorporating all 

key parameters established during assay development. The assay was configured as a 2-step 

protocol using beads conjugated with EDC and S-NHS at pH 5.0, a biotinylated detector 

antibody labelled with NHS-LC-LC-Biotin, and SBG at 150 pM. The detector antibody was 

used at a final concentration of 1.25 µg/ml, and a 75% assay / 25% helper bead ratio 

(350K/150K) was included to enhance signal-to-noise performance. This configuration 

yielded a robust dose-response curve with low background and an analytical sensitivity of 0.2 

pg/ml (LLOD), as determined in buffer. This optimised assay was subsequently applied to the 

analysis of serum and plasma, to enable quantification of endogenous periaxin and evaluate 

potential matrix effects. 
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Figure 3.13. Comparison of biotinylation methods 

 

Standard curves generated using detector antibodies labelled with (A) NHS-PEG4-Biotin, (B) NHS-LC-Biotin, 

and (C) NHS-LC-LC-Biotin. NHS-LC-LC-Biotin produced the lowest background signal across the dynamic 

range, while maintaining comparable signal intensity to the other reagents. NHS-LC-LC-Biotin was therefore 

selected for continued assay development due to its improved signal-to-noise performance. 

	

	



 108 

Figure 3.14. Standard curve of the final optimised periaxin assay 

 

The	 assay	 was	 developed	 using	 a	 2-step	 format	 and	 incorporates	 optimised	 conditions	 for	 bead	

conjugation,	 detector	 antibody	 biotinylation,	 SBG	 concentration,	 and	 bead	 composition.	 The	 final	

configuration	 yielded	 a	 strong	 dose-response	 with	 low	 background	 and	 an	 analytical	 lower	 limit	 of	

detection	 of	 0.2	 pg/ml	 in	 buffer,	 representing	 a	 150-fold	 increase	 in	 sensitivity	 compared	 to	 the	 ECL-

based	assay.	

	

3.2.3.2 Choice of sample matrix: serum versus plasma  

Both serum and plasma samples from patients with peripheral neuropathy (GBS and CIDP) 

were available for testing, and periaxin levels were measured in both biofluids. Periaxin was 

consistently detectable in plasma, whereas serum samples showed undetectable levels in 

nearly all cases, with only rare exceptions. Fig. 3.15 illustrates matched serum and plasma 

measurements from 25 individuals, confirming that only plasma yielded measurable periaxin 

concentrations across the cohort. A direct comparison between EDTA and lithium heparin 
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(LiH) plasma was also performed, and periaxin was detected exclusively in EDTA plasma. 

Based on these findings, EDTA plasma was selected as the preferred matrix for all 

subsequent analyses. 

 

Figure 3.15. Periaxin in plasma vs serum 

 

Periaxin was consistently detected in EDTA plasma, while corresponding serum samples showed undetectable 

levels in nearly all cases. These findings support the use of EDTA plasma as the preferred matrix for periaxin 

quantification. 
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3.2.3.3 Dilution linearity and choice of diluent  

Method  

Dilution linearity was assessed to demonstrate that a plasma sample with a periaxin 

concentration exceeding the upper limit of the assay range (i.e. above the highest calibration 

point) can be accurately quantified after dilution into the assay's working range. This analysis 

evaluates whether the assay maintains a linear dose–response relationship across serial 

dilutions, thereby confirming the reliability of measurements at different dilution factors. It 

also informs the selection of an appropriate diluent to minimise matrix effects and ensure 

accurate quantification. To perform this assessment, a high concentration of recombinant 

periaxin (50,000 pg/ml) - exceeding the highest standard by five-fold - was spiked into 

undiluted EDTA plasma. The spiked sample was then serially diluted using a range of five 

diluents until the theoretical concentration fell below the assay’s LLOQ. Each dilution was 

analysed, and dilution-adjusted concentrations were calculated. Percent recovery (%RE) was 

then determined for each dilution by comparing the measured value (adjusted for dilution) to 

the expected concentration. This analysis enabled evaluation of linearity, matrix interference, 

and overall suitability of the diluent. %RE was calculated using the following formula: 

  %RE = (measured value / expected concentration) x 100 

Results 

Dilution linearity analysis revealed that among the five diluents tested, diluents C and E 

provided the most consistent performance. For these two diluents, %RE remained within the 

acceptable range of 80–120% across all dilution factors that fell within the assay’s 
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quantifiable range (Fig. 3.16, Table 3.2). This indicated reliable dilution-adjusted 

quantification and minimal matrix interference. In contrast, other diluents showed greater 

variability in %RE, particularly at intermediate dilutions. Based on these findings, diluents C 

and E were selected for further assay development and validation. 

The manufacturer (Quanterix) does not disclose the full composition of the proprietary 

diluents used in this study. However, according to available information, Diluent C contains a 

phosphate buffer with low concentrations of protein stabilisers (bovine-derived), a 

heterophilic blocker, a surfactant, and ProClin 300 as a preservative. In contrast, Diluent E is 

based on a high-pH Tris buffer and contains bovine serum components, a heterophilic 

blocker, a surfactant, and the same preservative. While the exact formulation is not disclosed, 

the observed performance differences may reflect the effect of buffer pH and protein content 

on analyte stability, antibody binding, or signal interference. The presence of serum proteins 

in Diluent E may better mimic plasma conditions, while the simpler composition of Diluent C 

may reduce nonspecific interactions, both contributing to acceptable recoveries. 
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Figure 3.16. Dilution linearity 

	

Dilution linearity analysis of recombinant periaxin spiked into EDTA plasma and serially diluted using five 

different diluents. Dilution-adjusted concentrations were used to calculate %RE relative to expected values. 

Diluents C and E demonstrated consistent performance, with %RE maintained within the acceptable range of 

80–120% across all dilution factors within the assay’s working range. These diluents were selected for further 

assay development. 
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Table 3.2. Dilution linearity: comparison of diluents  

Diluent	 Dilution	 Measured	concentration	
(pg/ml)	

Expected	concentration	
(pg/ml)	 %RE	

A	

1	 3546.724925	 50000	 7.1	

3	 16909.47906	 50000	 33.8	

9	 40102.40416	 50000	 80.2	

27	 51581.89154	 50000	 103.2	

81	 64939.0547	 50000	 129.9	

243	 86040.45391	 50000	 172.1	

729	 82649.7823	 50000	 165.3	

B	

1	 4955.776057	 50000	 9.9	

3	 16521.37767	 50000	 33.0	

9	 34390.41585	 50000	 68.8	

27	 40892.28418	 50000	 81.8	

81	 50395.98612	 50000	 100.8	

243	 59767.70687	 50000	 119.5	

729	 64766.04384	 50000	 129.5	

C	

1	 2722.608325	 50000	 5.4	

3	 12369.97589	 50000	 24.7	

9	 38979.07359	 50000	 77.9	

27	 42656.92008	 50000	 85.3	

81	 52434.43101	 50000	 104.9	

243	 58477.32075	 50000	 116.9	

729	 57376.89493	 50000	 114.7	

D	

1	 1393.257288	 50000	 2.8	

3	 8900.086488	 50000	 17.8	

9	 23713.60424	 50000	 47.4	

27	 33533.40665	 50000	 67.1	

81	 46633.9768	 50000	 93.3	

243	 <	LLOD	 50000	 -	

729	 <	LLOD	 50000	 -	

E		

1	 4313.103927	 50000	 8.6	

3	 14335.89996	 50000	 28.7	

9	 46024.49627	 50000	 92.0	

27	 52341.1074	 50000	 104.7	

81	 55632.70565	 50000	 111.3	

243	 59195.36585	 50000	 118.4	
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3.2.3.4 Parallelism and minimum required dilution  

Method  

Parallelism and dilution linearity are conceptually similar in that both assess whether 

measured concentrations remain consistent and proportional following serial dilution. The 

key difference is the type of sample used. Dilution linearity experiments involve spiking a 

high concentration of recombinant analyte into matrix, at levels exceeding the assay’s upper 

range, followed by serial dilution. In contrast, parallelism assesses whether the endogenous 

analyte behaves similarly to the recombinant calibrator, and therefore requires unspiked 

biological samples with naturally high concentrations of the analyte. These concentrations 

must fall within the assay’s dynamic range. 

The purpose of the parallelism experiment here is to determine whether the binding 

characteristics of endogenous periaxin are equivalent to those of the recombinant calibrator 

used to generate the standard curve. To assess this, three plasma samples with varying 

endogenous periaxin levels, evenly distributed across the standard curve, were selected. Each 

sample was subjected to serial two-fold dilutions until the measured concentration 

approached or dropped below the assay's detection limit. The measured values at each 

dilution were adjusted for the dilution factor, and results were compared to identify the point 

at which dilution-adjusted concentrations began to fall within acceptable limits. The 

minimum required dilution (MRD) was defined as the lowest dilution at which dilution-

adjusted concentrations were consistently within ±20% of the value measured at MRD (i.e., 

80–120% agreement). This threshold was chosen to reflect acceptable linearity while 

accounting for assay precision. Although no universally accepted criteria exist for evaluating 

parallelism, several recommendations have been proposed. Some suggest that a %CV ≤30% 
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across dilution series is sufficient,160 while others advocate for tighter bounds such as 

≤20%,161 or recovery (%RE) within 75–125% compared to the MRD162,163.  

Results  

Parallelism was assessed in three plasma samples with endogenous periaxin concentrations 

spanning the assay’s dynamic range. Each sample was serially diluted two-fold, and the 

measured concentrations were adjusted for the dilution factor to assess consistency across the 

dilution series. In all three samples, dilution-adjusted concentrations remained within the 

predefined acceptable recovery range of 80–120% starting from a 1:8 dilution (Fig. 3.17, 

Table 3.3). Below this threshold (i.e., at lower dilutions such as neat, 1:2, or 1:4), greater 

variability was observed, likely reflecting matrix effects at higher sample concentrations. 

Across the valid dilution range, the coefficient of variation of the adjusted values ranged from 

70.3% to 104%, confirming that linearity and acceptable parallelism were achieved from 1:8 

onward. Based on these results, 1:8 was established as the assay MRD to ensure accurate 

quantification of endogenous periaxin while minimising matrix interference. 
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Figure 3.17. Parallelism 

	

Parallelism analysis of endogenous periaxin in three plasma samples with varying concentrations. Each sample 

was serially diluted two-fold and measured periaxin concentrations were adjusted for dilution. All three 

samples demonstrated acceptable linearity from a 1:8 dilution onward, supporting the selection of 1:8 as the 

assay MRD.  
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Table	3.3.	Parallelism	analysis	of	periaxin	in	plasma	samples	

Sample	 Dilution	 Dilution-adjusted	concentration		
(pg/ml)	 %RE	

1	 Neat	 504	 -	

1	 1:2	 1067	 -	

1	 1:4	 1522.1	 -	

1	 1:8	 2184	 100	

1	 1:16	 2272	 104	

1	 1:32	 1598	 70.3	

2	 Neat	 103	 -	

2	 1:2	 102.9	 -	

2	 1:4	 191.1	 -	

2	 1:8	 243.4	 100	

2	 1:16	 202.4	 83.2	

2	 1:32	 181.1	 89.5	

3	 Neat	 201	 -	

3	 1:2	 305	 -	

3	 1:4	 425.5	 -	

3	 1:8	 862.7	 100	

3	 1:16	 865.4	 100.3	

3	 1:32	 789.4	 91.2	

 

 

3.2.3.5 Spike recovery  

A spike recovery experiment was performed to assess whether the concentration–response 

relationship of the assay is comparable between the calibration curve and biological samples. 

Poor recovery would suggest that differences between the sample matrix and the calibrator 

diluent influence the assay signal, indicating the presence of matrix effects. This analysis 

helps to confirm that the chosen diluent closely mimics the biological environment and 
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ensures that both recombinant calibrator and endogenous analyte generate comparable 

responses across the assay’s measuring range. 

Three EDTA plasma samples with minimal endogenous periaxin were selected and diluted. 

Each sample was divided into four aliquots. Using the calibrator stock solution, three aliquots 

were spiked at low, medium, and high concentrations across the linear range of the standard 

curve. All spikes were added in equal volumes, kept below 10% of the total volume. The 

fourth aliquot was left unspiked and received an equal volume of measurand-free calibrator 

diluent to control for dilutional effects. Spike-recovery testing was performed under the 

following three conditions: 

1. Buffer-based standard curve with plasma samples diluted 1:8 (the assay’s MRD) 

2. Buffer-based standard curve with plasma samples diluted 1:16 

3. Matrix-matched standard curve generated in diluted (1:8) plasma with minimal 

endogenous periaxin 

For both buffer-based standard curve conditions, a control sample containing only calibrator 

diluent (i.e. no plasma) was also included to evaluate the baseline recovery in the absence of 

matrix. All samples were analysed in the same assay run to eliminate inter-assay variability. 

The acceptance criterion for recovery was set at 80–120%. Recovery was calculated with the 

following formula: 
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Results  

Spike recovery experiments using a buffer-based calibration curve revealed consistent under-

recovery (50-56%) at a 1:8 dilution, indicative of residual matrix effects. Recovery improved 

to 70–94% at 1:16, suggesting that matrix interference is reduced at this dilution (Table 3.4). 

However, parallelism analysis had confirmed that from 1:8 onward, endogenous analyte 

behaved proportionally across dilutions, indicating that 1:8 provides valid quantification 

despite lower absolute recovery. To preserve assay sensitivity - particularly for low-

abundance analytes - and minimise values falling below the LLOD, 1:8 dilution was 

confirmed as the minimum required dilution. Where necessary, samples may be reassayed at 

1:16 to confirm robustness or investigate suspected matrix interference. Notably, when a 

matrix-matched calibration curve was used (generated in 1:8 diluted plasma with minimal 

endogenous periaxin), recovery ranged from 72% to 99% (Table 3.5), supporting its use as an 

alternative approach to mitigate matrix effects without sacrificing sensitivity. 

 

 

 

 



 120 

Table 3.4. Buffer-based standard curve with plasma samples diluted 1:8 and 1:16 

	

Expected	

concentration	

(pg/ml)	

1:8	dilution	 1:16	dilution	 	

	
Observed	concentration		

(pg/ml)	

Observed	concentration		

(pg/ml)	
	

	
Plasma		

1	

Plasma		

2	

Plasma		

3	

Plasma		

1	

Plasma		

2	

Plasma		

3	

Diluent	

only	

High	 1000	 510.9	 508.1	 500.4	 782.9	 700.8	 705.4	 876.8	

Medium	 500	 236.4	 274.9	 260.6	 402.4	 428.3	 407.5	 439.6	

Low	 250	 99.5	 140.7	 124.8	 235.8	 195.7	 175	 248.6	

Blank	 0	 2.9	 9.2	 4.8	 2.8	 8.7	 5.1	 1.1	

	

	

Table 3.5. Matrix-matched standard curve generated in diluted plasma (1:8) 

	
Expected	concentration	

(pg/ml)	

Observed	concentration		

(pg/ml)	

	
Plasma		

1	

Plasma		

2	

Plasma		

3	

High	 1000	 889.2	 783.7	 814.4	

Medium	 500	 495.6	 411.1	 437.2	

Low	 250	 181.4	 228.7	 205.8	

Blank	 0	 11.4	 5.1	 <LLOD	
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To confirm that periaxin concentrations measured at 1:8 and 1:16 dilutions were consistent 

and not significantly affected by dilution-related matrix effects, five plasma samples were 

tested at both dilutions within the same assay run. This within-run comparison allowed 

assessment of dilution-adjusted concentration stability under matched conditions. For each 

sample, the periaxin concentration measured at 1:16 was compared to that at 1:8, after 

adjustment for the dilution factor. All five samples showed agreement within the predefined 

acceptance range of 80–120% (Table 3.6), confirming that quantification remains reliable 

across these dilutions. These results further support the use of 1:8 as the MRD while allowing 

for flexibility in re-assaying at 1:16 if needed. 

 

Table 3.6. Direct comparison of dilutions: plasma periaxin measured at 1:8 and 1:16 

Sample		 1:8	 1:16	 %CV	

1	 656	 784	 119	

2	 2184	 2272	 104	

3	 400	 464	 116	

4	 243	 202	 83	

5	 53	 55	 100	
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3.2.3.6 Lower Limit of Quantification (functional sensitivity) 

Method 

The Lower Limit of Quantification (LLOQ of functional sensitivity) of an assay represents 

the lowest analyte concentration that can be measured with acceptable precision, while the 

lower limit of detection (LLOD) refers to the smallest concentration that can be distinguished 

from background signal. In practice, the LLOQ is often 5–10 times higher than the LLOD to 

ensure reliable quantification. To estimate the LLOQ, a standard curve was first generated in 

assay diluent using serial dilutions of recombinant periaxin spanning a defined concentration 

range. The LLOQ was initially defined as the lowest calibration point at which intra-assay 

precision, expressed as the CV [(standard deviation/mean) x 100], was ≤20% across five 

replicates. To account for potential matrix effects, the LLOQ was subsequently re-evaluated 

by spiking low concentrations of recombinant periaxin into EDTA plasma samples 

previously confirmed to contain no detectable endogenous periaxin. This allowed 

determination of functional sensitivity under realistic sample conditions. The final LLOQ was 

defined based on assay performance in plasma, which was selected as the preferred matrix for 

all downstream analyses. 

Results  

The lowest calibration point with a CV ≤20% was 2.40 pg/ml. To determine the LLOQ in 

plasma, recombinant periaxin was spiked into a healthy control sample previously confirmed 

to have undetectable endogenous periaxin levels. Precision was assessed at three low spike 

concentrations: 1.0, 1.5, and 2.0 pg/ml, each tested in five replicates. At 1.0 pg/ml, the CV 

was 23.0%, exceeding the acceptable threshold for quantification. At 1.5 pg/ml, the CV was 
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20.0%, meeting the standard criterion for LLOQ. At 2.0 pg/ml, the assay showed improved 

precision with a CV of 15.1%. Based on these results, 1.5 pg/ml was defined as the LLOQ in 

plasma, with 2.0 pg/ml offering more consistent performance. Detailed precision data for 

each concentration are summarised in Table 3.7.  

 

Table 3.7. Lower Limit of Quantification 

Spike	

(pg/ml)	

Measured	values	

(pg/ml)	

Mean	

(pg/ml)	

SD	

(pg/ml)	
CV	(%)	 Interpretation	

1.0	
0.67,	0.85,	0.90,	

1.20,	1.15	
0.9	 0.2	 23	

Above	CV	threshold	–		

not	acceptable	as	LLOQ	

1.5	
0.86,	1.33,	1.30,	

0.92,	1.27	
1.1	 0.2	 20	

Borderline	–	meets	CV	

threshold,	acceptable	as	LLOQ	

2.0	
1.37,	1.89,	2.10,	

1.90,	1.75	
1.8	 0.3	 15	

Within	CV	threshold	–	

acceptable	as	LLOQ	

 

 

3.2.3.7 Precision and reproducibility  

Method 

Intra-assay precision was assessed by calculating the CV for 15 individual plasma samples, 

each tested in duplicate within a single assay run.163 Samples were distributed across three 

independent runs (5 samples per run), and the mean CV across all samples was used to reflect 

overall within-run variability. To assess inter-assay precision, five plasma samples 
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containing varying levels of endogenous periaxin were measured in duplicate across five 

independent assay runs.163 The mean, standard deviation and CV were calculated for each 

sample to evaluate precision across runs. To assess reproducibility, the intraclass correlation 

coefficient (ICC) was calculated using a two-way random effects model with absolute 

agreement. The ICC quantifies the proportion of total variance attributable to differences 

between samples, relative to the total variance (between- and within-sample variability). An 

ICC value close to 1 indicates excellent reproducibility of measurements across runs. 

Results  

The mean intra-assay CVs for Runs 1, 2, and 3 were 8.82%, 4.58%, and 4.94%, respectively. 

The overall mean CV across all 15 samples was 6.11%, reflecting good within-run precision 

(Table 3.8). Inter-assay precision was evaluated by measuring five plasma samples across 

five independent assay runs. Mean concentrations ranged from 19.4 pg/mL to 885.0 pg/mL, 

covering the assay’s dynamic range (Table 3.9). The CV for individual samples ranged 

from 8.8% to 30.8%, with the highest variability observed in the low-concentration sample 

(Sample 2). Most samples demonstrated CVs below 20%, indicating good reproducibility, 

particularly at moderate to high concentrations. To assess overall between-run consistency, 

the ICC was calculated using a two-way random effects model with absolute agreement. The 

resulting ICC was 0.980, indicating excellent reproducibility of the assay across independent 

runs. 
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Table 3.8. Intra-assay precision 

Run	 Sample	 CV	(%)	 Mean	Run	CV	(%)		

1	

1	 1.3	

8.82	
2	 30	
3	 1.1	

4	 6.6	
5	 5.1	

2	

6	 6.9	

4.58	
7	 7.5	
8	 4.2	

9	 1	
10	 3.3	

3	

11	 0.8	

4.94	

12	 11.1	

13	 9.8	
14	 2.1	
15	 0.9	

	

Table	3.9.	Inter-assay	precision	

Sample	 Run	1		 Run	2		 Run	3		 Run	4		 Run	5	 Mean	 SD	 CV	(%)	

1	 244	 259.2	 272	 340	 204.8	 264	 49.4	 18.7	

2	 20	 24	 18	 25	 10	 19.4	 5.9	 30.8	

3	 234	 267	 199	 250	 235	 237	 25.1	 10.6	

4	 867	 788	 912	 999	 859	 885	 77.7	 8.8	

5	 419	 521	 444	 506	 499	 477.8	 43.9	 9.2	
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3.2.3.8 Sample stability  

Method 

Sample stability was evaluated by assessing the effect of delayed processing and multiple 

freeze–thaw cycles on periaxin concentrations. Three plasma samples with high, 

intermediate, and low endogenous periaxin levels were used throughout all experiments.  

To assess the impact of delayed centrifugation, each sample was subjected to five 

conditions before centrifugation and freezing at −80 °C:  

1. processed within 30 minutes of venepuncture;  

2. stored for 3 hours at room temperature (RT);  

3. stored for 3 hours at 2–8 °C;  

4. stored for 24 hours at RT;  

5. stored for 24 hours at 2–8 °C. 

To evaluate the effect of delayed freezing, the same three samples were first centrifuged 

promptly within 30 minutes of collection, then subjected to the following conditions before 

freezing:  

6. stored for 3 hours at RT;  

7. stored for 3 hours at 2–8 °C;  

8. stored for 24 hours at RT;  

9. stored for 24 hours at 2–8 °C. 
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For freeze–thaw stability, each of the three samples was divided into five aliquotes. Aliquots 

were subjected to one to four freeze–thaw cycles prior to analysis:  

- aliquot 1 underwent one cycle;  

- aliquots 2 underwent two freeze-thaw cycles; 

- aliquots 3 underwent three freeze-thaw cycles; 

- aliquots 4 underwent four freeze-thaw cycles; 

- aliquots 5 underwent five freeze-thaw cycles. 

Results 

Periaxin concentrations were markedly increased when centrifugation was delayed, 

particularly after prolonged storage of whole blood at room temperature (Table 3.10 and Fig. 

3.18). In all three samples, periaxin levels increased between 3 and 24 hours of whole blood 

storage at RT. For example, in sample 1, concentrations rose from 388 pg/ml to 671 pg/ml, in 

sample 2 from 120 pg/ml to 188 pg/ml, and in sample 3 from 200 pg/ml to 376 pg/ml. A 

similar but attenuated increase was observed under refrigerated conditions. This rise is 

unlikely to reflect true biological release of periaxin, as the protein is Schwann cell–specific 

and not expressed by circulating blood cells. Instead, the increase may reflect pre-analytical 

artifacts associated with prolonged sample handling. A plausible explanation for this increase 

might be the presence of Schwann cell–derived extracellular vesicles or exosomes in the 

circulation, particularly in individuals with peripheral nerve injury. Periaxin is anchored to 

the cytoplasmic surface of the Schwann cell plasma membrane, and may be incorporated into 

the inner membrane of these vesicles. Delayed processing of whole blood, especially at room 

temperature, may promote vesicle degradation or membrane rupture, leading to the release of 

periaxin into the plasma prior to centrifugation. In contrast, when centrifugation was 
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performed promptly, periaxin levels remained relatively stable over time. In sample 1, 

concentrations were 244 pg/ml after 3 hours at RT and 222 pg/ml after 24 hours at RT - 

representing minimal decline. Lower periaxin levels were observed when samples were 

stored at 2–8 °C after centrifugation, with values of 79 pg/ml at 3 hours and 97 pg/ml at 24 

hours. This pattern was also seen in samples 2 and 3, indicating a consistent pattern. These 

lower concentrations at 2–8 °C are unlikely to reflect degradation, which would typically be 

more pronounced at higher temperatures. Instead, they may be due to cold-induced 

adsorption of periaxin to the inner surface of collection tubes or to conformational changes 

that reduce assay detectability, as described for other plasma proteins.164 In contrast, 

peripherin and NfL concentrations remained stable across all preanalytical conditions. In all 

three samples, values fluctuated minimally with changes in processing time or temperature, 

and no systematic pattern was observed. This supports the robustness of axonal intermediate 

filaments compared to large coiled-coil proteins such as periaxin, the structural properties of 

which may contribute to increased vulnerability to adsorption or conformational changes 

during processing. 

Freeze-thaw experiments showed that periaxin levels remained stable through three cycles 

but declined markedly thereafter, falling to approximately 50% of initial values by the fifth 

cycle. These results indicate that exceeding three freeze-thaw cycles significantly 

compromises periaxin stability and should be avoided in biomarker studies. 
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Table 3.10. Impact of preanalytical conditions on periaxin, peripherin and NfL 

Sample Delay to Delay time Temperature Periaxin 

(pg/ml) 

Peripherin 

(pg/ml) 

NfL 

(pg/ml) 

1 centrifugation 3 h RT 388.0 15.0 24.0 

1 centrifugation 3 h 2–8°C 193.6 14.2 22.0 

1 centrifugation 24 h RT 671.3 15.4 23.0 

1 centrifugation 24 h 2–8°C 286.6 14.9 22.7 

1 freeze 3 h RT 243.5 15.6 23.5 

1 freeze 3 h 2–8°C 79.4 13.8 21.9 

1 freeze 24 h RT 222.5 14.7 23.2 

1 freeze 24 h 2–8°C 97.8 15.1 21.9 

2 centrifugation 3 h RT 120.0 10.0 32.6 

2 centrifugation 3 h 2–8°C 7.5 7.1 33.4 

2 centrifugation 24 h RT 188.1 10.6 31.6 

2 centrifugation 24 h 2–8°C 21.7 10.1 33.7 

2 freeze 3 h RT 1.0 9.6 29.1 

2 freeze 3 h 2–8°C 4.1 8.1 31.2 

2 freeze 24 h RT 0.7 11.1 31.2 

2 freeze 24 h 2–8°C 7.2 10.4 32.0 

3 centrifugation 3 h RT 200.0 3.0 10.0 

3 centrifugation 3 h 2–8°C 104.0 2.7 11.0 

3 centrifugation 24 h RT 376.0 5.0 10.5 

3 centrifugation 24 h 2–8°C 168.0 4.1 9.0 

3 freeze 3 h RT 120.0 3.2 8.5 

3 freeze 3 h 2–8°C 52.0 3.8 12.0 

3 freeze 24 h RT 102.4 3.9 11.4 

3 freeze 24 h 2–8°C 63.2 4.3 11.7 
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Figure 3.18. Impact of preanalytical conditions on periaxin, peripherin and NfL  

 

 

Concentrations of periaxin, peripherin and NfL were measured in three samples (plasma for periaxin and NfL, 

serum for peripherin) processed under different preanalytical conditions, varying by delay to centrifugation or 

freezing (3 or 24 hours) and storage temperature (room temperature or 2–8 °C). Periaxin levels were markedly 

increased when centrifugation was delayed, particularly after 24 hours at RT, possibly suggesting cellular 

release prior to plasma separation. In contrast, when centrifugation was performed promptly, periaxin 

concentrations remained relatively stable, although values were consistently lower following storage at 2–8 °C 

compared to RT. This may be due to temperature-dependent adsorption or conformational changes. Peripherin 

and NfL levels remained stable across all conditions, indicating greater robustness to preanalytical variation. 
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Figure 3.19. Effect of freeze-thaw cycles on plasma periaxin levels 

 

Periaxin concentrations remained stable through three freeze-thaw cycles across all samples, but declined 

markedly thereafter, falling below 80% of baseline after the third cycle, and reaching approximately 50% of the 

initial values by the fifth cycle. 
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3.3 Simoa peripherin assay optimisation   

3.3.1 Bead conjugation and detector antibody biotinylation  

The Simoa peripherin assay was initially developed using a conventional two-step protocol, 

with capture antibody conjugation to paramagnetic beads via EDC-only activation in 50 mM 

MES buffer (pH 6.5), and detector antibody biotinylation using NHS-PEG4-Biotin. This 

configuration yielded a lower limit of detection of 0.87 pg/mL, equivalent to 6.95 pg/mL after 

accounting for the 1:8 MRD of serum samples. To enhance assay sensitivity, the following 

optimisations were implemented: 

Bead conjugation refinement: 

- S-NHS was added to the bead conjugation step to stabilise intermediate ester formation 

and enhance coupling efficiency. 

- The MES buffer pH was reduced from 6.5 to 5.0 to optimise EDC/S-NHS activation 

conditions. 

- Molarity of the MES buffer was reduced from 50 mM to 25 mM to improve reaction 

kinetics. 

Detector antibody biotinylation: 

- NHS-PEG4-Biotin was replaced with NHS-LC-LC-Biotin to improve accessibility of 

biotin for SBG binding and to reduce background. 
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These combined changes substantially enhanced assay performance, resulting in a 

new LLOD of 0.14 pg/mL, corresponding to 1.1 pg/mL post-dilution, an 8-fold improvement 

in sensitivity. 

3.3.2 Optimised Simoa peripherin protocol  

Peripherin concentrations in biological samples (serum and culture supernatants) were 

quantified using the optimised Simoa assay on a Quanterix HD-X Analyzer, following the 

newly established protocol. For each run, calibrators were freshly prepared by serial dilution 

of recombinant human peripherin (NM_006262, Origene, purified from transfected 

HEK293T cells) into assay diluent. Serum samples were diluted 1:8 and loaded at a minimum 

volume of 230 µL per well. Each 96-well plate included eight calibrator concentrations in 

duplicate, alongside test samples also run in duplicate. The assay was performed using a two-

step protocol. In the first step, paramagnetic beads conjugated to anti-peripherin monoclonal 

capture antibodies (8G2 clone, P5117, Sigma-Aldrich) were incubated with both the diluted 

samples and the biotinylated monoclonal detector antibody (A3 clone, sc-377093, Santa 

Cruz). Following washing to remove unbound components, the second step involved 

incubation with SBG, followed by a final wash and addition of enzyme substrate (RGP). 

Sample concentrations were interpolated from the standard curve using a 4PL model. To 

ensure data reliability, only measurements with intra-assay coefficients of variation below 

15% were included in subsequent analyses.	 
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Figure 3.20. Optimisation of the Simoa peripherin assay 

 

 (A) Initial standard curve using EDC-only bead conjugation and NHS-PEG4-Biotin for detector antibody 

labelling, with a LLOD of 0.87 pg/mL (6.95 pg/mL post-dilution). (B) Addition of Sulfo-NHS to the bead 

conjugation step and buffer optimisation improved coupling efficiency and lowered the LLOD. (C) Further 

replacement of NHS-PEG4-Biotin with NHS-LC-LC-Biotin for detector antibody biotinylation enhanced assay 

sensitivity, achieving an LLOD of 0.14 pg/mL (1.1 pg/mL post-dilution), representing an 8-fold improvement. 



 135 

3.4 Discussion 

This chapter describes the development of an ultrasensitive immunoassay for the 

measurement of periaxin, a protein exclusively expressed by myelinating Schwann cells, in 

biological samples. Based on the findings presented, several important considerations 

emerge. First, successful purification of recombinant periaxin from transiently transfected 

HEK293T cells confirms the suitability of this system for antigen production. HEK293T cells 

enable high-yield expression of periaxin, with proper structural and antigenic integrity for use 

in assay calibration.  

Simoa technology appears most suitable for periaxin detection given its ultrahigh analytical 

sensitivity. While ECL-based platforms could be used, their lower sensitivity may not always 

allow accurate and precise measurements, required for monitoring subclinical disease activity 

or subtle treatment responses over time. Simoa also offers a fundamental advantage over 

PEA, which reports relative fold-changes rather than absolute concentrations, making it less 

appropriate for longitudinal or clinical monitoring where exact quantification is essential. An 

additional advantage in this study was the ability to quantify periaxin, peripherin and NfL 

using the same platform, ensuring analytical consistency across biomarkers and streamlining 

sample processing. The main limitation of Simoa remains its high cost, which may impede 

widespread clinical adoption, so its use should be weighed against practical considerations 

such as resource availability and assay throughput. 

Matrix studies have shown that periaxin is only reliably measurable in EDTA plasma, with 

levels undetectable or significantly reduced in serum and lithium heparin plasma. This 

observation may reflect the susceptibility of periaxin to calcium-dependent proteolysis. 

EDTA acts as a calcium chelator and rapidly inhibits calcium-dependent proteases at the 
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point of blood collection, thereby preserving protease-sensitive proteins such as periaxin. In 

contrast, lithium heparin prevents coagulation through antithrombin-mediated inhibition of 

thrombin and factor Xa, but does not immediately reduce ionized calcium levels. As a result, 

residual proteolytic activity may persist during the pre-analytical phase, potentially leading to 

degradation of periaxin.  

Sample handling conditions were also found to substantially affect periaxin stability. 

Controlled experiments demonstrated that delaying centrifugation, particularly at room 

temperature, led to a marked increase in periaxin concentrations. This suggests that cellular 

release of periaxin continues during whole blood storage and is partially mitigated by 

refrigeration. Once centrifugation was performed, periaxin levels remained relatively stable 

over time, with minimal changes observed between 3 and 24 hours. Notably, lower periaxin 

concentrations were consistently observed when samples were stored at 2–8 °C following 

centrifugation, compared to samples kept at room temperature. As degradation is generally 

more pronounced at higher temperatures, this reduction is unlikely to reflect proteolysis. 

Instead, it may be attributed to cold-induced adsorption of periaxin to tube surfaces or 

conformational changes that reduce antibody accessibility. However, although refrigeration 

may result in slightly lower measured concentrations, it remains the preferred storage 

condition following centrifugation, as it preserves overall protein integrity and minimizes 

enzymatic activity. To ensure reproducibility and comparability across timepoints and 

cohorts, plasma samples should be centrifuged within a few hours of collection and either 

frozen immediately or stored refrigerated until freezing. Furthermore, freeze-thaw 

experiments demonstrated that periaxin levels start to decline beyond the third cycle, 

highlighting the importance of minimising repeated freeze-thawing to preserve sample 

integrity and ensure accurate quantification. 
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The assay currently employs a polyclonal antibody as the detector. While polyclonal 

antibodies are advantageous in early assay development due to their broad epitope 

recognition and high sensitivity, they are inherently limited by batch-to-batch variability and 

potential non-specific binding. These limitations may introduce inconsistency in assay 

performance with effects on reproducibility over time. To address these limitations, work is 

underway to develop a monoclonal detector antibody, which is expected to enhance assay 

specificity and reduce lot-to-lot variation. Despite these considerations, the assay has shown 

strong precision and reproducibility, with consistent results across samples and runs, 

supporting its robustness for reliable periaxin quantification in both longitudinal and 

comparative studies.	

Parallelism experiments demonstrated that a minimum dilution of 1:8 is required to achieve 

linearity, indicating the presence of matrix effects at lower dilutions. Although linearity was 

improved at this dilution, recovery experiments suggested residual matrix interference. Such 

effects are common in plasma-based assays and reflect the complex nature of plasma proteins 

and interfering substances. While a dilution of 1:16 may further minimize matrix effects, it 

carries the risk of compromising sensitivity, especially in samples with low periaxin 

concentrations. Thus, 1:8 dilution represents a practical compromise between signal recovery 

and detection sensitivity.  

In summary, the periaxin immunoassay developed using the Simoa platform demonstrates 

excellent analytical performance, characterized by high sensitivity, precision, reproducibility, 

and a wide dynamic range. These attributes make it particularly well-suited for detecting low-

abundance targets in complex biological matrices and for monitoring longitudinal changes in 

disease activity or treatment response. While practical considerations such as cost and matrix-

specific limitations remain, the assay provides a robust foundation for both experimental and 
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clinical biomarker studies. The following chapters will describe its application in in vitro 

models of demyelination and axonal injury, as well as its evaluation in clinical samples from 

patients with peripheral neuropathies, along with axonal biomarkers and established clinical 

outcome measures.  
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4 IN VITRO BIOMARKER VALIDATION  

4.1 Introduction  

Human induced pluripotent stem cells provide a valuable mechanistic platform for modelling 

disease in vitro.165,166 Coculture systems combining IPSC-derived sensory neurons with 

rodent Schwann cells recapitulate key architectural features of peripheral nerves and allow 

the study of fundamental biological processes such axoglial interaction, myelination and 

axonal growth. Myelinating cocultures can also be injured using pathogenic antibodies and 

complement, reproducing aspects of demyelination and axonal damage observed in the 

inflammatory neuropathies, and thereby providing a controlled tool for morphological and 

immunohistochemical analysis of nerve injury. In this context, fluid biomarkers such 

periaxin, peripherin and NfL can be used as an informative, “tissue-related” tool to assess and 

understand the biological immunobiology underlying nerve disease. This chapter explores 

how fluid biomarkers and cell-based models can be integrated to more objectively assess 

axonal damage and demyelination, evaluate the protective effects of commonly used 

treatments such as IVIg, study axoglial development, and validate the underlying 

mechanisms that drive neural injury. 

4.2 Periaxin and peripherin expression in cocultures 

Method  

The expression of periaxin in Schwann cells and peripherin in neurons was confirmed by 

immunocytochemical staining and confocal microscopy. For periaxin, immunocytochemistry 
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was performed using the polyclonal anti-periaxin antibody (orb413079, Biorbyt), also used as 

detector antibody in the Simoa assay. Myelin-specific binding was confirmed by 

colocalization with myelin basic protein (MBP), which was stained in parallel as a control 

using a rat anti-MBP antibody (Ab7349, Abcam). Axons were identified using an antibody 

against the heavy isoform of neurofilament (NF200, chicken anti-NF200, Ab4680, Abcam), 

followed by streptavidin conjugated to Pacific Blue (511222, Thermo Fisher). Secondary 

antibodies used for MBP and periaxin detection were a goat anti-rat Alexa Fluor 546 

antibody (A11081, Thermo Fisher) and a goat anti-rabbit Alexa Fluor 488 antibody (A11008, 

Thermo Fisher), respectively. For peripherin, immunocytochemistry was performed using the 

assay capture antibody [mouse monoclonal anti-peripherin antibody (P5117, Sigma-

Aldrich)], alongside the polyclonal anti-periaxin antibody (orb413079, Biorbyt) and the anti-

NF200 antibody described above. A goat anti-mouse Alexa Fluor 647 antibody (A21236, 

Thermo Fisher) was used as the secondary antibody for peripherin detection. 

Results  

Expression of periaxin and peripherin was confirmed in the myelinating cocultures. Periaxin 

immunostaining showed clear localisation to myelinated segments and colocalisation with 

MBP along axons identified by NF200 staining (Fig. 4.1). Peripherin immunostaining 

demonstrated robust expression within the axonal cytoskeleton of IPSC-derived sensory 

neurons, with signal observed along NF200-positive fibres (Fig. 4.2).  
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Figure 4.1. Periaxin expression in myelinating cocultures 

	

Immunocytochemical	detection	of	periaxin	 in	myelinating	co-cultures.	(A)	Axons	stained	for	neurofilament	

heavy	chain	(NF200;	blue).	(B)	Myelin	basic	protein	(MBP;	red)	staining.	(C)	Periaxin	(green)	staining	along	

myelinated	segments.	(D)	Merged	image	showing	colocalization	of	MBP	and	periaxin.	Scale	bar	as	indicated.	
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Figure 4.2. Peripherin expression in myelinating cocultures 

 

Immunocytochemical detection of peripherin in iPSC-derived sensory neurons. (A) Axons stained for 

neurofilament heavy chain (NF200; blue). (B) Peripherin (green) staining along the axonal cytoskeleton. (C) 

Periaxin (red) staining of Schwann cell myelin. (D) Merged image showing colocalization of NF200 and 

peripherin. Scale bar as indicated. 
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4.3 Biomarker release in cocultures with axoglial injury  

Method  

Detailed methods for inducing antibody-mediated, complement-dependent demyelination and axonal 

injury are described in Chapter 2. Briefly, demyelination was induced by applying a serum with 

established IgG myelin reactivity at a 1:50 dilution, whilst for axonal injury a monoclonal anti-GD2 

antibody (14G2A) was used at 10 µg/ml, both followed by the addition of 20% normal human serum 

(NHS 20%) as a source of complement. Culture supernatants were collected from three replicate wells 

per condition (demyelination, axonal injury, and control) at baseline, 4 hours, 24 hours, and 48 hours 

post-injury. To assess morphological changes, cultured cells on coverslips were fixed with 4% 

paraformaldehyde, permeabilized with ice-cold methanol, and stained for NF200 and MBP as markers 

of axons and myelin, respectively. Immunostaining was performed using a chicken anti-NF200 

antibody (Ab4680, Abcam) followed by streptavidin conjugated to Pacific Blue (511222, Thermo 

Fisher), and a rat anti-MBP antibody (Ab7349, Abcam) detected with a goat anti-rat Alexa Fluor 546 

secondary antibody (A11081, Thermo Fisher). Coverslips were mounted with Vectashield mounting 

medium and fixed cells imaged using an Olympus SpinSR10 spinning disk confocal microscope. 

Systematic random sampling was used to capture representative fields across the coverslip. Myelin 

fragmentation was quantified in ImageJ by thresholding the MBP signal and calculating the 

percentage of fragmented myelin area relative to the total myelin area after subtraction of non-specific 

particles. Levels of periaxin and peripherin in culture supernatants were quantified at each time point 

using the newly developed Simoa assays (Fig 4.3). NfL levels were also measured and compared to 

peripherin at baseline (prior to injury), 4 hours and 24 hours (Fig. 4.4). 
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Results 

Immune-mediated injury resulted in morphological and biochemical evidence of axoglial damage in 

the myelinating co-cultures and supernatants. Immunocytochemistry and confocal imaging revealed 

progressive myelin fragmentation following exposure to myelin-reactive serum and complement, with 

fragmented MBP signal detectable as early as four hours and increasing at 48 hours (Fig. 4.3 A). 

Quantification confirmed that, after applying pathogenic sera, myelin fragmentation reached 

approximately 15% at 4 hours and 30% at 48 hours (Fig. 4.3 B). In parallel, periaxin concentrations in 

the culture supernatant were significantly elevated following demyelination compared to uninjured 

control and axonal injury conditions. At 48 hours, periaxin levels were 8275.5 ± 155.6 pg/ml (mean ± 

standard deviation) in cultures with primary demyelination, compared to 3803.0 ± 727.0 pg/ml in 

axonal injury (P = 0.003) and 728.8 ± 161.8 pg/ml in uninjured cultures (P = 0.0009) (Fig. 4.3 C-D). 

The ratio of periaxin to peripherin was consistently higher following demyelination compared to 

axonal injury or control conditions at all time points (4, 24, and 48 hours), reflecting selective 

Schwann cell injury (Fig. 4.3 D). Peripherin levels, by contrast, increased progressively over time but 

were higher after primary axonal injury compared to demyelination (Fig. 4.3 D). 
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Figure 4.3. Periaxin and peripherin in myelinating culture systems 
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Immunocytochemistry and confocal imaging of myelinating cocultures with antibody and complement-mediated 

demyelination imaged at baseline and 48 hours after application of complement. (B) Percentage of myelin 

fragmentation increased from 4 hours to 48 hours. (C, D) Periaxin levels in coculture supernatants increased 

gradually and were higher following demyelination compared to axonal damage (unpaired t-test, P = 0.003) 

and uninjured control conditions (P = 0.0009) at 48 hours. Similarly, peripherin levels rose rapidly and 

increased over time, but were higher after primary axonal injury compared to demyelination. The ratio of 

periaxin to peripherin was consistently higher in cultures with primary demyelination compared to axonal 

injury and control conditions at 4, 24, and 48 hours (D). Culture supernatants were collected from three 

replicate wells per condition. Each data point in the graphs represents the mean of these three replicates. Error 

bars are not visible because the replicate values were highly similar, and the small variation between them is 

not appreciable on the y-axis scale, which ranges from 0 to several thousand. 

 

Figure 4.4. In vitro comparison between peripherin and NfL	

 

(A) Control culture showing intact axons and myelin in healthy co-culture system. (B) Following axon-directed 

immunological injury, reduction of axonal density, irregular axonal morphology, and blebbing are observed 

(NF200, green), accompanied by some secondary myelin breakdown (MBP, red). (C) Primary demyelination is 

evident, with preserved axonal structure and prominent myelin blebbing. (D) Simoa quantification of NfL and 

Peripherin in culture supernatants at baseline, 4, and 24 hours. Axonal degeneration results in markedly 

elevated levels of both biomarkers compared to demyelination and control conditions, with levels rising rapidly 

and continuing to increase over 24 hours.167 
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4.4 Periaxin and peripherin during myelination and axonal growth  

Method 

To establish baseline levels of periaxin and peripherin during physiological differentiation, 

biomarkers were measured at regular intervals during co-culture development. Periaxin concentrations 

were assessed weekly following seeding of Schwann cells into cultures of differentiated IPSC-derived 

sensory neurons to evaluate biomarker release during the process of myelination. In parallel, 

peripherin concentrations were measured daily during the differentiation of iPSCs into sensory and 

motor neurons to monitor biomarker release during axonal growth. Supernatants were collected at 

each time point and biomarker levels were quantified using the Simoa-based assays. To ensure 

accurate quantification over time, measured concentrations were adjusted to account for the 

cumulative removal of supernatant at each time point. At each collection, 30 µl was removed from a 

well containing an initial volume of 300 µl. Because the removed volume was not replaced, this 

progressive depletion was corrected by applying a dilution factor based on the remaining volume. 

Specifically, the adjusted concentration Cadjusted at time t was calculated as Cadjusted = Cmeasured × (V₀/Vₜ), 

where:  

- Cmeasured is the biomarker concentration measured at time t 

- V₀ is the initial volume (300 µl) 

- Vₜ is the remaining volume in the well at time t after serial removals 

 

Results 

Periaxin progressively increased in the weeks following Schwann cell seeding into newly 

differentiated cultures of iPSC-derived sensory neurons (Fig. 4.5A). Similarly, peripherin rose 

gradually during the differentiation of both sensory and motor neurons from iPSCs (Fig. 4.5B). 

During physiological myelination, periaxin concentrations in supernatant were measurable but were 
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approximately 1000 times lower than levels measured after immune-mediated demyelination. 

Similarly, during axonal formation and growth, peripherin concentrations were approximately 15,000 

times lower than those detected following antibody- and complement-mediated axonal injury (Fig. 

4.5C-D).  

 

Figure 4.5. Periaxin and peripherin during myelination and axonal growth 

 

 (A) In cocultures of IPSC-derived sensory neurons and rodent Schwann cells, low levels of periaxin are 

released during myelination (after seeding of the Schwann cells into the neuronal cultures). (B) Similarly, levels 

of peripherin rise and fluctuate during axonal growth as stem cells differentiate into sensory or motor neurons. 

(C-D) Levels of periaxin and peripherin released in the supernatants of cocultures are substantially lower 

compared to injury levels. 
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4.5 Validation of  injury mechanisms: morphology and biomarker 

analysis 

Aims and objectives 

Experiments were performed to verify that demyelination and axonal injury in vitro are 

specifically mediated by the combined action of antibodies and complement, and to validate 

that biomarker levels dynamically reflect the extent and nature of the underlying structural 

injury. The experiments were designed to distinguish the effects of antibody binding alone, 

complement activation alone, and the requirement for both processes to induce damage, 

measured morphologically and biochemically.  

Method  

The myelinating co-cultures were exposed to the following conditions: 

1. complete neurobasal medium + NGF only (“medium only”); 

2. myelin-reactive serum alone; 

3. myelin-reactive serum + active complement (NHS 20%); 

4. heat-inactivated myelin-reactive serum + NHS 20%; 

5. myelin-reactive serum + heat-inactivated NHS 20%; 

6. NHS 20% alone 

7. GD2 monoclonal antibody (14G2A) alone at 10 µg/ml; 

8. GD2 monoclonal antibody + active complement. 



 150 

Heat inactivation of serum (myelin-reactive serum and NHS) was performed by incubation at 

56°C for 30 minutes. Cultures were incubated with the respective treatments for one hour, 

followed by the addition of 20% NHS or heat-inactivated NHS where appropriate. 

Supernatants were collected at baseline (prior to treatment), 4, 12, 24, and 48 hours, and 

cultures were then fixed for immunocytochemical analysis. Axonal and myelin integrity were 

assessed by NF200 and MBP staining, as previously described in this chapter. Levels of 

periaxin and peripherin in the culture supernatants were measured using the Simoa-based 

assays. These experiments enabled the evaluation of whether changes in biomarker release 

corresponded to the degree of axonal and myelin injury across different experimental 

conditions. 

Results  

Both morphological analyses and biomarker measurements confirmed that demyelination and 

axonal damage occurred only when antibody and complement were applied together (Fig. 4.6 

and Fig. 4.7). In the absence of either component, or when either the antibody or the 

complement was heat-inactivated, no significant structural injury was observed. This was 

reflected by preserved axoglial architecture on confocal microscopy and 

immunocytochemistry, as well as by markedly lower levels of periaxin and peripherin in the 

culture supernatants. These findings demonstrate that both antibody binding and complement 

activation are required to induce axoglial injury in this in vitro model, and further support the 

utility of periaxin and peripherin as biomarkers of demyelination and axonal damage, 

respectively. 
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Figure 4.6. Morphological comparison across culture conditions 
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Morphological assessment of myelinating co-cultures under different experimental conditions revealed no 

significant axonal or myelin damage in cultures treated with medium alone, myelin-reactive serum alone, 

complement alone, heat-inactivated myelin-reactive serum with active complement, or myelin-reactive serum 

with heat-inactivated complement. Significant axoglial injury was observed only when both antibody and active 

complement were present: myelin-reactive serum combined with active complement induced primary 

demyelination with secondary axonal damage, whereas GD2 monoclonal antibody combined with active 

complement induced primary axonal injury, characterized by axonal blebbing and secondary myelin 

fragmentation. The extent of injury increased progressively over time. 

	

Figure 4.7. Comparison of fluid biomarker levels across culture conditions 

 

 

Significant	release	of	both	periaxin	(left	panel)	and	peripherin	(right	panel)	occurred	when	both	antibody	

and	active	complement	were	present,	corresponding	to	conditions	that	induced	structural	axoglial	injury.	In	

the	absence	of	 either	 component,	 or	when	heat-inactivated	antibody	or	 complement	was	used,	 biomarker	

concentrations	rose	only	modestly,	 likely	reflecting	spontaneous	breakdown rather	than	immune-mediated	

injury.	Each	value	(dot	in	the	graph)	represents	a	concentration	measured	in	one	well.		
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4.6 In vitro evaluation of biomarker response to IVIg treatment  

Introduction  

To assess whether periaxin and peripherin levels in coculture supernatants could reflect the 

protective effects of IVIg against axoglial injury in vitro, a pharmacologically relevant IVIg 

spiking experiment was performed. This approach aimed to replicate biomarker changes 

observed in vivo following IVIg treatment in patients with immune-mediated neuropathies. 

Based on published pharmacokinetic studies of IVIg in Guillain-Barré syndrome,168 three 

concentrations of IVIg were selected to reflect the range of serum IgG increases ("delta IgG") 

typically achieved approximately two weeks after a standard 2 g/kg infusion.  

Method  

IVIg was spiked into culture medium at final concentrations of 4 g/L (low), 7.3 g/L 

(intermediate), and 11 g/L (high). Each IVIg concentration was added to cultures under three 

different conditions: demyelination medium, axonal injury medium, and normal (control) 

medium. Supernatants were collected at 12, 24, and 48 hours after IVIg addition for 

biomarker quantification. At the experimental endpoint, cultures were fixed, immunostained, 

and imaged using confocal microscopy as previously described in this manuscript.  

Results  

Levels of periaxin and peripherin varied between IVIg concentrations and injury conditions.  
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- Periaxin. In cocultures treated with demyelinating medium, only intermediate 

concentrations of IVIg appeared to mitigate damage, as reflected by lower periaxin levels. 

Comparable periaxin levels were observed in cultures treated with high, low, or no IVIg 

(Fig. 4.8). In cocultures exposed to axon-damaging medium, periaxin levels were lower in 

the presence of high or intermediate IVIg, possibly suggesting partial protection. In 

control cultures (without myelin-reactive serum, anti-GD2 antibody, or complement), 

periaxin levels remained low across all IVIg concentrations.  

- Peripherin. Levels under axonal injury conditions were broadly similar across IVIg 

concentrations until the 48-hour time point, when an increase was observed in cultures 

treated with low IVIg. In cultures exposed to demyelinating medium, peripherin levels 

were slightly higher in the absence of IVIg and modestly reduced when low, intermediate, 

or high IVIg was applied. In control conditions, peripherin remained low across all IVIg 

concentrations, with a slight increase at 48 hours, likely reflecting physiological stress or 

baseline axonal damage. 

In cocultures exposed to medium inducing axonal damage, morphological assessment by IHC 

and confocal microscopy showed preservation of axonal integrity at high IVIg doses, whereas 

early signs of axonal damage, including axonal blebbing and irregular axonal staining, were 

seen in cultures treated with intermediate, low, or no IVIg (Fig. 4.9). In contrast, in cultures 

treated with demyelinating medium, some myelin fragmentation – albeit mild - was observed 

in the absence of IVIg and at intermediate IVIg concentrations. Cultures treated with either 

high or low IVIg did not show clear evidence of myelin damage.  
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Figure 4.8. Co-culture levels of periaxin and peripherin in response to IVIg treatment 

 

 

 

In cultures treated with medium to induce demyelination (left panels), intermediate IVIg concentrations led to 

lower periaxin levels compared to high, low, or no IVIg. In axon-damaging conditions, periaxin was reduced 

with high and intermediate IVIg, possibly suggesting partial protection of damage to axons by IVIg. Control 

cultures showed low periaxin levels across all IVIg concentrations. For peripherin, levels of biomarker release 

to the supernatant were higher in cultures with low IVIg under axonal damage conditions, whilst cultures 

treated with high, intermediate, or no IVIg showed similar values. In demyelinating conditions, peripherin was 

slightly elevated in the absence of IVIg and modestly reduced with increasing IVIg. In control cultures, 

peripherin remained low exposed to any IVIg conditions with a slight increase by 48 hours. Each value 

represents the mean of three wells (technical replicates of the same condition).  
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Figure 4.9. Immunohistochemistry of cocultures treated with axonal or demyelinating 
injury media and varying IVIg concentrations 

 

 

 
High IVIg concentrations preserved axonal morphology under axonal damage conditions, whereas early injury 

signs such as axolemmal blebbing and disrupted staining were observed with intermediate, low, or no IVIg. In 

demyelinating conditions, myelin loss was seen without IVIg, partially mitigated at intermediate IVIg 

concentrations. No clear demyelination was observed in cultures treated with high or low IVIg concentrations.  

 

4.7 Discussion  

Periaxin and peripherin are robustly expressed in cocultures of IPSC-derived sensory neurons 

and rat Schwann cells. Their direct release into the culture supernatant following injury, 

combined with the absence of a blood-nerve barrier, leads to high measurable levels 

compared to those seen in blood, reinforcing the value of these cell-based systems for 

biomarker validation and disease modelling. Levels of release are consistent with the type of 

injury anticipated from the conditions. Furthermore, measuring fluid biomarkers 
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complements morphological assessment with immunohistochemistry, confocal microscopy, 

and quantification of myelin fragmentation, offering a multiparametric approach to 

confirming nerve injury. 

Supernatant levels of periaxin were higher following demyelination compared to axonal 

injury, whereas peripherin levels were higher after axonal damage than in primary 

demyelination. Both biomarkers showed a gradual increase over time. These findings are 

consistent with the expectation that the biomarker associated with the cell type primarily 

affected by injury would show the earliest and most pronounced elevation in the culture 

system. Indeed, the ratio of periaxin to peripherin most effectively distinguishes between 

demyelination and axonal injury as one would predict. These findings provide a rationale for 

utilising the peripherin/periaxin ratio in clinical blood samples from patients with 

inflammatory neuropathies as giving an indication of the predominant tissue target, and 

results are discussed in Chapter 5, where the clinical relevance of distinguishing between 

primary demyelination and axonal damage is discussed in depth.  

Under physiological conditions, low levels of periaxin are transiently released during early 

myelination and peripherin during axonal outgrowth. A speculative interpretation is that 

periaxin may also be released during myelin repair; however, the concentrations observed in 

this context are substantially lower than those seen with pathological demyelination. This 

possibility warrants further investigation. Accordingly, elevated levels of periaxin and 

peripherin in patients with acute or chronic neuropathy are unlikely to reflect physiological 

repair processes and more likely represent active disease. Distinguishing between active and 

quiescent disease, and between repair and ongoing pathology, is a major challenge in patients 

with chronic inflammatory neuropathies - a context in which fluid biomarkers could offer 

valuable insight and improve disease monitoring. 
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Cellular damage in GBS and other inflammatory neuropathies is a complement dependent 

process. Combined morphological and fluid biomarker assessment demonstrated that axoglial 

injury in culture is also complement dependent, only occurring to any substantial level when 

antibody and complement are applied together (Fig. 4.6 and Fig. 4.7). In conditions lacking 

either component, or when the antibody or complement was heat-inactivated, no significant 

structural damage was observed, as indicated by markedly lower levels of periaxin and 

peripherin in the culture supernatants alongside overall preserved axoglial architecture. The 

demonstration that both antibody binding and complement activation are required to induce 

axoglial injury in vitro highlights the value of this model for testing targeted therapeutic 

strategies, including complement inhibitors and novel monoclonal antibodies aimed at 

preventing or reducing nerve damage. The inclusion of periaxin and peripherin as fluid 

biomarkers further strengthens the model’s translational relevance by offering objective and 

quantifiable measures of demyelination and axonal injury. 

IVIG has been demonstrated to hasten recovery from GBS103 and be effective in the treatment 

of CIDP42. Preliminary findings from these experiments suggest that fluid biomarkers can 

also be used to assess the effects of IVIg on axonal and myelin integrity in vitro, using this 

co-culture system. Intermediate IVIg concentrations may protect against immune-mediated 

axonal damage and demyelination (primary or secondary) in vitro. The absence of a clear 

protective effect at high IVIg concentrations may reflect potential cellular toxicity at these 

doses. No firm conclusions can yet be drawn from these findings and, whilst early results are 

promising, additional studies are needed to determine whether IVIg exerts direct protective 

effects by blocking antibody binding, modulating complement activation, or through other as-

yet-unknown mechanisms. Should IVIg prove ineffective in this context, the model still 
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provides a flexible platform in which injury severity can be titrated by adjusting the 

concentration of autoantibodies, complement source, or duration of exposure. 
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5 FLUID BIOMARKERS IN CIDP AND GBS  

5.1 Introduction  

No blood or CSF biomarkers specific to GBS or CIDP, or to their underlying cellular 

damage, have been identified for clinical use. Their diagnosis remains clinical and confirmed 

- and subsequently monitored - through neurological examination, basic CSF analysis (total 

protein and cell count), electrophysiological studies, and clinical scoring scales. Peripheral 

nerve imaging plays a more limited role.	These tests are indirect measures of nerve damage, 

removed in various ways from the cellular pathology. Clinical examination remains pivotal 

for recording longitudinal disease progression but correlates imprecisely with the underlying 

pathology and ongoing disease activity. The lack of valid, specific, direct biomarkers of 

peripheral nerve demyelination potentially limits clinical management as it is not possible to 

determine if the disease process is still active. This uncertainty can lead to overtreatment-

related side effects or excess disability as a result of undertreatment. Furthermore, as demand, 

consumption and cost of immunomodulation in the inflammatory neuropathies continue to 

increase, objective and responsive biomarkers are urgently needed to specifically measure 

peripheral nerve demyelination, individually tailor therapies and improve their cost-

effectiveness.  

NfL is an important but generic biomarker of axonal damage in the central and peripheral 

nervous systems.126,127 In CIDP, plasma NfL is marginally higher before treatment with IVIg 

compared to healthy controls and in patients with active versus stable disease.128 Although 

NfL may decrease in some after treatment, it does not increase again with relapse after 

treatment withdrawal.128–130 In GBS, serum NfL levels correlate with disease severity and 
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axonal neurophysiology, and high baseline levels early in the disease course are associated 

with poorer functional outcomes and an increased likelihood of requiring ventilatory 

support.131,132,169 As such, NfL could contribute to improved clinical measures and prognostic 

models in CIDP and GBS. However, due to the ubiquitous expression of NfL throughout the 

nervous system, it is not specific to any one disease, and high levels of NfL can be found in 

over 80 peripheral and CNS conditions, as well as some non-neurological disorders.133 The 

difference between plasma NfL in active or untreated disease compared to controls is 

marginal in absolute terms and often not definitive in indicating disease activity or 

progression in individual patients. Previous work from our group demonstrated that 

peripherin, a type III intermediate filament protein, rises selectively in GBS and not in 

inflammatory or degenerative CNS disorders, and can differentiate acute axonal injury from 

slowly progressive demyelination.167 Although NfL and peripherin have shown potential in 

identifying nerve injury and correlating with disease activity, both are axonal cytoskeletal 

proteins and neither can identify primary demyelination in the PNS. As such, there remains 

an unmet need for a biomarker that is both specific to peripheral nerve and capable of 

distinguishing demyelinating from axonal neuropathy 

5.2 Methods  

5.2.1 Participants and sample collection 

Two cohorts of plasma samples were collected from patients with CIDP: a discovery cohort 

(n = 15) and an independent validation cohort (n = 30). In the discovery cohort, eight patients 

(53%) had multiple longitudinal samples collected, totalling 36 samples. In the validation 

cohort, nine of the 30 patients (30%) were sampled at more than one time point, resulting in 
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41 samples. CIDP patients had samples taken at variable intervals, up to 28 weeks apart. In 

total, 77 CIDP plasma samples were analysed across both cohorts. For the CIDP discovery 

cohort, samples were collected from patients presenting to the Manchester Centre for Clinical 

Neurosciences at Salford Royal Hospital (in collaboration with Dr Ryan Keh), through an 

observational study and biobank established at the John Radcliffe Hospital in Oxford, or from 

the Department of Neurology at the University of KwaZulu-Natal in Durban, South Africa (in 

collaboration with Dr Kaminie Moodley). The CIDP validation cohort was distinct and 

comprised samples from patients presenting to the National Hospital for Neurology and 

Neurosurgery in London. Samples were also collected from 30 patients with GBS, all 

presenting to Salford Royal Hospital in Manchester. Of these, 18 (60%) had multiple samples 

collected longitudinally (66 GBS samples in total). In the majority of GBS patients with 

multiple samples, these were collected at week 1, 2, 3, 4, and in some cases weeks 5, 6, 7, or 

8. All patients had been evaluated by neurologists and electrophysiologists, and the diagnosis 

of CIDP or GBS had been confirmed by standard published clinical and neurophysiological 

criteria.170,171 Single blood samples were also collected from 30 CNS controls with multiple 

sclerosis (MS) and 30 healthy controls (HC).  

Blood samples were centrifuged at 3000g for 5 minutes and frozen at −80°C within five 

hours of collection. Both serum and plasma samples [collected in ethylenediaminetetraacetic 

acid (EDTA) tubes] were available for patients in the GBS and CIDP discovery cohorts, and 

both biofluids were tested in all cases. Periaxin was consistently measured in plasma but, 

with very few exceptions, was not detected in the serum samples. A direct comparison 

between lithium heparin (LiH) and EDTA plasma samples was performed, and periaxin was 

only measured in EDTA plasma. Consequently, EDTA plasma was selected for assays in 

subsequent analyses. Samples were tested for periaxin, peripherin (as previously described)167 
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and NfL using the Quanterix NF-light® Advantage Kit. Demographic information (age, sex) 

was available for all CIDP, GBS, MS patients, and healthy controls. Electrophysiology was 

available for 44/45 (98%) CIDP patients in the discovery and validation cohorts, and 23/30 

(77%) GBS patients. Inflammatory-Rasch-built Overall Disability Scale (I-RODS) and 

Overall Neuropathy Limitations Scale (ONLS) were available for 18/30 (60%) GBS patients, 

whereas I-RODS and Medical Research Council Sum Score (MRC-SS) were linked to 41/45 

(91%) CIDP patients. Treatment details were obtained for all CIDP patients and 26/30 (87%) 

GBS patients. 

CIDP was classified as clinically active in 17/45 patients (38%) who demonstrated objective 

evidence of end-of-dose fluctuations between pre- and post-treatment with IVIg or during 

interval assessments between consecutive clinical reviews. A minimal clinically important 

difference (MCID) was defined as a change of at least four centile I-RODS points or two 

ONLS points. Patients who did not meet these criteria, as well as those in remission for at 

least six months, were classified as having inactive CIDP (16/45, 36%). Patients with 

discordant clinical outcome measures that prevented clear classification were categorised as 

indeterminate and were not assigned to either the active or inactive CIDP groups (12/45, 

26%). All patients with active CIDP were receiving treatment: 15 were on IVIg, one on 

corticosteroids, and one on a combination of corticosteroids and cyclophosphamide. Among 

the 16 patients with inactive disease, two had achieved remission and were off treatment, 

while the remaining 14 had stable disease and were either on no treatment, or on maintenance 

IVIg or subcutaneous immunoglobulin (SCIg). 
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5.2.2 Statistical analysis  

Statistical analysis was performed using R (R Core Team, version 4.3.3, 2024). Mann-

Whitney U and Kruskal-Wallis tests were used to compare demographic and clinical data 

between the different groups. Spearman’s correlation coefficient was used to assess the 

reciprocal correlations of periaxin, peripherin, NfL, and their correlation with age, as well as 

the correlation between biomarker levels (and their ratios) and clinical scales. Additionally, 

levels of periaxin, peripherin, NfL, their ratios, and disability scales were categorized into 

low, intermediate, and high groups by identifying the minimum and maximum values and 

dividing each range into quartiles, with the lower and upper cut-offs defined by the 25th and 

75th percentiles, respectively. The relationships between each categorical variable and the 

respective disability scores, as well as between peak values and nadir disability scores, were 

analysed for associations using Fisher's exact test. This approach ensured a balanced 

distribution, enhanced the detection of non-linear relationships between biomarkers and 

clinical scales, and reduced the impact of outliers, thereby minimizing the risk of type II 

errors. To evaluate the relationship between periaxin and clinical scale changes in GBS and 

CIDP, summary statistics were used rather than correlation analyses due to the limited sample 

sizes. A linear mixed-effects model was fitted to assess the association between plasma 

periaxin levels, CIDP classification (active vs inactive), and time since the most recent 

treatment. The model included CIDP classification and days since treatment as fixed effects, 

with patient ID included as a random intercept to account for repeated measures.  

For biomarker comparisons between GBS electrophysiological subtypes, plasma 

concentrations were log-transformed to normalize their distribution and stabilize variance. 

Medians of the log-transformed values were calculated for each group within each 

comparison. Pairwise comparisons between axonal and demyelinating groups were 
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performed using the two-sample t-test. Empirical receiver operating characteristic (ROC) 

curves were used to assess the diagnostic utility of plasma periaxin, peripherin, NfL, and 

reciprocal ratios to discriminate between electrophysiological subtypes, and only the three 

with the highest area under the curve (AUC) were shown, including 95% Confidence Interval 

and cut-off optimising Youden Index.  

To minimise the risk of false associations (type I error) when comparing levels across 

different groups, any samples with concentrations below the LLOD were assigned values of 

1.6 pg/ml (periaxin), 1.1 pg/ml (peripherin), or 0.34 pg/ml (NfL), corresponding to the 

assays’ respective detection limits. To investigate whether periaxin is associated with age, 

sex, or body mass index (BMI), two separate linear regression analyses were performed. In 

the first model, restricted to healthy controls, age and sex were included as covariates. In the 

second model, combining data from CIDP and healthy controls, age, sex, BMI, and disability 

(measured through clinical outcome measures) were included as covariates. Model fit and 

variability explained were assessed using the coefficient of determination (R2) and adjusted 

R2 values. A significance value of P < 0.05 was used throughout, with Bonferroni correction 

for multiple comparisons. 

5.3 Results 

5.3.1 Fluid biomarkers in CIDP 

In CIDP samples, median peak plasma periaxin levels were 256.0 pg/ml (IQR: <LLOD - 

1286 pg/ml) in the discovery cohort and 261.2 pg/ml (IQR: 14.1–920 pg/ml) in the validation 

cohort. In contrast, periaxin levels were substantially lower in patients with MS (median 19 

pg/ml, IQR: <LLOD–174 pg/ml) and healthy controls (21.9 pg/ml, IQR: <LLOD–126.9 
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pg/ml). Periaxin concentrations were significantly higher in CIDP compared to both MS and 

healthy controls (Wilcoxon rank-sum test, P < 0.0001 for both comparisons). Peak peripherin 

levels in CIDP (median 5.18 pg/ml) were significantly higher than in MS (<LLOD, P = 

0.0057) and healthy controls ((<LLOD, P < 0.001). For NfL, CIDP patients had significantly 

higher levels compared to healthy controls (15.2 vs 5.51 pg/ml, P < 0.0001), but not 

significantly different from MS (21.5 pg/ml). Group comparisons are shown in Fig. 5.1. 

Patients with active CIDP had substantially higher plasma periaxin compared to those with 

inactive CIDP (median 522.4 vs 57.9 pg/ml, P < 0.0001, Wilcoxon rank-sum test; Fig. 5.2A). 

This difference remained significant in a linear mixed-effects model that accounted for 

repeated measures and included CIDP classification and time since the most recent treatment 

as fixed effects (P = 0.0012), with a mean reduction of 311.55 pg/ml in the inactive group. 

There was no significant association between plasma periaxin levels and time since the most 

recent treatment (β = -3.90, 95% CI [ -10.0, 2.2 ], P = 0.196). No significant differences were 

seen for peripherin or NfL in active versus stable disease.  
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Figure 5.1. Periaxin, peripherin and NfL in CIDP and GBS compared to CNS disease 

and healthy controls 

 

Periaxin concentrations were significantly higher in CIDP compared to both MS and healthy controls (P < 

0.0001). GBS patients also showed elevated levels overall; however, the group includes individuals with both 

AIDP and AMAN subtypes, resulting in lower median values. Horizontal bars indicate median values for each 

group. 

 

Only periaxin levels decreased following treatment with IVIg, with a median time to decline 

of four weeks (Fig. 5.2B). Notably, two patients experienced an increase in periaxin levels 

after treatment, both of whom had a clinical relapse weeks or months later.  
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Figure 5.2. Plasma periaxin discriminates active from inactive CIDP and levels decrease 

after treatment with immunoglobulin. 

 

(A) Patients with active CIDP had substantially higher periaxin compared to those with 

inactive CIDP (median 522.4 vs 57.9 pg/ml, **** P < 0.0001, Wilcoxon rank-sum test). 

Boxes represent the interquartile range (25th to 75th percentile). The horizontal line inside 

the box denotes the median. The whiskers extend to the most extreme data points within 1.5 × 

IQR from the quartiles. (B) Plasma levels of periaxin decrease following treatment with IVIg. 

The two circled patients with higher periaxin post-treatment had a subsequent clinical 

relapse. 

 

To evaluate whether immunoglobulin could interfere with the technical measurement of 

periaxin in plasma, 11 mg/ml of 10% IVIg were spiked directly into samples with previously 

measured low, intermediate, and high periaxin levels. This approach aimed to replicate the 

increase in IgG following IVIg treatment (delta IgG)168 at an equivalent concentration of 2 

g/kg. Periaxin levels remained stable, within 80–120% of their pre-spike values, with no 

significant changes observed (Fig. 5.3). 
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Figure 5.3. Assessment of immunoglobulin interference with assay measurement of 

plasma periaxin 

 

Plasma periaxin levels remained unchanged (80-120% of the previously measured concentrations) after spiking 

immunoglobulin, suggesting that IgG technical interference with assay measurement is unlikely. 

 

Plasma periaxin demonstrated strong predictive value for identifying patients with CIDP who 

experienced clinical worsening at one year. ROC curve analysis demonstrated a strong 

discriminatory ability, with an area under the curve (AUC) of 0.81 (95% CI: 0.67–1), as 

shown in Fig. 5.4. The optimal periaxin cutoff value was 262.63, which achieved 100% 

sensitivity and 72.2% specificity, corresponding to a Youden index of 0.722. This cutoff 

correctly identified all patients who experienced worsening at one year, while 72.2% of those 

with stable or improved outcomes were appropriately classified. In comparison, peripherin 
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and NfL showed weaker discriminatory ability, with AUC values of 0.63 (95% CI: 0.26-0.93) 

and 0.59 (95% CI: 0.32-0.82), respectively. 

Figure 5.4. High levels of periaxin predict clinical worsening at 1 year in CIDP. 

 

ROC curve for periaxin predicting clinical worsening in CIDP patients (defined as a four-point change in the 

centile I-RODS or two in the ONLS). The ROC curve is shown in blue, with the diagonal reference line shown in 

grey. The optimal periaxin cut-off was 262.63 pg/ml, achieving 100% sensitivity and 72.2% specificity, 

corresponding to a Youden index of 0.722, indicating good discriminative performance. The AUC was 0.81 

(95% CI: 0.67-1). 

 

Periaxin and NfL exhibited significant negative correlations with I-RODS (Spearman's rho = 

-0.400, P = 0.047, and rho = -0.577, P = 0.0025, respectively). Conversely, no significant 
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correlation was observed between peripherin and I-RODS. Neither periaxin, peripherin, nor 

NfL showed a significant correlation with MRC-SS. 

5.3.2 Fluid biomarkers in GBS 

Median peak periaxin levels in GBS (190.5 pg/ml, IQR = <LLOD to 964 pg/ml) were higher 

compared to both MS and healthy controls (GBS vs HC, P < 0.01, GBS vs MS, P < 0.01). 

Peak periaxin was higher in acute inflammatory demyelinating polyradiculoneuropathy 

(AIDP) compared to acute motor axonal neuropathy (AMAN): 451 vs 109 pg/ml (P = 0.008). 

Empirical ROC curve analysis demonstrated that periaxin effectively discriminated between 

the two electrophysiological subtypes (AUC = 0.88, 95% CI 0.72–1) with a Youden cut-off 

of 179.6 pg/ml, achieving 82% sensitivity and 86% specificity. Discriminatory performance 

was also good for the ratio of peak periaxin to peak peripherin (AUC = 0.84, 95% CI 0.64–1; 

cut-off = 11.38, sensitivity 100%, specificity 71%) and best for the ratio of peak periaxin to 

peak NfL (AUC = 0.94, 95% CI 0.81–1; cut-off = 0.46, sensitivity 100%, specificity 86%), as 

shown in Fig. 5.5. Median peak peripherin concentrations were 31.9 pg/ml in AMAN and 

9.37 pg/ml in AIDP, with a trend toward significance (P = 0.069). Median peak NfL levels 

were substantially elevated in AMAN (1004 pg/ml) compared to AIDP (127 pg/ml), though 

this difference did not reach statistical significance (P = 0.315).  

Longitudinal measurements showed that plasma periaxin peaked two to three weeks after 

symptom onset, followed by a gradual decline over the following weeks (Fig. 5.6A). In 

contrast, peripherin peaked earlier, within the first week of disease onset, then decreased 

before rising again around weeks six and seven; this secondary rise was more pronounced in 

patients with AMAN, consistent with our previous findings (Fig. 5.6B). NfL levels remained 

elevated for several weeks (Fig. 5.6C). A minor secondary peak in periaxin levels was 
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observed, resembling the pattern seen in peripherin, albeit with a slight delay (Fig. 5.6D). 

Periaxin, peripherin, and NfL levels were consistently higher from disease onset in patients 

with axonal GBS compared to those with AIDP (Fig. 5.6D-F), but periaxin reached higher 

peaks compared to both axonal biomarkers in AIDP (Fig. 5.6D). 

 

Figure 5.5. Peak periaxin, combined with axonal biomarkers, discriminates 

demyelinating from axonal GBS. 

 

Peak periaxin was higher in AIDP compared to AMAN: 451 vs 109 pg/ml (P = 0.008). Empirical ROC curve 

analysis shows that periaxin discriminates between the two electrophysiological subtypes (AUC = 0.88, 95% CI 

0.72–1) with a Youden cut-off of 179.6 pg/ml, sensitivity 82% and specificity 86%. Discriminatory performance 

improved with the ratio of peak periaxin to peak peripherin and was highest for peak periaxin/peak NfL (AUC = 

0.94, 95% CI: 0.81–1; cut-off = 0.46, sensitivity 100%, specificity 86%). 
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Figure 5.6. Periaxin and axonal fluid biomarkers over time in GBS 

 

Trends in plasma levels of periaxin (A, D), peripherin (B, E), and NfL (C, F) over time in patients with GBS. 

Plots A-C show trends of the biomarkers for all patients combined, whereas plots D-F illustrate trends 

separately for patients with demyelinating versus axonal disease, as classified by nerve conduction studies. In 

all plots, solid lines represent smoothed trends over time (LOESS smoothing), with the shaded areas indicating 

95% confidence intervals (based on the standard error of the LOESS fit). 

No significant Spearman’s correlation was observed between periaxin and either I-RODS or 

ONLS across all time points or between peak levels and nadir disability scores. When fluid 

biomarkers and clinical scales were categorically classified (Supplementary Table 1), NfL 

showed significant associations with I-RODS and peak NfL with nadir ONLS (Fisher's exact 

test, P < 0.001). Peak levels of all three biomarkers showed strong and consistent 

associations with nadir disability scores of both scales (Table 5.1). 
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Table 5.1. Correlations between fluid biomarkers and clinical scales in GBS 
 

Biomarker Clinical scale P value Significance 

Periaxin I-RODS 0.67919   

Periaxin ONLS 0.46446   

Peripherin I-RODS 0.15033   

Peripherin ONLS 0.1346   

NfL I-RODS < 0.001 Significant 

NfL ONLS < 0.001 Significant 

Periaxin / Peripherin I-RODS 0.88389   

Periaxin / Peripherin ONLS 0.85479   

Peripherin / Periaxin I-RODS 0.90226   

Peripherin / Periaxin ONLS 0.89204   

Periaxin / NfL I-RODS 0.10465   

Periaxin / NfL ONLS 0.16765   

NfL / Periaxin I-RODS 0.12484   

NfL / Periaxin ONLS 0.06094   

Peak Periaxin Nadir I-RODS < 0.001 Significant 

Peak Periaxin Nadir ONLS < 0.001 Significant 

Peak Peripherin Nadir I-RODS < 0.001 Significant 

Peak Peripherin Nadir ONLS < 0.001 Significant 

Peak NfL Nadir I-RODS < 0.001 Significant 

Peak NfL Nadir ONLS < 0.001 Significant 

Peak Periaxin / Peak Peripherin Nadir I-RODS < 0.001 Significant 

Peak Periaxin / Peak Peripherin Nadir ONLS < 0.001 Significant 

Peak Peripherin / Peak Periaxin Nadir I-RODS < 0.001 Significant 

Peak Peripherin / Peak Periaxin Nadir ONLS < 0.001 Significant 

Peak Periaxin / Peak NfL Nadir I-RODS < 0.001 Significant 

Peak Periaxin / Peak NfL Nadir ONLS < 0.001 Significant 

Peak NfL / Peak Periaxin Nadir I-RODS < 0.001 Significant 

Peak NfL / Peak Periaxin Nadir ONLS < 0.001 Significant 

 

Amongst the GBS patients with longitudinal samples, 10 had periaxin levels measured on 

admission (week 1). Of these, seven remained clinically stable after one week, with six of 
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them (86%) showing low or moderately elevated periaxin levels at baseline. Two patients 

who improved had high baseline periaxin levels. The one patient whose condition worsened 

after one week had intermediate periaxin levels. No clear associations or predictive patterns 

were identified for changes at one month. 

Finally, periaxin was measured in the CSF of 10 patients with AIDP, and all samples were 

below the limit of detection. These samples had been collected from a separate group of 

patients and were not matched with any of the plasma samples included in the GBS cohort. 

5.3.3 Fluid biomarkers in healthy individuals 

Among healthy controls, 29 out of 30 individuals (97%) had measurable but low periaxin 

levels (median 14.5 pg/ml, IQR = 38.2). Associations between periaxin concentrations and 

demographic or clinical variables were assessed using two separate linear regression models. 

The first model, restricted to healthy controls, included age and sex as covariates and was not 

statistically significant (F = 1.04, P = 0.376), accounting for only 11.5% of the variance in 

periaxin levels (R² = 0.115; adjusted R² = 0.004). Neither age (P = 0.173) nor sex (P = 0.739) 

emerged as significant predictors. In a second model that included both healthy controls and 

disease groups, age, BMI, sex, and disability were entered as covariates. This model was also 

not statistically significant (F = 0.948, P = 0.467), explaining 22.6% of the variance (R² = 

0.226; adjusted R² = –0.012). None of the covariates - age (P = 0.482), BMI (P = 0.219), or 

sex (P = 0.807) - were significantly associated with periaxin levels. 
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5.4 Discussion 

These results show that periaxin and peripherin can differentiate peripheral from central 

nervous system disease, with higher levels in CIDP compared to patients with inflammatory 

demyelinating CNS pathology or healthy controls. NfL also differentiates PNS disease from 

healthy individuals but does not distinguish central from peripheral nervous system 

pathology, in line with its ubiquitous expression throughout the neuroaxis. Periaxin 

discriminates active from inactive CIDP, and plasma levels decrease following treatment with 

intravenous immunoglobulin. In CIDP, high levels of periaxin strongly predict clinical 

worsening at 1 year. In GBS, periaxin and the ratio of periaxin to axonal biomarkers such as 

NfL and peripherin discriminate most cases of electrophysiologically classified 

demyelinating from axonal neuropathy.  

Two glial proteins, Transmembrane Protease Serine 5 (TMPRSS5) and Glial Fibrillary 

Acidic Protein (GFAP), as well as a myelin sphingolipid (sphingomyelin), have previously 

been proposed as biomarkers of peripheral demyelination. Plasma TMPRSS5 is higher in 

patients with CMT1A compared to healthy controls, but does not correlate with nerve 

conduction studies and is not significantly elevated in other genetic neuropathies such as 

CMT1B, CMT1X, CMT2A, or CMT2E when compared with controls.140,167 No data are 

currently available on TMPRSS5 in any immune-mediate neuropathies. GFAP, a CNS and 

PNS intermediate filament protein, has been shown to be higher in the serum of patients with 

some forms of chronic axonal neuropathy (diabetic, vasculitic, toxic-alcoholic, and 

idiopathic) compared to CIDP, multifocal motor neuropathy (MMN) and healthy controls, 

and in MMN versus controls.141 Higher levels of GFAP correlate with lower sensory nerve 

action potential amplitudes and disease severity. However, in the peripheral nervous system, 

GFAP is expressed by non-myelinating Schwann cells and satellite glial cells, and not by 
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myelinating Schwann cells.172 For this reason, and in light of the limitations of the currently 

published data, GFAP would seem to have limited utility in directly measuring PNS 

demyelination. Sphingomyelin is higher in the CSF of patients with CIDP and demyelinating 

GBS compared to non-demyelinating CNS disease and healthy controls, whereas levels do 

not differ across groups when measured in the serum.142 Together with its lack of PNS 

specificity, the clinical use of sphingomyelin is limited by the fact that it can only be 

measured in CSF. Ideal neuropathy biomarkers would be specific to peripheral nerve, 

detectable in plasma or serum, able to distinguish primary demyelinating versus axonal 

pathology, and have a wide dynamic range with lower levels in other diseases and healthy 

controls. 

The ability to detect a significant rise in plasma periaxin in patients with demyelinating 

peripheral neuropathy as opposed to CNS demyelinating disease or healthy individuals has 

important clinical implications. Immunohistochemistry of human brain, cranial nerves, and 

spinal cord sections shows that periaxin is absent in the central nervous system and only 

expressed peripherally by myelinating Schwann cells. This is in contrast to NfL, which is 

abundantly expressed throughout the CNS, and peripherin, which is also found in the cell 

bodies of motor neurons in the anterior horns of the spinal cord.167 Thus, periaxin might have 

a key role in the ability to distinguish GBS from acute spinal cord disease, and may suggest a 

diagnosis of GBS in patients with rare initial hyperreflexia or sphincter disturbance.48 

Periaxin may also be used to quantitate the relative proportion of peripheral demyelination in 

conditions affecting both CNS and PNS such as combined central and peripheral 

demyelination (CCPD). 

Over half of CIDP patients require ongoing immunotherapy to maintain disease stability.47 

This typically involves treatment with immunoglobulin, corticosteroids, alternative 
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immunosuppressive agents, or plasma exchange. However, monitoring disease activity 

remains challenging, as clinicians rely on clinical assessments and neurophysiology, that are 

unable to identify ongoing damage. As a result, there is a risk of misjudging disease activity, 

potentially leading to unnecessary treatment escalation or insufficient therapeutic 

intervention. Meanwhile, the financial burden of immunotherapies continues to grow, with 

IVIg alone costing the National Health Service over £300 million annually. As such, a 

biomarker of disease activity, particularly demyelination, is urgently needed. Periaxin is the 

first PNS-specific biomarker to effectively discriminate clinically active from quiescent 

CIDP. Current outcome measures are limited to assessing clinical disease – that which is 

outwardly visible - whereas periaxin, a structural Schwann cell protein, provides a window 

into the underlying immunopathological process. Elevated or rising levels of periaxin likely 

reflect active peripheral nerve demyelination, and subsequent falling levels would suggest 

decay or removal of circulating periaxin, without further Schwann cell damage. Levels of 

periaxin are lower after treatment in CIDP patients, and in some cases rise again, likely 

reflecting the short duration of action of IVIg.  

The lack of strong correlation between periaxin and clinical scales, both at individual time 

points and peak disability, is not unexpected. Clinical scales are static measures of 

established functional disability, whilst fluid biomarkers are dynamic and inherently more 

responsive. Their imperfect correlation strengthens the argument for developing fluid 

biomarkers even further. Disability reflects the balance between injury and repair over the 

lifetime of the disease and, as such, combining clinical scales with fluid biomarkers may offer 

a more informative assessment of disease progression and treatment response.  

Since Feasby et al,173 GBS has been divided by neurophysiological findings into acute 

inflammatory demyelinating polyradiculoneuropathy (AIDP) and acute motor (and sensory) 
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axonal neuropathy (AMAN and AMSAN). However, the 2023 European Academy of 

Neurology/Peripheral Nerve Society (EAN/PNS) GBS Guidelines no longer endorse this 

clinical distinction.  There is currently no gold standard for selecting among the various 

published diagnostic criteria for GBS, and no definitive features reliably distinguish 

demyelinating from axonal subtypes. Nonetheless, significantly different levels of periaxin 

were observed between patients classified neurophysiologically as AIDP and those with 

axonal conduction patterns. This difference may reflect a genuine pathological distinction, 

with primary injury affecting Schwann cells in AIDP and axons in AMAN, though both 

processes ultimately lead to disruption of the axoglial unit. These findings in patient plasma 

are consistent with in vitro observations, where periaxin levels in culture supernatants were 

higher following demyelination than axonal injury, and increased progressively over time.	

The biological significance of the delayed peripherin peak remains unclear, similar to the 

near-concomitant minor peak in periaxin (Fig. 5.6D). The secondary peaks could be due to a 

lag in axonal injury with secondary demyelination (potentially due to treatment wearing off 

and a re-emergence of disease activity), or axoglial regeneration: both hypotheses are 

plausible. As discussed in Chapter 4, results from the in vitro coculture models of 

myelination and axonal growth - used to assess whether remyelination influences plasma 

periaxin levels - demonstrated that low levels of periaxin are transiently released during early 

myelin development, prior to any injury. This pattern mirrors the release of peripherin during 

axonal outgrowth.	 It is not inconceivable that some periaxin may also be released during 

myelin repair following damage. However, the levels associated with myelination were 

substantially lower than those observed post-injury. Wallerian degeneration, the process of 

axonal and myelin breakdown distal to the site of nerve injury, may contribute to elevated 

plasma periaxin levels by releasing myelin-associated proteins into the circulation. Periaxin 

levels during advanced or chronic phases of nerve degeneration might reflect this process 
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rather than active primary demyelination or repair. Longitudinal studies investigating the 

mechanisms of periaxin release, as well as its relationship with Schwann cell pathology and 

axonal degeneration, will be crucial to better understand its significance and optimise its 

clinical use as a biomarker. 

In GBS, early diagnosis allows prompt treatment, reduces long-term disability and improves 

prognosis. On a research level, accurately distinguishing between demyelinating and axonal 

GBS may improve patient classification and recruitment to experimental studies. On a more 

general level, fluid biomarkers of neuropathy could serve as surrogate outcome measures for 

primary or secondary end points, improving the efficiency of clinical trials.  

Used together, periaxin, NfL and peripherin appear to discriminate between GBS 

electrophysiological subtypes. The area under the ROC curve for distinguishing 

demyelinating versus axonal GBS was highest for the ratio peak periaxin / peak NfL, 

demonstrating the superiority of biomarker panels over individual biomarkers in enhancing 

accuracy and precision of neuropathy classification. Further work is needed to elucidate 

whether composite fluid biomarkers can improve current prognostic models. 

In the small CSF cohort from GBS patients, all samples were negative for periaxin and this 

may be due to small tissue volume (short segments of nerve roots releasing tiny amounts of 

protein), reduced structural stability of periaxin in the CSF matrix compared to plasma, 

and/or protein distribution in the subarachnoid space. This could be evaluated in future 

studies. However, venepuncture is safer, more accessible, and better tolerated than lumbar 

puncture, which is invasive and may result in complications. Blood-based biomarkers appear 

better suited for longitudinal monitoring of diseases primarily affecting the peripheral 

nervous system, and are likely to increase patient compliance in both clinical and research 

settings. 
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Limitations  

One limitation of this study is the relatively small sample size and the restricted range of 

patient populations included. Both GBS and CIDP are relatively rare diseases, and well-

characterised cohorts with longitudinal plasma biosamples are particularly scarce. 

Furthermore, plasma is collected less routinely than serum in clinical settings, further limiting 

cohort availability. Expanding cohort sizes and including more diverse populations - while 

maintaining rigorous sampling and clinical characterisation - will be essential to validate and 

generalise these findings. 

Future collaborative studies should aim to incorporate broader disease groups and clinical 

contexts to confirm the reproducibility of results and strengthen the evidence base for 

periaxin, peripherin and NfL as combinatorial biomarkers. Leveraging larger, multicentre 

datasets will be critical to evaluate their clinical utility and to establish their diagnostic and 

monitoring role in peripheral neuropathies. 
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6 FLUID BIOMARKERS IN OTHER NEUROPATHIES 

6.1 Other inflammatory neuropathies 

6.1.1 Introduction  

The limitations of current outcome measures previously discussed for CIDP and GBS also 

apply to other inflammatory neuropathies, where clinical heterogeneity and slow disease 

progression can complicate diagnosis, monitoring, and therapeutic decisions. This chapter 

evaluates the potential clinical utility of periaxin, peripherin and NfL in three additional 

immune-mediated neuropathies: MMN, anti-MAG neuropathy, and POEMS syndrome. 

MMN is a chronic, immune-mediated disorder characterized by asymmetric, predominantly 

upper limb weakness, with electrophysiological evidence of motor conduction block at non-

compressible sites. Its variable presentation frequently leads to diagnostic delays or 

misclassification. Amongst the most common misdiagnoses of MMN is amyotrophic lateral 

sclerosis (ALS) in cases with predominant lower motor neurone (LMN) presentation. Anti-

MAG neuropathy is a demyelinating disorder associated with autoantibodies targeting MAG 

in Schwann cells; determining which patients may benefit from immunotherapy remains a 

clinical challenge. POEMS syndrome is a paraneoplastic disorder defined by a monoclonal 

plasma cell dyscrasia, peripheral neuropathy, and a broad range of systemic manifestations. 

In all three diseases, fluid biomarkers may support assessment of disease activity and help 

guide treatment decisions. In the context of clinical trials, fluid biomarkers may serve as more 

objective and responsive surrogate outcome measures. This chapter evaluates periaxin, 

peripherin and NfL in MMN, anti-MAG neuropathy and POEMS syndrome, and assesses 



 183 

their potential contribution to clinical management and trial design in these paraproteinemic 

neuropathies. 

6.1.1 Methods  

Plasma or serum samples were obtained from patients with MMN (n = 15), anti-MAG 

neuropathy (n = 10), and POEMS syndrome (n = 17). Levels of periaxin, peripherin and NfL 

were measured using the Simoa assays and compared across the three disease groups and 

against healthy controls. An additional comparison group included patients with amyotrophic 

lateral sclerosis (ALS, n = 30), obtained through a collaboration with the Oxford Motor 

Neuron Disease Centre. These included individuals with predominantly lower motor neuron 

(LMN) or upper motor neuron (UMN) involvement, or mixed presentation. The extent of 

LMN involvement in ALS was quantified using the LMN burden score, ranging from –10 to 

+10, with higher positive values indicating a greater burden of LMN features, including 

absent deep tendon reflexes, muscle atrophy, and fasciculations. Patients with MMN 

neuropathy were classified as having clinically active disease if they demonstrated objective 

peri-dose fluctuations between pre- and post-treatment assessments with immunoglobulin. A 

MCID was defined as a change of at least four points on the centile MMN-RODS or I-RODS, 

or a change of two points on the MRC-SS. Patients who did not meet these thresholds were 

considered to have inactive disease. Those with discordant clinical outcome measures or 

without available clinical scale data were categorised as indeterminate. The same MCID 

criteria were used to assess whether patients were clinically improved, worsened, or stable 

one year after the sample collection time point. Patients with POEMS syndrome were 

classified as having active disease if vascular endothelial growth factor (VEGF) levels were 

elevated (>1000 pg/ml) at the time of sampling. All MMN patients fulfilled diagnostic 
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criteria for definite MMN, were receiving regular immunoglobulin therapy at variable 

intervals (ranging from weekly subcutaneous immunoglobulin to six weekly IVIg), and were 

evaluated at the NHNN in London or at John Radcliffe hospital in Oxford by consultant 

neurologists. All anti-MAG neuropathy patients had a definite diagnosis, supported by the 

presence of characteristic phenotype, IgM kappa paraprotein and significantly elevated anti-

MAG antibody titres. All POEMS syndrome patients fulfilled diagnostic criteria, were 

receiving active treatment, and were also evaluated at NHNN. Electrophysiological 

assessment was conducted in all patients as part of their clinical work-up. All samples had 

been collected previously for other studies and were analysed retrospectively. 

6.1.2 Results 

In patients with MMN, median periaxin levels were 285.1 pg/ml, peripherin 12.6 pg/ml, and 

NfL 5.5 pg/ml. In MAG, median levels were 206.7 pg/ml for periaxin, 1.1 pg/ml for 

peripherin, and 16.8 pg/ml for NfL. In POEMS syndrome, periaxin was 225.3 pg/ml, 

peripherin 1.1, and NfL 64.3 pg/ml. Compared to healthy controls, periaxin levels were 

significantly elevated in MMN (p < 0.001), MAG (p < 0.05), and POEMS (p < 0.001), as 

shown in Fig. 6.1.  

Among ALS patients, median periaxin levels did not significantly differ between LMN-

predominant (340.8 pg/ml), mixed (673.6 pg/ml), and UMN-predominant (348.8 pg/ml) 

subgroups (Fig. 6.2A). Similarly, peripherin levels were <LLOD, 4.7 pg/ml and 1.5 pg/ml 

(Fig. 6.2B), and NfL was 164.3 pg/ml, 444.6 pg/ml, and 442.3 pg/ml in the LMN-

predominant, mixed, and UMN-predominant groups, respectively (Fig. 6.2C). When 

comparing active MMN to LMN-predominant ALS, median periaxin levels were similar 

between groups (404.0 vs 341.0 pg/ml), as were peripherin levels (3.71 vs 1.12). The only 
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significant difference was for NfL, which was markedly higher in ALS (164.0 vs 5.35 

pg/ml; p < 0.001), Fig. 6.3. 

 

Figure 6.1. Periaxin, peripherin and NfL in MMN, anti-MAG neuropathy, and POEMS 

syndrome 

 

Median periaxin levels were significantly elevated in MMN, MAG and POEMS compared to healthy controls. 

Median peripherin levels were highest in MMN and low in MAG and POEMS, while NfL was markedly elevated 

in POEMS, with lower levels in MMN and MAG. Box plots display group medians, interquartile ranges, and 

statistical comparisons. Asterisks denote significance levels: < 0.05 (*), p < 0.01 (**), p < 0.001 (***), 

p<0.0001 (****). 
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Figure 6.2. Fluid biomarker levels across ALS subtypes  

 
 

 
 

(A–C) Among ALS patients, periaxin, peripherin and NfL levels did not significantly differ between LMN-, 

mixed, and UMN-predominant subgroups, although NfL showed a trend toward higher levels in the UMN-

predominant group. 

 

 

 

 

 

Figure 6.3. Fluid biomarkers in active MMN vs LMN-predominant ALS  
 

 

 
 

Median periaxin and peripherin levels were similar between groups. NfL was the only biomarker able to 

discriminate between active MMN and LMN-predominant ALS, with significantly higher levels in the latter (P < 

0.001). 
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When MMN, MAG, and POEMS were analysed together, periaxin was significantly higher 

in active versus stable disease (350.1 vs 112.8 pg/ml, p = 0.0082), as shown in Fig. 6.3. NfL 

levels were also elevated in the active group (50.4 pg/ml) relative to stable disease (12.5 

pg/ml), p = 0.0417. Peripherin levels did not differ significantly between active and stable 

disease. In subgroup analyses, periaxin levels were higher in active compared to stable 

disease in MMN (403.8 vs 269.7 pg/ml), MAG (583.3 vs 19.4 pg/ml), and POEMS (287.3 vs 

231.8 pg/ml), though only MAG showed a trend toward significance (p = 0.057). Peripherin 

was lower in active than stable disease in MMN (3.7 vs 87.8 pg/ml), within normal range in 

MAG (3.2 vs 1.1 pg/ml), and unchanged in POEMS (<LLOD pg/ml  ). NfL was significantly 

higher in active compared to stable disease in POEMS (120.4 vs 13.8 pg/ml; p = 0.035), but 

similar between activity states in MMN and MAG. 

Levels of all three biomarkers were compared between patients with mild versus 

moderate/severe disability. Median periaxin levels were lower in the moderate/severe group 

(203.0 pg/ml) compared to the mild group (285.0 pg/ml), but the difference was not 

statistically significant. Peripherin was similar across both groups (median levels <LLOD in 

each). NfL was higher in moderate/severe cases (32.1 pg/ml) compared to mild cases (11.7 

pg/ml), but this difference also did not reach statistical significance. Comparisons are shown 

in Fig. 6.5. 

In a combined analysis of MMN, MAG and POEMS patients, higher baseline periaxin levels 

were associated with worse clinical outcomes at 1 year. Patients who later worsened had a 

median periaxin concentration of 718.0 pg/ml, compared to 220.0 pg/ml in those who 

remained stable and 52.4 pg/ml in those who improved (p < 0.01). In contrast, baseline levels 

of peripherin and NfL did not significantly differ between outcome groups (p = 0.327 and p = 

0.357, respectively), Fig. 6.6. 
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Figure 6.4. Periaxin and NfL as biomarkers of disease activity 
 

 

 
 

Left: Periaxin and NfL levels were significantly higher in active versus stable disease when MMN, MAG, and 

POEMS were analyzed together. Right: In POEMS syndrome, NfL levels were significantly elevated in active 

compared to stable disease. 

 

 

 

 

Figure 6.5. Fluid biomarkers versus disease severity 
 

 

 
 

Combined analysis of MMN, MAG and POEMS syndrome. Periaxin, peripherin, and NfL levels were compared 

between patients with mild versus moderate/severe disability. Median levels differed between groups but did not 

reach statistical significance. 
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Figure 6.6. Association between biomarker levels and clinical change at one year 

 

 
 

 

Combined analysis of MMN, MAG and POEMS syndrome. Higher periaxin levels were significantly higher in 

patients who were clinically worse at 1 year (p < 0.01), while peripherin and NfL did not differ significantly 

between outcome groups. 

 

 

 

6.1.3 Discussion 

Periaxin, peripherin and NfL exhibit similar but distinct patterns across neuropathies and 

clinical contexts. Periaxin levels were significantly elevated in MMN, MAG and POEMS 

compared to healthy controls, supporting an association of periaxin with immune-mediated 

demyelination. In ALS, periaxin did not differ significantly between LMN- and UMN-

predominant patients and were comparable to those observed in active MMN. This finding 

aligns with in vitro observations, where high periaxin levels can be detected in cocultures 

with primary axonal damage. Myelinating Schwann cells depend on axonal integrity to 

survive, and secondary demyelination inevitably ensues if axons are injured, likely explaining 
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the elevated periaxin levels in ALS, which is not a primarily demyelinating disease. Whilst 

not statistically significant, periaxin may still hold potential in distinguishing ALS from 

inflammatory neuropathies, and analysis of larger cohorts will elucidate this. NfL levels, 

although not reaching statistical significance, were numerically higher in UMN-predominant 

ALS compared to mixed or LMN forms, consistent with corticospinal tract involvement. This 

is in line with NfL’s non-specific expression throughout the nervous system. Peripherin did 

not distinguish LMN- from UMN-predominant ALS, likely because most ALS cases exhibit 

some degree of peripheral axonal involvement, regardless of clinical phenotype. It is also 

worth noting that peripherin is not exclusively expressed in the PNS: it has been reported in 

the brainstem, optic tracts, internal capsule, cerebellum, cranial nerves and corpus callosum, 

primarily in mouse models.175 

When inflammatory neuropathies were analysed together, both periaxin and NfL were 

significantly elevated in active versus stable disease, supporting their potential as dynamic 

markers of disease activity, and confirming previous findings in CIDP. Subgroup analyses 

reinforced these results, with marked periaxin elevations in active MAG (albeit without 

significance) and increased NfL in active POEMS. 

Neither peripherin nor NfL showed significant associations with disability severity, although 

NfL levels tended to be higher in patients with moderate to severe impairment. Notably, 

higher baseline periaxin levels predicted clinical worsening at one year, suggesting a possible 

prognostic role beyond cross-sectional activity assessment. While somewhat unexpected - 

given the central role of axonal damage more than demyelination in determining disability - 

this may reflect the downstream consequences of persistent or severe demyelination leading 

to secondary axonal loss. 
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Collectively, these results reinforce the role of periaxin as a sensitive and disease-relevant 

biomarker in immune-mediated neuropathies, with particular relevance to disease activity and 

prognosis. NfL retains a complementary role as an undoubtedly robust biomarker of axonal 

degeneration. 

Limitations  
 
 
This is a preliminary study and should be interpreted in light of several limitations. The 

sample size was small, which reduced the power to detect more subtle associations, 

especially in subgroup analyses. Additionally, samples were not collected prospectively, and 

the retrospective analysis introduces potential variability in sample timing and pre-analytical 

conditions. The availability of plasma was limited, as serum is more commonly stored in 

biorepositories. These limitations highlight the need for larger, prospective studies with 

standardised sampling to confirm and extend these initial findings. 

6.2 Inherited neuropathies  

6.2.1 Introduction  

The inherited neuropathies are a clinically and genetically heterogeneous group of disorders 

affecting the peripheral nervous system. The most common is Charcot–Marie–Tooth disease 

(CMT), where over 100 causative genes have been identified to date. In the UK and globally, 

most individuals with CMT carry a duplication of the PMP22 gene or mutations in MFN2 or 

GJB1, leading to the subtypes CMT1A, CMT2A, and CMTX1, respectively. CMT is 

typically classified as either “demyelinating” or “axonal” based on electrophysiological and 

pathological findings, reflecting whether the primary dysfunction affects myelinating 
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Schwann cells or axons. According to this classification, CMT1A is demyelinating and 

CMT2A axonal. CMTX1 is classified as “intermediate” because nerve conduction studies 

reveal intermediate conduction velocities, typically in the range of 25-40 m/s, often less slow 

in females.  

Hereditary transthyretin (TTR) amyloidosis is a multisystem disorder caused by pathogenic 

variants of TTR, which affects the peripheral nervous system and causes a disabling, often 

painful neuropathy, with progressive axonal degeneration in both the somatic and autonomic 

PNS. The development of highly effective, disease modifying gene-silencing therapies has 

strengthened the argument to develop objective and sensitive biomarkers able to detect nerve 

disease, to guide decision making on whether to start or stop treatment.176  

NfL is elevated in both CMT and TTR amyloid neuropathy, with evidence in the latter 

showing correlation with disease severity and potential utility in identifying conversion to 

symptomatic disease.176,177 Used in combination, periaxin, peripherin and NfL may improve 

clinical evaluation and disease monitoring in the inherited neuropathies. This section explores 

the potential diagnostic and prognostic utility of fluid biomarkers in patients with CMT and 

TTR amyloid neuropathy, along with established clinical outcome measures. 

6.2.2 Methods  

Plasma concentrations of periaxin, peripherin and NfL were measured using the Simoa-based 

immunoassays in patients with CMT1A (n=20), CMT2A (n=10), CMTX1 (n=10), and TTR 

neuropathy (n=16), alongside healthy controls (HC, n=30). Disease severity was evaluated 

using the CMT Neuropathy Score (CMTNS) or the CMT Examination Score (CMTES). All 

patient samples were obtained from existing biorepositories for previously conducted studies. 
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Biomarker analyses were performed retrospectively using available plasma samples and 

clinical data.  

6.2.3 Results  

Median levels of periaxin were significantly higher in CMT1A compared to TTR (p = 

0.0056) and healthy controls (P < 0.001), and in CMTX1 (p < 0.001), CMT2A (P < 0.001), 

and TTR (p = 0.0049) compared to HC (Fig. 6.7A). A trend toward higher periaxin levels in 

CMT1A (median 300.7 pg/ml) compared to CMT2A (196.5 pg/ml) was observed but did not 

reach statistical significance. Peripherin levels were elevated in CMT1A compared to HC (p 

= 0.0039, Fig. 6.7B). Median peripherin levels were also higher in CMT2A and CMTX1 

compared to healthy controls, but these did not remain significant (p = 0.27 and p = 0.051, 

respectively) after correction for multiple comparisons (FDR). NfL distinguished all 

neuropathy groups from HC, with significantly higher levels observed in CMT1A (p < 

0.001), CMT2A (p < 0.001), CMTX1 (p < 0.001), and TTR (p < 0.001), Fig. 6.7C.  

In a regression analysis adjusted for sex and disease severity (CMTES), only NfL levels 

demonstrated a significant positive association with age (p < 0.001, Fig. 6.7D). The same 

association was not observed for periaxin or peripherin.  

Peripherin was associated with disease severity, with higher concentrations seen in patients 

with greater CMTES (p = 0.016, Fig. 6.8). Among CMT patients with available CMTNS 

data, plasma periaxin was significantly higher in those with moderate/severe disease 

compared to those with mild disease (p = 0.014), as shown in Fig. 6.9A. There was a trend 

toward higher periaxin levels in patients who showed clinical worsening at 1 and 2 years, 
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defined as a ≥2-point increase in CMTES, albeit without reaching statistical significance (Fig. 

6.9B-C). 

 

	

Figure 6.7. Periaxin, peripherin and NfL in CMT and TTR amyloid neuropathy 

 

 

(A) Periaxin levels were significantly higher in CMT1A compared to TTR and HC, and elevated in CMTX1, 

CMT2A, and TTR compared to HC. (B) Peripherin was higher in CMT1A versus HC; trends were seen in 

CMT2A and CMTX1 but did not remain significant after correction. (C) NfL levels were significantly increased 

in all neuropathy groups compared to HC. (D) Only NfL showed a positive association with age after 

adjustment for sex and disease severity. P values as indicated in the text. Statistical comparisons were 

performed using the Mann–Whitney test with adjustment for multiple comparisons (Benjamini–Hochberg 

method). 
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Figure 6.8. Peripherin vs CMTES 

	

	

	

A linear regression analysis (adjusted for age and sex) revealed a significant positive association 

between CMTES and peripherin (p = 0.016), with higher CMTES linked to higher peripherin concentrations. 

	

	

Figure 6.9. Periaxin vs CMTNS and CMTES 

	

	

 
Plasma periaxin levels in CMT patients. (A) Periaxin was significantly higher in patients with moderate/severe 

disease compared to mild disease, as assessed by the CMTNS (p = 0.014). (B–C) A trend toward higher 

periaxin levels was observed in patients with clinical worsening at 1 and 2 years, as measured by the CMTES, 

though not statistically significant. 
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6.2.4 Discussion 

CMT is a chronic, in most cases slowly progressive, peripheral nerve disease, where clinical 

changes are often minimal during the period of a clinical trial.178 Pathological axoglial 

modifications do not always translate into clinical changes, and traditional patient- or 

clinician-reported outcome measures may not be sensitive enough to detect disease 

progression. Fluid biomarkers of neuropathy have the potential to fill this gap. This is also 

particularly relevant in TTR amyloid neuropathy, where gene-silencing therapies are only 

licensed in patients with evidence of peripheral nerve involvement. 

Plasma NfL was significantly increased in all neuropathy groups compared to healthy 

individuals, and this finding is consistent with the existing literature on neurofilaments in 

CMT and TTR amyloid neuropathy,178,179,176,177 with the comparison between the latter and 

healthy controls being the most significant. The observed correlation between NfL and age is 

also consistent with previous literature and likely reflects age-related changes in the central 

nervous system.127 In contrast, neither periaxin nor peripherin showed a significant 

association with age, in line with findings from the inflammatory neuropathy cohorts 

(Chapter 4). The absence of age dependence is a potential advantage: if confirmed in larger 

studies, it would eliminate the need for age-based adjustment and simplify the interpretation 

of results. 

Axonal damage is the main determinant of clinical disability in peripheral nerve 

disease.180 As a biomarker of demyelination, periaxin alone is not expected to objectively 

reflect functional impairment or predict clinical outcomes. Nevertheless, elevated levels of 

periaxin and peripherin were associated with greater clinical severity, suggesting an 

unexpected potential role in quantifying disease burden when used alongside established 
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outcome measures. Moreover, high plasma periaxin levels may predict future clinical 

deterioration in CMT, pointing to possible prognostic utility, similar to findings observed in 

CIDP. However, further detailed analyses are warranted and will be pursued as additional 

longitudinal samples become available. Consistent with the inflammatory neuropathy 

findings, the combinatorial use of periaxin, NfL and peripherin is expected to discriminate 

active from quiescent disease, and measure disease progression in chronic diseases where 

traditional outcome measures fail to do so.  

Ongoing work aims to refine the discriminatory capacity of periaxin, peripherin and NfL 

between CMT1 and CMT2 subtypes, and to assess their true potential as biomarkers of 

disease activity and progression. Larger cohorts are currently under investigation to clarify 

the individual and combined contributions of all three biomarkers - alongside established 

clinical scales - to the comprehensive evaluation of genetic neuropathies. 

Limitations  

This preliminary study shares several limitations with the immune-mediated cohort. The 

sample size was modest, limiting statistical power, particularly for subgroup comparisons. 

Additionally, the retrospective nature of the analysis means that samples and clinical data 

were not collected at standardised time points, potentially introducing variability in relation 

to disease stage, treatment status, and sample handling. Such variability can make it more 

difficult to interpret biomarker levels consistently across patients. Plasma availability was 

also limited, as discussed for the inflammatory neuropathies. To better understand the 

longitudinal dynamics of periaxin, NfL and peripherin in the inherited neuropathies, larger 

prospective studies with standardised sample collection are needed. Such studies - designed 

to track biomarker changes over several years - are currently ongoing and will be essential to 

establish their prognostic and monitoring utility. 
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7 DISCUSSION 

This thesis has described the development and optimisation of ultrasensitive immunoassays 

for the measurement of periaxin and peripherin as fluid biomarkers of demyelination and 

axonal injury in the peripheral nervous system. Whilst individual chapters have addressed 

methodological development, analytical validation, and application in specific disease 

contexts, this concluding discussion integrates the main findings, considers their broader 

implications, outlines limitations, and proposes future directions for research and clinical 

application.  

There remains an important need for objective biomarkers reflecting a number of disease 

contexts in peripheral neuropathies. Conventional outcome measures, such as neurological 

examination, clinical scales and electrophysiology, are limited by their semi-quantitative 

nature, insufficient sensitivity to subtle pathological changes, and poor suitability for 

longitudinal monitoring. The work presented here addresses this unmet need by establishing a 

biologically grounded panel of ultrasensitive biomarkers that can enhance diagnostic 

precision and disease tracking.  

Periaxin and peripherin are exclusively and predominantly expressed in the PNS, 

respectively, with limited expression of the latter in the central nervous system. Combined 

with NfL, a well-established biomarker of axonal injury, periaxin and peripherin provide a 

comprehensive panel to dissect pathophysiological mechanisms and improve disease 

classification in peripheral neuropathy. Both Simoa assays have a broad dynamic range, 

comparable to the already widely adopted NfL assays, supporting their potential integration 

into research and clinical workflows. The utility of periaxin and peripherin is further 
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reinforced by their capacity to discriminate between disease states. Results so far demonstrate 

that periaxin distinguishes active from inactive CIDP, declines following treatment with 

IVIg, and predicts clinical deterioration at one year. In GBS, periaxin, particularly when used 

alongside peripherin and NfL, differentiates demyelinating from axonal subtypes based on 

electrophysiological criteria. These findings are supported by in vitro models of immune-

mediated injury, where periaxin levels increase more following primary demyelination 

compared to axonal injury. Peripherin, in turn, differentiates acute axonal damage in GBS 

from chronic, slowly progressive demyelination in CIDP. In contrast, NfL does not reliably 

differentiate between CNS and PNS pathology - except in select comparisons such as active 

MMN versus motor neuron disease. This highlights the added value of PNS-specific 

biomarkers.  

An exploratory aim of this work was to assess whether peripherin could differentiate between 

LMN- and UMN-predominant forms of amyotrophic lateral sclerosis. This may be useful in 

clinical trials to improve patient classification and study recruitment. As discussed in Chapter 

6, a preliminary evaluation of 30 ALS patients revealed no significant difference in 

peripherin levels between these clinical subtypes. Several factors may underlie this finding. 

First, the half-life of peripherin in circulation remains unknown; if clearance is rapid (as it 

appears to be from GBS findings, where levels rise and fall within three weeks of disease 

onset), this could limit its ability to reflect slowly progressive pathology. Second, although 

peripherin is primarily expressed in the PNS, it is not entirely PNS-specific, and some CNS 

release may occur. Third, even UMN-predominant patients may have subclinical PNS 

involvement, further blurring the distinction. In contrast, NfL levels tended to be higher - 

albeit without reaching statistical significance - in UMN-predominant ALS, consistent with 

its established association with corticospinal tract degeneration. Future studies with larger 
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sample sizes and longitudinal sampling, alongside efforts to characterise the half-life and 

clearance kinetics of peripherin, will be essential to determine the true potential of axonal 

fluid biomarkers in distinguishing ALS phenotypes and monitoring disease progression. 

In vitro models of neuropathy provide a valuable platform to deepen mechanistic insight into 

peripheral nerve injury, particularly when integrated with high-resolution morphological 

techniques such as immunohistochemistry and confocal microscopy. Periaxin and peripherin 

are robustly expressed in cocultures of iPSC-derived sensory neurons and rat Schwann cells, 

and their direct release into the culture supernatant following immune-mediated injury results 

in high, quantifiable levels. This reinforces the utility of these cell-based systems for 

biomarker validation and disease modelling.  

7.1 Study limitations  

Several limitations should be acknowledged. First, cohort sizes were modest, largely due to 

the reliance on EDTA plasma for periaxin measurement - a matrix not routinely stored in 

biorepositories designed for broader clinical research. Secondly, periaxin appears less stable 

than peripherin or NfL, necessitating strict adherence to standard operating procedures for 

sample handling. Not all samples were handled identically pre-analytically and, as 

demonstrated in Chapter 3, periaxin tends to degrade - or possibly aggregate - after the third 

freeze–thaw cycle. Additionally, delay in centrifugation can impact on sample stability and 

periaxin quantification. This introduces potential variability, and caution is required when 

interpreting results and comparing samples that may have been handled differently prior to 

testing. Nevertheless, all samples included in the present study were centrifuged within five 

hours of collection and promptly stored at –80°C, avoiding prolonged storage at room 

temperature. Thirdly, some in vitro experiments were performed with only a single replicate 
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per condition. This limits the generalisability and robustness of the findings, as individual 

wells can differ significantly due to intrinsic variability in cell culture - such as differences in 

cell density, maturation state, or local microenvironment. Results should therefore be 

interpreted with caution. Nonetheless, the observed findings were consistent with expected 

biological patterns, further supporting the utility of cell-based models of axoglial injury in 

studying biomarker dynamics. Finally, the biological half-lives of periaxin and peripherin 

remain undefined, representing an important avenue for future investigation and 

interpretation of longitudinal changes in biomarker levels. 

7.2 Future directions 

Looking ahead, efforts should focus on the recruitment of larger, deeply phenotyped patient 

cohorts across both inflammatory and inherited neuropathies. Standardisation of sample 

collection protocols will be crucial to maximise cross-study comparability. Collaborative 

studies, both national and international, will accelerate validation and facilitate broader 

implementation.  

Further in vitro studies using myelinating culture systems will be essential to validate and 

refine biomarker applications. Larger-scale experiments are needed to substantiate the 

preliminary findings described in this thesis and will form a key component of future work 

aimed at advancing biomarker development. 

Assay development may also benefit from further technological innovation. For periaxin, 

sensitivity and reproducibility could be enhanced by the development of a monoclonal 

detector antibody, although lowering the limit of detection is not strictly necessary, as the 

current Simoa-based assay already allows reliable detection in most plasma samples. In 
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contrast, peripherin is frequently below the detection threshold, which may reflect either 

genuinely low or absent levels - possibly due to short half-life and rapid degradation - or 

insufficient assay sensitivity. In this context, the use of novel platforms such as NULISA 

(nuclease-linked immuno-sandwich assay), which employs DNA-based detection to achieve 

greater signal amplification, may substantially improve the sensitivity and specificity of 

peripherin measurement and enable more accurate assessment of axonal injury, along with 

NfL.  

Finally, the integration of PNS-specific biomarkers into clinical trial design holds promise. In 

addition to enhancing diagnostic accuracy and facilitating patient stratification, the combined 

use of periaxin and peripherin is expected to provide objective measures, improving the 

robustness and interpretability of study outcomes. Ultimately, the goal is to translate these 

advances into clinical practice to enhance diagnostic precision, guide treatment decisions, and 

improve outcomes for individuals affected by peripheral neuropathies. 
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8 CONCLUSION  

This work establishes periaxin and peripherin as promising fluid biomarkers of demyelination 

and axonal injury in the peripheral nervous system, offering complementary value to current 

outcome measures and existing biomarkers such as NfL. Through the development of 

ultrasensitive assays and their application in clinical and experimental settings, the combined 

use of periaxin, peripherin and NfL demonstrates potential to improve disease classification, 

monitoring, and prognostication. Bench-to-bedside translation of these findings stands to 

advance both clinical care and research in peripheral neuropathies. While further validation 

and assay refinement are required, the tools and knowledge developed in this thesis lay the 

foundation for a more objective, mechanistically informed approach to peripheral neuropathy, 

with the ultimate aim of improving patient outcomes and driving forward the field of 

peripheral nerve research. 
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APPENDIX 
 

Supplementary Table 1. Cut-off concentrations of plasma periaxin, peripherin and NfL 

 

Biomarker  Category  Concentration (pg/ml) 

Periaxin 

High > 450 

Intermediate  160 – 450 

Low < 160 

Peripherin 

High > 14 

Intermediate  1.1 – 14  

Low < 1.1 

NfL 

High > 150 

Intermediate  20 - 150 

Low < 20 

 

Biomarker levels were categorized as low, intermediate, or high by dividing each range into equal thirds. 

Fisher's exact test was then applied to analyse the associations between these categories and disability scores, 

including peak and nadir values. This method aimed to achieve a balanced distribution, improve detection of 

non-linear associations, and minimise the impact of outliers, reducing the risk of type II errors. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


