Pre prints.org

Review Not peer-reviewed version

Beyond Antibodies: How GFAP, NfL,
Cytokines, Complement, miRNAs,
Metabolomics, and the Microbiome Are
Shaping Precision Medicine in NMOSD
- A Narrative Review

Samira Ghobadzadeh " and Ali Salehnia Sammak

Posted Date: 6 May 2026
doi: 10.20944/preprints202605.0199.v1

Keywords: NMOSD; AQP4-IgG; MOG-IgG; GFAP; neurofilament light; cytokines; complement; microRNA;
metabolomics; gut microbiome

Preprints.org is a free multidisciplinary platform providing preprint service
that is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC, OpenAlex.

Copyright: This open access article is published under a Creative Commons CC BY 4.0
license, which permit the free download, distribution, and reuse, provided that the author
and preprint are cited in any reuse.



https://sciprofiles.com/profile/4736608
https://sciprofiles.com/profile/4851529
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 May 2026 d0i:10.20944/preprints202605.0199.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from
any ideas, methods, instructions, or products referred to in the content.

evlew

Beyond Antibodies: How GFAP, NfL, Cytokines,
Complement, miRNAs, Metabolomics, and the

Microbiome Are Shaping Precision Medicine in
NMOSD - A Narrative Review

Samira Ghobadzadeh ** and Ali Salehnia Sammak 2

1 Department of Immunology, Faculty of Medical Sciences, Tarbiat Modares University, Tehran, Iran
2 University Medicine Greifswald, Germany

* Correspondence: sa.ghobadzadeh@gmail.com

Abstract

Neuromyelitis optica spectrum disorder (NMOSD) is a severe autoimmune astrocytopathy of the
central nervous system, characterized by recurrent optic neuritis and longitudinally extensive
transverse myelitis. Due to overlapping features with multiple sclerosis (MS), misdiagnosis remains
common, yet treatment strategies differ fundamentally between these conditions. This narrative
review synthesises recent advances in diagnostic and prognostic biomarkers for NMOSD, focusing
on serological, cellular, molecular, and microbiological indicators. A targeted literature search was
conducted in PubMed, Scopus and Web of Science (January 2015 — June 2025) using keywords related
to NMOSD and biomarkers. Of over 500 initially identified articles, 72 key references were selected
based on scientific relevance, methodological quality and clinical applicability, consistent with a
narrative review approach. Established biomarkers — aquaporin-4 immunoglobulin G (AQP4-IgG)
and myelin oligodendrocyte glycoprotein antibodies (MOG-IgG) — remain central to diagnosis and
phenotypic classification. Emerging markers, including glial fibrillary acidic protein (GFAP),
neurofilament light chain (NfL), cytokines (interleukin-6, CXCL13, CXCL10), complement
components (C3, C4, sC5b-9), microRNAs, metabolomics profiles, gut microbiome signatures and
viral serology (Epstein—Barr virus, human herpesvirus 6), show promise in differentiating NMOSD
from MS and MOGAD, predicting relapses, and guiding therapy. Integration of antibody assays with
markers of astrocytic and axonal injury, immune activation and microbiological signatures could
improve diagnostic accuracy and enable personalised treatment. However, clinical application
remains limited by assay variability, lack of standardised cut-offs and small study populations.
Future progress requires validated multimarker panels and harmonised measurement platforms
across diverse populations.

Keywords: NMOSD; AQP4-IgG; MOG-IgG; GFAP; neurofilament light; cytokines; complement;
microRNA; metabolomics; gut microbiome

1. Introduction

Neuromyelitis optica spectrum disorder (NMOSD) is a rare but severe autoimmune
astrocytopathy primarily targeting the optic nerves and spinal cord. It is characterized by recurrent
episodes of optic neuritis and longitudinally extensive transverse myelitis, often leading to
permanent visual loss and substantial neurological disability [1]. The global prevalence of NMOSD
is estimated to range between 0.5 and 4 cases per 100,000 individuals, with a higher incidence
reported among non-Caucasian populations, especially in Asia and Africa, where prevalence rates
may reach 3 to 10 per 100,000 [2,3]. In Iran, epidemiological data from national registries indicate a
prevalence of approximately 1 to 2 per 100,000, with a pronounced female predominance (female-to-

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202605.0199.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 May 2026

male ratio of 9:1) and typical disease onset occurring during the third to fourth decades of life [4].
These observations underscore the under diagnosis of NMOSD in regions with limited access to
advanced serological testing [5]. Previously misclassified as a variant of multiple sclerosis (MS),
NMOSD is now recognized as a distinct immunopathological disorder, primarily mediated by
pathogenic immunoglobulin G antibodies against aquaporin-4 (AQP4-IgG), a water channel protein
expressed on astrocytic perivascular end-feet [6]. Despite the development of refined international
consensus criteria and heightened clinical awareness, the early and accurate differentiation of
NMOSD from MS, myelin oligodendrocyte glycoprotein antibody-associated disease (MOGAD), and
other inflammatory central nervous system disorders remains a considerable clinical challenge,
particularly in patients who are seronegative for AQP4-IgG or who present with overlapping clinical
and radiological features [7,8].

The imperative for reliable biomarkers in neuromyelitis optica spectrum disorder (NMOSD) is
critical, as diagnostic errors can lead to significant therapeutic mismanagement [9]. Treatments
efficacious in multiple sclerosis (MS), such as interferon-beta or fingolimod, may exacerbate NMOSD
relapses by promoting humoral autoimmunity, whereas immunotherapies designed for NMOSD,
including rituximab or eculizumab, are either ineffective or contraindicated in MS [10,11]. Therefore,
robust biomarkers are indispensable for differential diagnosis, stratification of patients into
aquaporin-4 immunoglobulin G (AQP4-IgG)-positive and -negative subgroups, prediction of relapse
risk, and the advancement of personalized therapeutic approaches aimed at mitigating disability
progression [12-14]. AQP4-IgG seropositivity, detectable in approximately 60-90% of cases via cell-
based assays, demonstrates near-perfect specificity (>99%) for NMOSD and has substantially
influenced diagnostic criteria[15]. Nonetheless, up to 30% of patients remain seronegative,
highlighting the need for additional diagnostic modalities [16]. In this context, myelin
oligodendrocyte glycoprotein immunoglobulin G (MOG-IgG) has emerged as a critical biomarker for
AQP4-IgG-negative phenotypes that clinically mimic NMOSD, thereby distinguishing MOG
antibody-associated disease (MOGAD)—which is typically monophasic and responsive to
corticosteroids —from the classical relapsing AQP4-IgG-positive NMOSD, which is associated with a
poorer prognosis in the absence of aggressive immunosuppressive treatment [17,18]. Beyond
autoantibodies, a growing spectrum of biomarkers —including astrocytic injury markers such as glial
fibrillary acidic protein (GFAP)[19], axonal injury markers like neurofilament light chain (NFL)[20],
soluble cytokines exemplified by interleukin-6 (IL-6), complement activation fragments such as C3a
and C5b-9, non-coding RNAs including microRNAs, extracellular vesicles, and microbiome-derived
signatures—offers valuable insights into the complex immunopathogenesis of NMOSD and holds
significant promise for enhancing diagnostic precision in challenging clinical scenarios [21].

This narrative review offers a comprehensive synthesis of recent findings related to diagnostic
and prognostic biomarkers across serological, cerebrospinal fluid (CSF), imaging, molecular, and
microbiological fields. The analysis incorporates evidence from clinical trials, observational research,
and translational studies conducted between 2015 and 2025. By critically assessing the diagnostic
performance of these biomarkers—especially in distinguishing neuromyelitis optica spectrum
disorder (NMOSD) from multiple sclerosis (MS) and myelin oligodendrocyte glycoprotein antibody-
associated disease (MOGAD) — the review highlights both their strengths, such as the increased levels
of glial fibrillary acidic protein (GFAP) during acute attacks (demonstrating approximately 80%
sensitivity in aquaporin-4 immunoglobulin G AQP4-IgG-positive NMOSD), and their limitations,
including variability in assay methods and differences in threshold values across populations. The
review ultimately recommends the adoption of multi-biomarker panels to overcome diagnostic
challenges, particularly in seronegative NMOSD cases, emphasizing that early identification through
these approaches may prevent up to 50% of relapses by enabling personalized treatment strategies.
Additionally, it stresses the importance of conducting further validation studies in diverse
populations, with special focus on underrepresented regions such as Iran.
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2. Methods

This article is a narrative review designed to provide a comprehensive, critical and qualitative
synthesis of recent advances in diagnostic and prognostic biomarkers for neuromyelitis optica
spectrum disorder (NMOSD), with emphasis on serological, cellular, molecular and microbiological
markers. Unlike systematic reviews, no formal meta-analysis or quantitative quality assessment was
performed; instead, a selective, expert-driven approach was used to identify the most relevant and
high-impact studies.

Search Strategy

A systematic literature search was conducted in three major biomedical databases — PubMed,
Scopus and Web of Science — for articles published between 1 January 2015 and 30 June 2025. The
search combined controlled vocabulary and free-text terms using Boolean operators:

(“neuromyelitis optica spectrum disorder” OR “NMOSD” OR “Devic’s disease”) AND
(“biomarker*” OR “AQP4” OR “aquaporin-4” OR “MOG” OR “myelin oligodendrocyte
glycoprotein” OR “GFAP” OR “glial fibrillary acidic protein” OR “NfL” OR “neurofilament light”
OR “cytokine*” OR “chemokine*” OR “microRNA” OR “miRNA” OR “exosome*” OR “metabolom™*”
OR “microbiome” OR “gut microbiota” OR “complement” OR “viral serology” OR “EBV” OR
“HHV-6").

Additional relevant studies were identified by manually screening the reference lists of retrieved
articles, key consensus statements and previous high-quality reviews. The search was limited to
human studies and English language publications.

Inclusion and Exclusion Criteria

Studies were considered if they: (1) involved patients with a confirmed diagnosis of NMOSD
(2015 IPND criteria or later) or related AQP4-IgG/MOG-IgG-associated disorders; (2) evaluated at
least one biomarker in serum, cerebrospinal fluid, imaging or microbiological specimens; and (3)
reported diagnostic performance, prognostic value or treatment monitoring utility. Preference was
given to original research articles (cohort, case-control, cross-sectional), clinical trials, meta-analyses
and high-quality systematic reviews. Exclusion criteria included case reports with fewer than five
patients, non-English publications, animal or in vitro studies without human validation, and
editorials or conference abstracts without original data.

Study Selection and Reference Management

Titles and abstracts were screened by the authors, and full texts of potentially relevant articles
were obtained. Based on relevance, methodological soundness and clinical applicability, a final set of
78 key references was selected for inclusion in this narrative review. This reference list encompasses
the most representative studies across all biomarker categories, including diagnostic antibody assays,
astrocytic/axonal injury markers, cytokine/chemokine/complement profiles, and emerging molecular
and microbiological markers.

Evolving Biomarker Landscape in NMOSD

The biomarker landscape of neuromyelitis optica spectrum disorder (NMOSD) has advanced
markedly across serological, astrocytic/neuronal injury, and molecular-microbiological domains.
Aquaporin-4 immunoglobulin G (AQP4-IgG) remains the diagnostic and phenotypic cornerstone; by
targeting astrocytic AQP4 and driving complement-mediated cytotoxicity, it enables earlier, more
specific case identification and facilitates timely deployment of targeted immunotherapies, including
complement and IL-6 pathway inhibitors [22-24]. In AQP4-IgG—negative patients with optic neuritis,
longitudinally extensive transverse myelitis, or brainstem syndromes, myelin oligodendrocyte
glycoprotein antibodies (MOG-IgG) are critical to distinguish MOG-antibody-associated disease
(MOGAD) from AQP4-positive NMOSD and multiple sclerosis; persistent MOG-IgG positivity
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correlates with higher relapse risk, whereas seroconversion to negativity suggests a more favorable
course. Composite serologic panels that integrate autoantibodies, soluble inflammatory mediators,
and complement split products are being explored to increase diagnostic sensitivity in seronegative
or atypical cases [23,25] .

Serum and cerebrospinal fluid (CSF) levels of glial fibrillary acidic protein (GFAP) are typically
elevated in AQP4-IgG-positive neuromyelitis optica spectrum disorder (NMOSD). GFAP rises
during acute attacks, correlates with disability, and reflects the profound astrocytic injury that
characterizes this disease. By contrast, neurofilament light chain (NfL) primarily indexes axonal
damage. Although less specific to NMOSD, NFL is useful for monitoring neuroaxonal injury and
informing long-term prognosis. Immunologic biomarkers can further refine assessments of disease
activity and risk. Increases in interleukin-6 (IL-6), CXCL13, and CXCL10 are associated with clinical
activity, B-cell recruitment, and intrathecal inflammation, and may help identify patients at higher
risk for relapse or poorer outcomes. Complement pathway readouts provide additional insight and
potential therapeutic guidance. Patterns of reduced C3 and C4 with concomitant elevations in C3a,
Ba, and C5b-9 underscore the central role of complement activation in NMOSD pathogenesis. These
profiles may help clinicians prioritize complement-targeted therapies in appropriate patients [26,27].
Emerging molecular biomarkers are advancing both phenotyping and prognostication in NMOSD.
Circulating and exosomal microRNA (miRNA) signatures—some of which rise during clinical
relapses—mirror astrocytic dysfunction, cytokine pathway activation, and immune cell signaling,
and correlate with measures of disease activity [16,28]. Complementary proteomic and metabolomic
panels that index astrocyte injury, oxidative stress, and shifts in energy metabolism can distinguish
NMOSD from multiple sclerosis (MS) and MOG antibody-associated disease (MOGAD), thereby
sharpening diagnostic confidence and refining risk stratification. Microbiological and microbiome-
associated signals are also gaining importance. Serologic evidence of prior exposure to Epstein-Barr
virus (EBV) and human herpesvirus 6 (HHV-6), together with observations of relapses following
systemic viral infections, lend support to an infectious-trigger model in susceptible hosts [29,30]. In
parallel, gut microbiome dysbiosis marked by enrichment of pro-inflammatory taxa and depletion of
butyrate-producing, immunoregulatory bacteria appears to shape peripheral and central immune
tone via bioactive microbial metabolites [31]. In combination, viral serology and gut microbiome
profiling, integrated with established serologic and injury biomarkers, are poised to underpin
multidimensional panels that capture both host biology and environmental drivers of NMOSD
susceptibility, activity, and long-term course. The spectrum of NMOSD biomarkers from highly
specific markers to broader indicators of inflammatory activity is summarized conceptually in Figure
1.

Serological Biomarkers in NMOSD Diagnosis and Classification
AQP4-IgG: The Cornerstone Biomarker

Aquaporin-4 immunoglobulin G (AQP4-IgG) remains the defining serological marker of
neuromyelitis optica spectrum disorder (NMOSD) and is integral to diagnosis, phenotyping and
prognostication. Cell-based assays (CBAs) using live or fixed cells expressing M23-AQP4 provide
superior sensitivity and specificity to ELISA or immunoblot, and are endorsed by consensus criteria
[32,33]. CBA-detected AQP4-IgG shows >99% specificity for NMOSD and robust sensitivity in typical
phenotypes (optic neuritis, longitudinally extensive transverse myelitis, area postrema syndrome)
[32,34,35]. The 2015 International Panel for NMO Diagnosis (IPND) incorporated AQP4-IgG
seropositivity as the principal laboratory criterion, allowing diagnosis with a single core clinical
feature when imaging supports typical lesion patterns [1]. A screening dilution cutoff of >1:100 on
CBA balances specificity and sensitivity while mitigating low-titer false positives [36]. AQP4-IgG is
directly pathogenic: it binds to astrocytic endfeet, activates complement and triggers astrocytopathy,
leading to secondary demyelination, axonal injury and blood-brain barrier disruption [37-39].
Higher titres often coincide with relapse activity, and aerostats guides’ treatment selection, as
complement- and B-cell-targeted biologics are more effective in AQP4-IgG-positive disease [40,41].
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Repeat testing with CBA is advisable when clinical suspicion is high but initial results are negative,
especially if previous testing used non-CBA platforms. Serum is preferred over cerebrospinal fluid
(CSF) for AQP4-IgG detection; CSF testing adds little when serum CBA is negative [34,42]. Overall,
the evidence quality for AQP4-IgG as a diagnostic biomarker is high, based on consistent accuracy
across prospective cohorts and reference laboratories [43,44].

NMOSD biomarkers range from specific to broad indicators.

. MicroRNA . p .
Immunologic Sianatures Microbiological
MOG IgG Indices 9 Factors
Regulates gene
Distinguishes Cytokines, expression, Viral serology, gut
MOGAD from complement correlates with microbiome
Specific NMOSD, MS activation patterns dysfunction influence Broad
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astrocytes
d and axonal damage Integrates Identifies unique
autoantibodies, protein/metabolite
inflammatory profiles
mediators

Figure 1. The spectrum of NMOSD biomarkers, from highly specific to broader indicators of disease activity.

MOG-IgG in Seronegative Cases

Myelin oligodendrocyte glycoprotein immunoglobulin G (MOG-IgG) defines a distinct disease
—MOG antibody-associated disease (MOGAD) — that can phenocopy NMOSD, particularly in AQP4-
IgG-negative patients. Live CBAs using full-length, conformationally intact MOG are the reference
method; fixed-CBA and ELISA are inferior due to epitope instability and non-specific binding [34,45].
A screening cutoff of 21:32 on live CBA optimises specificity, with higher titres conferring stronger
positive predictive value and discriminating true MOGAD from mimics [45,46]. In seronegative
NMOSD presentations (optic neuritis, longitudinally extensive myelitis), MOG-IgG testing should be
performed systematically when AQP4-IgG is negative or when clinical-radiological features (anterior
optic neuritis with disc oedema, conus or cortical/juxtacortical lesions, ADEM-like patterns in
children) suggest MOGAD [47]. Prognostically, MOG-IgG titres may fluctuate with disease activity;
sustained seropositivity and higher titres are associated with relapse risk, whereas seroreversion
correlates with monophasic courses, especially in paediatric cohorts [48,49]. Unlike AQP4-IgG-
positive NMOSD, which features primary astrocytopathy, MOGAD pathology reflects primary
oligodendrocytopathy with less complement deposition and distinct lesion topography, making
accurate serological stratification essential for optimal therapeutic responses [50,51]. The evidence
base for MOG-IgG in differential diagnosis is high, although standardization of assay format,
reporting units and clinically validated cut-offs remains an active harmonization effort [52].

Integrating Serology into the 2015 IPND Framework

A stepwise serological testing algorithm is recommended: first, serum AQP4-IgG should be
measured using a live or high-quality fixed cell-based assay (CBA) with a positivity cutoff of >1:100;
if the result is negative but clinical suspicion persists, serum MOG-IgG should be tested by live CBA
at a cutoff of >1:32. Repeat testing during a relapse or after discontinuation of high-dose steroids or
plasmapheresis is advised to minimize false negatives. This algorithm reduces misdiagnosis, enables
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serological stratification, and facilitates early initiation of mechanism-specific therapies — such as
complement inhibitors for AQP4-IgG-positive NMOSD — thereby optimising relapse prevention and
long-term disability outcomes [42—45]. Serological biomarkers for NMOSD and MOGAD is
summarized in Table 1 and Figure 2.

Table 1. Serological biomarkers and stepwise diagnostic algorithm for NMOSD and MOGAD.

Section Biomarker / Method Clinical Application References

AQP4-IgG: The | AQP4-IgG (detection by | Diagnosis of NMOSD, | [1,32-44]
Cornerstone CBA, cutoff >1:100, | differentiation  from
Biomarker preferred specimen: serum) | MS, relapse

prediction, treatment

guidance

(complement

inhibitors, anti-CD20

therapies)
MOG-IgG in | MOG-IgG (live CBA, cutoff | Diagnosis of MOGAD | [34,45-52]
Seronegative >1:32, specimen: serum) in AQP4-IgG—negative
Cases patients,

differentiation ~ from
NMOSD,  prognosis
(persistent
seropositivity
indicates relapse risk;
seroreversion

indicates monophasic

course)

Astrocytic Injury, Neuroaxonal Damage and Immune Activation Biomarkers in NMOSD

Fluid biomarkers derived from astrocytes, axons and the immune system have become
increasingly valuable for diagnosing, monitoring disease activity, predicting relapses and assessing
treatment responses in neuromyelitis optica spectrum disorder (NMOSD). In AQP4 IgG positive
patients, astrocytopathy is the pathological core; therefore, astrocytic markers such as glial fibrillary
acidic protein (GFAP) closely reflect attack biology and disability. By contrast, axonal markers such
as neurofilament light chain (NfL) capture secondary axonal injury and offer long term prognostic
value but have lower specificity for NMOSD [54,55]. Concurrently, cytokine/chemokine signatures
(particularly interleukin 6 (IL 6), CXCL13 and CXCL10) and complement activation products (e.g.,
soluble C5b 9) map central immunopathology and guide targeted therapies [56,57].

GEAP: Marker of Primary Astrocytopathy

GFAP, an astrocytic intermediate filament protein, is measured in serum (sGFAP) and
cerebrospinal fluid (cGFAP) using ultrasensitive platforms such as Simoa. Multicentre studies show
marked elevations of sGFAP and cGFAP during NMOSD attacks — often exceeding levels seen in
multiple sclerosis (MS) relapses and frequently surpassing those in myelin oligodendrocyte
glycoprotein antibody associated disease (MOGAD). This pattern underscores primary
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astrocytopathy in NMOSD versus predominant oligodendrocytopathy in MS [54,55,58]. Acute phase
c¢GFAP dynamics are more pronounced than sGFAP, but serum assays offer broader clinical utility
due to higher accessibility [59].

Serological Biomarkers in NMOSD and MOGAD

Detection: Ilve CBA
(cutoff 21:100)
Speclﬁcl!y >99%

AQP4- IgG

Pathogenic:
complement-mediated
astrocytopathy

Guides anti-CD20 &
complement inhibitors
Serologlcal

Detection: I|ve CBA Blomarkers
(cuioff 21:32)
Different pathology
oligodendrocylopathy

Diagnostic Framewurk
((isgmotic Framevor ) \ ropmise IPND 2015

Algorlthm
IPND 2015 /

Figure 2. Serological biomarkers for NMOSD and MOGAD.

For disease activity and relapse prediction, sGFAP correlates with attack severity and Expanded
Disability Status Scale (EDSS) scores. Elevations have been reported weeks to months before clinical
relapses across cohorts, suggesting prognostic utility. Population specific serum thresholds (e.g., >90
pg/mL) have been proposed for imminent attacks, although these vary by platform and cohort; intra
individual longitudinal trends outperform absolute cut offs [54,60]. Treatment responses show
sGFAP reductions with B cell depletion (rituximab, inebilizumab) and IL 6 axis inhibition
(tocilizumab, satralizumab), aligning with attenuated astrocytopathy [61,62]. Practically, results
should be interpreted considering sampling timing relative to attacks, recent corticosteroids or
plasmapheresis, and inter assay variability [59].

NfL: Tracking Secondary Axonal Injury

NfL, a marker of axonal cytoskeletal integrity, is quantifiable in serum and CSF via Simoa. It
rises during NMOSD attacks but has limited differential diagnostic specificity, as elevations also
occur in MS and MOGAD [54,63]. Unlike GFAP, serum NfL (sNfL) lacks robust short term relapse
prediction but strongly correlates with cumulative disability and long term outcomes, aiding
prognostic stratification and monitoring of axonal injury”[64,65]. Age and comorbidity adjusted
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norms are essential, and combined interpretation of sGFAP and sNfL is recommended to disentangle
astrocytic versus axonal contributions [66,67].

Immune Mediators: Cytokines and Chemokines

Soluble inflammatory mediators reveal key pathogenic pathways in NMOSD. Interleukin-6 (IL-
6) drives B-cell survival, plasmablast differentiation, blood—-brain barrier disruption and AQP4-IgG-
mediated pathogenesis. During acute NMOSD attacks, CSF IL-6 levels markedly exceed those seen
in multiple sclerosis (MS) and other neuroinflammatory conditions; optimal thresholds of 7-8 pg/mL
have been proposed for differentiation. Higher IL-6 levels correlate with severe myelitis or optic
neuritis and worse outcomes, aligning with the demonstrated efficacy of IL-6 receptor blockade
(satralizumab, tocilizumab) [56,57,62]. Chemokines such as CXCL13 (a B-cell and T follicular helper
cell attractant) rise with intrathecal B-cell activity and relapse risk, whereas CXCL10 (involved in Th1
cell trafficking) correlates with active inflammation [68,69]. Cellular indices, including peripheral
plasmablast expansion and shifts in B-memory cell subsets in AQP4-IgG-positive NMOSD, normalize
with B-cell-targeted therapies [28].

Complement Activation Products

Complement plays a pivotal role in NMOSD through AQP4-IgG-mediated cytotoxicity.
Terminal complement products such as soluble C5b-9 (sC5b-9) are elevated during acute attacks and
correlate with disease severity; notably, sC5b-9 elevations are often absent in Guillain-Barre
syndrome, which enhances specificity for NMOSD [70]. Cleavage fragments (C3a, Ba) indicate
classical pathway initiation with alternative pathway amplification, and their levels link to attack
intensity and relapse risk. Hypocomplementaemia (low C3 and C4) and reduced levels of the
regulatory factor CFH persist into the recovery phase, signaling ongoing regulatory imbalance
[71,72]. These complement profiles provide a rationale for terminal complement inhibitors
(eculizumab, ravulizumab) and support their pharmacodynamics monitoring [70,71]. Fluid
biomarkers of astrocytic injury, neuroaxonal damage and immune activation in NMOSD is illustrated
in Table 2 and Figure 3a,b.

Table 2. Fluid biomarkers of astrocytic injury, neuroaxonal damage and immune activation in NMOSD.

Section Biomarker / Method Clinical Application References
GFAP: primary | GFAP (serum/CSF, | Diagnosis of NMOSD | [54,55,58-62]
astrocytopathy Simoa or ELISA) attacks, differentiation

from MS/MOGAD,

relapse prediction

(weeks to months in
advance), monitoring
treatment response (B-

cell or IL-6 targeted

therapies)
NfL: secondary | NfL (serum/CSF, | Long-term  prognostic | [54,63-67]
axonal injury Simoa) stratification,

cumulative  disability
assessment, monitoring
axonal  injury; low
specificity for NMOSD
vs MS/MOGAD
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activation products

CFH (serum/CSF)

attacks, specificity for
NMOSD Vs GBS,
correlation with attack

severity and relapse risk,

rationale and
pharmacodynamics
monitoring for
complement inhibitors
(eculizumab,
ravulizumab)

Cytokines and | IL-6, CXCL13, CXCL10 | Differentiation NMOSD | [28,56,57,62,68,69]
chemokines (CSF or serum); | from MS, relapse risk
plasmablast/B-cell prediction, guiding IL-6
subsets receptor blockade
(satralizumab,
tocilizumab),
monitoring response to
B-cell therapies
Complement sC5b-9, C3a, Ba, C3, C4, | Diagnosis  of  acute | [70-72]

Fluid Biomarkers of Injury in Neurological Diseases
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Figure 3. (a,b) Fluid biomarkers of astrocytic injury, neuroaxonal damage and immune activation in NMOSD.

Emerging Biomarker Categories in Neuromyelitis Optica Spectrum Disorder (NMOSD)

Recent advances in molecular profiling have uncovered several novel biomarker classes that
hold promise for refining diagnosis, predicting relapses, and guiding targeted therapies in
neuromyelitis optica spectrum disorder (NMOSD). As summarized in Table 3, these emerging
categories include microRNAs (miRNAs), metabolites, gut microbiome signatures, and viral serology
markers.

Table 3. Emerging Biomarker Categories in Neuromyelitis Optica Spectrum Disorder (NMOSD).

Category Examples Potential Clinical | References
Application

miRNAs & | MiR-122-3p, miR-200a- | Relapse prediction; severity | [73,74]

exosomal 5p, miR-30b-5p, Let-7i, | stratification; differentiation

miRNAs miR-21-5p from MS; monitoring
treatment response

Metabolomics & | Ceramides (C16, C18), | NMOSD Vs MS | [75]

Lipid omics lactosyl/glucosyl differentiation; disease

ceramides, subtyping (AQP4-IgG vs

sphingomyelins, TCA | MOG-IgG); identifying

intermediates.
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necroptosis pathway;

therapeutic targeting

Gut Microbiome | 1 Clostridium | Risk assessment; causal | [76]
perfringens, 1 | inference via MR studies;
Streptococcus, | SCFAs | adjunctive therapeutic

(butyrate, propionate) | target (probiotics, FMT)

Viral Serology & | EBV VCA/IgG, EBNA- | Identifying infection- | [77]
Viral miRNAs 1 antibodies; HHV-6 | triggered relapses;
DNA; extracellular | differentiating MS from
viral miRNAs | NMOSD/MOGAD;
(exmiRs). detecting latent Vs

reactivated infection.

MicroRNAs, such as miR-122-3p and miR-200a-5p, have shown potential as non-invasive
indicators of disease activity. Altered expression levels of these small non-coding RNAs correlate
with relapse risk and may help stratify patients according to disease severity, thereby informing
treatment intensity and monitoring frequency [73].

Metabolomic profiling has identified distinctive changes, including elevated ceramides and
disrupted tricarboxylic acid (TCA) cycle intermediates. These metabolites not only differentiate
NMOSD from multiple sclerosis (MS) — a common diagnostic challenge — but also enable subtyping
of NMOSD patients. Kim and colleagues demonstrated that plasma sphingolipids, including various
ceramide species, serve as disease severity biomarkers with distinct characteristics from
neurofilament light chain and glial fibrillary acidic protein [74] Such metabolic fingerprints could
guide personalized therapeutic decisions and provide insights into underlying pathophysiological
pathways.

The gut microbiome represents another promising frontier. Patients with NMOSD exhibit
increased abundance of Clostridium species and reduced levels of short-chain fatty acids (SCFAs).
Gong et al. reported a striking depletion of fecal SCFAs in NMOSD patients, with acetate and butyrate
showing significant negative correlation with disease severity [75]. These alterations may contribute
to immune dysregulation via the gut-brain axis, and they offer opportunities for risk assessment.
Moreover, microbiome-derived signatures suggest adjunctive therapeutic targets, such as probiotic
supplementation, though clinical validation is still needed [76].

Finally, viral serology markers, including Epstein—Barr virus viral capsid antigen (EBV VCA)
IgG and human herpesvirus 6 (HHV-6) DNA, have been implicated in triggering relapses. Shi and
colleagues found that patients with NMOSD exhibited significantly higher rates of EBV recent
infection, as well as increased cytomegalovirus infection, both associated with NMOSD risk [77].
Additionally, recent investigations have explored anti-HHV6-A IgG autoantibody expression in
NMOSD patients as a potential biomarker for disease differentiation [78]. Identifying active or recent
viral infections in NMOSD patients could help distinguish infection-induced exacerbations from true
disease relapses, thereby avoiding unnecessary escalation of immunosuppressive therapy and
guiding appropriate antiviral management.

Collectively, these emerging biomarker categories extend beyond conventional antibody-based
diagnostics and promise to improve precision medicine approaches in NMOSD. Future prospective
studies are required to validate their clinical utility and integrate them into routine practice.
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Emerging Biomarker Categories in Neuromyelitis Optica Spectrum Disorder (NMOSD) is shown in
Table 3 and Figure 4.

Emerging Biomarker Categories

Emerging
Biomarker
Categories

4. Emerging Biomarker
Categories

P

J{
[ [ . .

miRNAs & Metabolomics Gut Microbiome Viral Serology

e ceramides, TCA +Clostridium, EBV VCA IgG, HHV-6

miR-122-3p, intermediates |SCFAs DNA
miR-200a-5p, Let-7i

Figure 4. Emerging Biomarker Categories in Neuromyelitis Optica Spectrum Disorder (NMOSD).

Clinical Integration and Future Directions

Clinical Integration and Practical Considerations

A profile combining elevated serum/CSF GFAP, increased IL-6, CXCL13 or CXCL10, and
complement activation products (sC5b-9, Ba) favours a diagnosis of NMOSD over multiple sclerosis
(MS), particularly in AQP4-IgG-positive patients. In seronegative cases, this biomarker pattern aids
diagnosis alongside magnetic resonance imaging (MRI) findings (longitudinally extensive transverse
myelitis, optic neuritis) and MOG-IgG testing [54,56]. For relapse prediction, serial serum GFAP
trends are most informative, whereas IL-6 and CXCL13 indicate inflammatory propensity and sNfL
better reflects cumulative disability risk [65]. Therapy monitoring favours complement signatures for
inhibitor selection, IL-6 patterns for receptor blockade, and B-cell-targeted agents for normalisation
of GFAP and B-cell subsets [62,70].

Key practical considerations include pre-analytical factors (timing of sampling relative to attack,
recent corticosteroids or plasmapheresis, assay variability between Simoa and ELISA, age-dependent
changes in sNfL), prioritization of intra-individual longitudinal changes over absolute cut-offs, and
serostatus (biomarker responses are stronger in AQP4-IgG-positive patients). CSF offers superior
sensitivity for GFAP and IL-6 measurements, but serum is more suitable for repeated monitoring
[55].

Clinical Utility

Serum/CSF GFAP robustly tracks acute disease activity, attack severity, relapse risk and
responses to B-cell or IL-6-targeted therapies, while differentiating NMOSD from MS and MOGAD
[54]. Serum/CSF NfL reflects axonal damage; it has limited utility for short-term relapse prediction
but provides strong long-term prognostic value across NMOSD and MOGAD [63,65]. CSF IL-6
distinguishes acute NMOSD from MS, correlates with disease activity and outcomes, and aligns
mechanistically with IL-6 receptor blockade [55,62]. CXCL13 and CXCL10 indicate intrathecal B-cell
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and Th1-cell trafficking, respectively, and are associated with relapse propensity [68]. Complement
markers (sC5b-9, Ba, low C3/C4/CFH) match the known pathogenesis, reflect attack severity and help
identify candidates for complement inhibitor therapy [70]. Clinical integration and practical

considerations is shown in Figure 5.

Clinical Integration and Future Directions in Neurological
Disorders

Pre-analytical
Factors

Clinical Integration &
Future Directions

R

CUnresoIved lssues) —— ( Diverse Populations

RCTs

Figure 5. Clinical integration and practical considerations.

Emerging Composite Panels and Biomarker Combinations

Although single-analyte serology remains foundational, composite biomarker panels can refine
diagnosis and prognosis. Pairing AQP4-IgG or MOG-IgG with markers of astrocytic and axonal
injury (GFAP and NfL) may enhance risk stratification by capturing ongoing tissue damage
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independently of autoantibody titres [35]. CSF or serum GFAP is typically elevated during relapses
in AQP4-IgG-positive NMOSD, reflecting astrocytopathy, whereas MOGAD more often shows
modest GFAP changes and variable NFL elevations that parallel lesion burden [17,18]. In parallel,
standardised cell-based assays (CBAs) with clinically validated cut-offs (>1:100 for AQP4-IgG; >1:32
for MOG-IgG) are being integrated into multiplex platforms to support same-visit decision-making
and reduce inter-laboratory variability [4,11,15,16]. As consensus guidelines evolve, composite
panels are expected to complement — not replace — high-specificity antibody assays. Current GRADE
certainty is high for AQP4-IgG and MOG-IgG, and moderate for GFAP and NfL as prognostic
adjuncts [5,17,18]. In conclusion, AQP4-IgG detected by CBA at titres >1:100 remains the hallmark of
NMOSD and anchors the 2015 IPND diagnostic framework, while MOG-IgG (=1:32) defines a related
yet distinct entity in seronegative presentations. Future work should prospectively validate
integrated panels that combine AQP4-IgG and MOG-IgG with GFAP, NfL, and cytokine and
complement measures to improve individualized prognosis and therapeutic selection across diverse
populations.

Discussion

The pathological hallmark of Neuromyelitis Optica Spectrum Disorder (NMOSD) is a
devastating autoimmune attack on the central nervous system, primarily targeting the optic nerves
and spinal cord; however, timely diagnosis and differentiation from other neuroinflammatory
conditions remain significant clinical challenges. In this context, the comprehensive review by
Ghobadzadeh and Ayromlou [2024] provides a critical evaluation of next-generation diagnostic
biomarkers, highlighting that while traditional autoantibodies like AQP4-IgG remain foundational,
novel markers such as glial fibrillary acidic protein (GFAP) and neurofilament light chain (NFL)
demonstrate superior potential for distinguishing relapse activity and monitoring disease
progression. Furthermore, the review synthesizes emerging evidence on molecular candidates
including microRNAs (e.g.,, miR-155 and miR-146a), complement proteins, and exosomal
metabolites, advocating for the integration of multi-biomarker panels into clinical practice to achieve
a comprehensive assessment of disease activity and ultimately optimize management strategies for
patients with NMOSD [78].

The present narrative review provides a comprehensive synthesis of diagnostic and prognostic
biomarkers in NMOSD, spanning from established serological markers (AQP4-IgG and MOG-IgG)
to emerging fluid, cellular, molecular, and microbiological indicators. The key finding is that while
AQP4-IgG detected by cell-based assays (CBA) remains the gold standard with >99% specificity for
NMOSD [1,32-35], a substantial proportion of patients (up to 30%) are seronegative, and among them
MOG-IgG identifies a distinct disease entity (MOGAD) with different pathophysiology and
prognosis [16,45]. This underscores the necessity of a stepwise diagnostic algorithm integrating both
antibodies within the 2015 IPND framework [1,34,42,43,45].

Beyond autoantibodies, biomarkers of tissue injury and immune activation have matured to the
point of clinical applicability. Glial fibrillary acidic protein (GFAP), measured in serum or CSF,
reflects acute astrocytopathy and reliably distinguishes NMOSD attacks from multiple sclerosis (MS)
relapses, with sGFAP elevations occurring weeks before clinical events (54, 59, and 60).
Neurofilament light chain (NfL), while less specific, provides strong long-term prognostic
information regarding cumulative disability [64,65]. The combination of GFAP and NfL thus offers a
complementary view of disease activity versus chronic damage, and their serial monitoring is already
being incorporated into treatment response evaluation for B-cell-depleting and IL-6-targeted
therapies [61,62].

Cytokine and complement biomarkers map directly onto NMOSD pathogenesis. Elevated CSF
IL-6 is a hallmark of acute NMOSD, with proposed cutoffs of 7-8 pg/mL differentiating it from MS
and correlating with attack severity (56, 57, and 62). CXCL13 and CXCLI10 further refine the
assessment of intrathecal B-cell and Thil-cell activity, respectively [68,69]. Complement activation
products — particularly sC5b-9, C3a, and Ba — are elevated during attacks, and their profiles (low
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C3/C4 with high split products) provide a mechanistic rationale for using terminal complement
inhibitors (eculizumab, ravulizumab) and allow pharmacodynamics monitoring [70-72].
Importantly, these immune mediators are not merely correlative; they are directly targetable, and
their levels may guide escalation or de-escalation of immunotherapy.

Emerging biomarker classes — microRNAs, metabolomic signatures, gut microbiome
composition, and viral serology — are still in the validation phase but hold considerable promise. For
instance, miR-122-3p and miR-200a-5p have been associated with relapse risk and may serve as non-
invasive severity indicators [1]. Metabolomic panels, including ceramides and TCA cycle
intermediates, can distinguish NMOSD from MS and even subtype AQP4-IgG-positive from MOG-
IgG-positive patients [2,3]. Gut dysbiosis, characterized by increased Clostridium and decreased
short-chain fatty acids, not only correlates with disease activity but also offers a potential therapeutic
target (probiotics, faecal microbiota transplantation)[4,5]. Viral serology (EBV, HHV-6) may help
identify infection-triggered relapses, preventing unnecessary immunosuppressive intensification
[6,7].

Clinical Integration and Unresolved Issues

Despite these advances, several limitations must be acknowledged. First, most candidate
biomarkers have been studied in single-centre cohorts with small sample sizes, and assay platforms
(Simoa vs. ELISA, live vs. fixed CBA) produce variable cutoffs [34,45,59]. Second, the dynamic range
of biomarkers such as GFAP and NfL is strongly influenced by sampling time relative to attack onset,
recent use of corticosteroids or plasmapheresis, and age-related changes in NfL baseline [54,59,64].
Third, prospective validation of composite panels (e.g., AQP4-IgG + GFAP + IL-6) is lacking, and the
added value over conventional serology remains to be quantified in head-to-head studies. Fourth,
while the 2015 IPND criteria have high specificity, they still misclassify some MOGAD patients as
seronegative NMOSD; the 2023 MOGAD diagnostic criteria attempt to address this, but their
harmonization with NMOSD guidelines is ongoing [47,52].

From a clinical perspective, we propose a practical algorithm: (1) for any patient with a core
clinical syndrome (optic neuritis, myelitis, and area postrema syndrome), order serum AQP4-IgG by
live CBA (cutoff >1:100). (2) If negative but suspicion remains, add serum MOG-IgG by live CBA
(cutoff 21:32). (3) During acute attacks, measure sGFAP and CSF IL-6 to confirm NMOSD and assess
severity; if available, sSNfL adds prognostic value for long-term disability. (4) For seropositive patients
with frequent relapses or severe attacks, consider complement profile (C3, C4, sC5b-9) to support the
use of complement inhibitors. (5) In refractory or atypical cases, explore emerging biomarkers
(miRNA, metabolomics, and gut microbiome) within research protocols. This multimarker approach
is not yet standard of care but is increasingly feasible with high-sensitivity immunoassays.

Comparison with Other Reviews

Previous reviews have largely focused on single biomarker classes (e.g., GFAP/NfL or cytokines)
or on diagnostic antibodies alone (15, 19, and 27). The present review is unique in its breadth,
covering serological, and injury, immune, molecular, and microbiological markers within a unified
pathogenic framework. Moreover, we explicitly address practical pre-analytical and analytical
challenges and provide specific cutoff recommendations where evidence supports them. The
inclusion of studies up to June 2025 captures the most recent developments, including the first large-
scale validation of MOG-IgG cutoffs in Asian populations [46] and the emerging role of exosomal
miRNAs [1].

Limitations of This Review

As a narrative review, we did not perform a quantitative meta-analysis, which limits our ability
to pool diagnostic accuracy metrics. The search, although systematic, may have missed grey literature
or non-English publications. Heterogeneity in study designs, reference standards, and outcome
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definitions precluded a formal GRADE assessment for each biomarker. Finally, few studies included
ethnically diverse cohorts, and most originated from Europe, East Asia, or North America; data from
Middle Eastern (including Iranian) populations are scarce, despite a notable prevalence of NMOSD
in this region [4].

Future Directions

The path forward requires: (i) multicenter, prospective validation of multimarker panels using
harmonised assays and clinically relevant cutoffs; (ii) development of point-of-care or high-
throughput multiplex platforms that can simultaneously measure autoantibodies, GFAP, NfL, IL-6,
and complement fragments; (iii) integration of machine-learning algorithms to combine clinical,
radiological, and biomarker data for individualized relapse prediction; (iv) larger studies in
underrepresented populations, including the Middle East and Africa, to assess ethnic variations in
biomarker performance; and (v) randomized trials that use biomarker-guided treatment algorithms
(e.g., escalating to complement inhibitors based on persistently elevated sC5b-9) to prove clinical
utility.

Conclusions

In conclusion, the biomarker landscape for NMOSD has evolved from a single autoantibody to
a multidimensional panel that includes astrocytic injury (GFAP), axonal damage (NfL), immune
activation (IL-6, CXCL13, complement products), and emerging molecular signatures (miRNAs,
metabolomics, gut microbiome, viral serology). AQP4-IgG and MOG-IgG remain indispensable for
initial diagnosis and classification, but fluid biomarkers of tissue injury and inflammation
substantially refine relapse prediction, treatment monitoring, and long-term prognostication. The
integration of these biomarkers into a stepwise algorithm can reduce misdiagnosis, avoid harmful
therapies, and enable personalised immunotherapy. However, standardisation of assays, validation
of cutoffs across diverse populations, and prospective interventional trials are urgently needed before
composite panels can be recommended for routine clinical practice. Until then, clinicians should use
CBA-detected AQP4-IgG and MOG-IgG as the foundation, supplementing with GFAP and IL-6 in
acute settings, and consider emerging biomarkers in specialized centres. The future of NMOSD
management lies in precision medicine, where biomarker profiles will guide not only diagnosis but
also the choice and duration of immunosuppressive therapy, ultimately improving outcomes for this
devastating disease.
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