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INTRODUCTION

Neuromyelitis optica (NMO) is a severely disabling inflammatory
disorder of the central nervous system (CNS) of putative autoim-
mune etiology which predominantly affects the optic nerves and

Abstract

Antibodies to aquaporin-4 (called NMO-IgG or AQP4-Ab) constitute a sensitive and highly
specific serum marker of neuromyelitis optica (NMO) that can facilitate the differential
diagnosis of NMO and classic multiple sclerosis. NMO-IgG/AQP4-Ab seropositive status
has also important prognostic and therapeutic implications in patients with isolated longi-
tudinally extensive myelitis (LETM) or optic neuritis (ON). In this article, we comprehen-
sively review and critically appraise the existing literature on NMO-IgG/AQP4-Ab testing.
All available immunoassays—including tissue-based (IHC), cell-based (ICC, FACS) and
protein-based (RIPA, FIPA, ELISA, Western blotting) assays—and their differential advan-
tages and disadvantages are discussed. Estimates for sensitivity, specificity, and positive and
negative likelihood ratios are calculated for all published studies and accuracies of the
various immunoassay techniques compared. Subgroup analyses are provided for NMO,
LETM and ON, for relapsing vs. monophasic disease, and for various control groups
(eg, MS vs. other controls). Numerous aspects of NMO-IgG/AQP4-Ab testing relevant for
clinicians (eg, impact of antibody titers and longitudinal testing, indications for repeat
testing, relevance of CSF testing and subclass analysis, NMO-IgG/AQP4-Ab in patients with
rheumatic diseases) as well as technical aspects (eg, AQP4-M1 vs. AQP4-M23-based assays,
intact AQP4 vs. peptide substrates, effect of storage conditions and freeze/thaw cycles) and
pitfalls are discussed. Finally, recommendations for the clinical application of NMO-IgG/
AQP4-AD serology are given.

mediated autoimmune disease in NMO-IgG/AQP4-Ab-positive
patients that is pathogenetically distinct from MS (43, 57). In the
present review, we give an overview of the diagnostic tests cur-
rently available for the detection of NMO-IgG/AQP4-Ab and
critically appraise their limitations.

the spinal cord (14, 29, 69, 42, 147, 155, 156). NMO usually

follows a relapsing course without marked remission between
relapses, and accumulation of irreversible deficits and rapid pro-
gression of disability are thus frequent (69, 156). NMO was first
described in the 19th century and for many decades was consid-
ered a clinical subtype of multiple sclerosis (MS) (44, 46-50).
However, in 2004, Lennon ef al described a novel serum IgG
autoantibody in a subset of patients with NMO binding to
astrocytic endfeet adjacent to the microvasculature, the Virchow-
Robin spaces and the pia mater (90). Subsequently, aquaporin-4
(AQP4), the most abundant water channel in the CNS, was iden-
tified as the target antigen (91). This antibody (termed NMO-IgG
or AQP4-Ab) was found almost exclusively in patients with NMO
and its formes frustes but not in patients with classical MS (90, 91).
This finding together with evidence from histopathological and
immunological studies (including passive transfer experiments in
animal models) supports the concept of NMO as a humorally
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DISORDERS ASSOCIATED WITH
NMO-1gG/AQP4-Ab

Apart from classical NMO, NMO-IgG/AQP4-Ab have been found
in patients with Asian opticospinal MS (OSMS) (90, 106, 107,
116, 141, 142, 153), in patients with isolated longitudinally exten-
sive transverse myelitis (LETM) (154), in patients with isolated
optic neuritis (ON) (61, 105, 124) and in rare patients with isolated
brainstem encephalitis (mainly affecting the medulla oblongata)
(69, 71, 143), diencephalitis (mainly affecting the hypothalamus)
(69, 127) or posterior reversible encephalopathy (39, 101). NMO-
1gG/AQP4-Ab have been demonstrated also in patients with NMO
and supratentorial brain lesions, some of whom even met the
magnetic resonance imaging (MRI) criteria for MS (69, 79, 108,
126); such lesions had previously been considered an exclusion
criterion for NMO (156). The discovery of NMO-IgG/AQP4-Ab
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and the demonstration of brain lesions in patients with NMO
resulted in a revision of the diagnostic criteria for NMO in 2006
(52, 157).

The spectrum of clinico-radiological findings associated with
NMO-IgG/AQP4-Ab may be even broader in children. Whereas
most brain lesions in adults with NMO-IgG/AQP4-Ab remain
clinically silent (126), the largest pediatric study thus far per-
formed in children found episodic cerebral symptoms in 45% of
NMO-IgG/AQP4-Ab-positive patients, including encephalopathy,
seizures, ataxia, ophthalmoparesis, intractable vomiting and
hiccups (111). Another study reported brain or brainstem symp-
toms in five out of seven NMO-IgG/AQP4-Ab-positive children
(97). No major difference in the seroprevalence of the antibody
was found between adults and children (6, 97).

Spinal cord lesions usually extend over three or more segments
in patients with NMO (69, 157). However, several studies have
shown that short lesions occasionally occur in NMO-IgG/AQP4-
Ab-positive NMO, in particular if MRI is performed very early
during lesion evolution or as a residual sign denoting lesion reso-
lution (69, 137, 157). However, the overall frequency of NMO-
1gG/AQP4-Ab among patients with non-longitudinally extensive
myelitis (NETM) is very low (Supporting Information Table S1).

As the presence of NMO-IgG/AQP4-Ab in all of these condi-
tions and the high rate of conversion of NMO-IgG/AQP4-Ab-
positive patients with LETM (154), ON (105) or brainstem
encephalitis (69) to clinically definite NMO suggests a shared
pathogenesis, it has been proposed to subsume these disorders
under the title of “AQP4 autoimmune channelopathies” or “AQP4
encephalomyelitis” (49). Others proposed to refer to these
disorders as “limited or inaugural forms of NMO”, “high risk
syndromes for NMO” (HRS) or “NMO spectrum disorders”
(NMOSD) (49, 158). However, the etiopathogenesis of NMO-IgG/
AQP4-Ab-negative LETM, ON and brainstem encephalitis is
heterogeneous and not all NMO-IgG/AQP4-Ab-negative patients
convert to NMO (49).

Importantly, NMO-IgG/AQP4-Ab have also been found in
patients with NMOSD in the setting of connective tissue disorders
(CTD) such as systemic lupus erythematosus or Sjégren syndrome
with roughly the same frequency as in patients with uncomplicated
NMOSD, but not in patients with CTD without NMOSD (64, 123,
128) or with CTD and neurological symptoms other than NMOSD
(64, 161). Although a contribution of pathomechanisms associated
with CTD such as vasculitis cannot be fully ruled out, the latter
findings suggest that NMOSD might be independently caused by
NMO-IgG/AQP4-Ab in these patients. The strong association of
NMO-IgG/AQP4-Ab-positive NMO with CTD suggests that the
two conditions might arise from the same general autoimmune
predisposition. Similarly, NMO-IgG/AQP4-Ab have been occa-
sionally described in association with a number of further
autoimmune disorders associated with NMOSD such as, among
others, myasthenia gravis (MG) (53, 67, 77, 112) or celiac disease
(40, 56, 69).

LABORATORY TESTS FOR
NMO-IgG/AQP4-Ab

To date, almost 60 studies reporting on more than 40 different
immunoassays for the detection of NMO-IgG/AQP4-Ab in
patients with NMO have been described in the English literature.
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While some are in-house assays, others are commercially avail-
able. The sensitivity of these assays, which employ different
immunological techniques, varies broadly, but virtually all confirm
a high specificity of the antibody for NMO. A comparison of
results obtained in various studies evaluating these tests can
be found in Tables 1-3 and Supporting Information Table S1.
Depending on the diagnostic substrates used, those tests can be
divided into tissue-based assays, cell-based assays and protein-
based assays.

Tissue-based assays

Immunohistochemical (IHC) assays utilize micrometer-thick
microtome or cryostat sections as a substrate, taken from tissues or
a composite of tissues known to express the target antigen of
interest at high levels. The tissue sections are mounted on micros-
copy slides, often chemically pretreated, blocked to avoid unspe-
cific reactions and subsequently incubated with dilutions of the
patient’s serum. Finally, a secondary antibody to human IgG
labeled with a fluorescent (fluoroimmunohistochemistry, IHC-F)
or non-fluorescent (conventional IHC, IHC-C) dye is applied to
visualize bound patient antibodies. The diagnosis is then made
upon the recognition of antibody- and tissue-specific binding
patterns.

IHC-F

NMO-IgG/AQP4-Ab were first discovered by means of a standard
indirect immunofluorescence (IIF) assay, which used a composite
of adult mouse tissues as substrate and which was already well
established for the detection of a broad range of other CNS
autoantibodies (90). In this assay, NMO-IgG/AQP4-Ab were iden-
tified by their distinctive binding to structures adjacent to the
microvasculature, the Virchow-Robin spaces and the pia mater on
cerebellum tissue cryosections (Figure 1). Later, several indepen-
dent studies confirmed IHC-F as a useful tool for the detection of
NMO-IgG/AQP4-Ab (Table 1) (1, 51, 102). One of the major
advantages of this type of assay is its broad availability, for it
can be performed by all laboratories familiar with IIF, a technique
widely used in clinical immunology. Moreover, IHC is the only
method that permits the detection of coexisting paraneoplastic or
CTD-associated antibodies, which might be of differential diag-
nostic relevance—in particular in NMO-IgG/AQP4-Ab-negative
patients—and must therefore not be overlooked (70). However,
some serious limitations apply. First, results are observer-
dependent and thus subjective, ie, they require interpretation by a
human rater. This is problematic, as rare sera from non-NMO
patients and even healthy controls may show binding patterns that
mimic NMO-IgG/AQP4-Ab, eg, anti-endothelial antibodies. In
our experience, pre-adsorption of sera with guinea pig liver
powder, which results in elimination of most non-CNS-specific
antibodies but not of NMO-IgG, can therefore be important to
avoid false-positive results (51), although this procedure might
cause some loss of sensitivity. Alternatively, counterstaining of
samples with suspected AQP4-Ab positivity with AQP4-specific
monoclonal antibodies can be helpful in unclear cases. Secondly,
the sensitivity of the IIF assay has been found in independent
studies to be much lower than that of some of the recombinant
assays described below (Tables 1-3 and 5) (32, 62, 72, 107, 142,
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Aquaporin-4 Antibodies as Diagnostic Marker of Neuromyelitis Optica

Jarius & Wildemann
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Aquaporin-4 Antibodies as Diagnostic Marker of Neuromyelitis Optica

151, 152). Third, only semiquantitative results can be obtained (by
means of serum titration), and end-titers are again observer-
dependent. Finally, testing by IHC-F can be labor-intensive and
time-consuming, in particular if including pre-absorption and
titration of sera. It may therefore not represent the method of
choice if high-throughput analysis is demanded. While binding of
circulating NMO-IgG to other tissues in the CNS and in peripheral
organs such as kidney, stomach or muscle has been described (68,
90), studies that formally demonstrate a significant increase in
sensitivity following from the use of composite tissue substrates
are lacking; however, use of composite substrates might potentially
increase the specificity of this type of assay, in particular if applied
in laboratories not familiar with NMO-IgG testing. From our own
experience, mouse cerebellum (as used in most studies) might
be preferable to monkey cerebellum; however, two studies that
directly compared these two substrates produced conflicting
results (Table 1) (26, 92). Recently, it has been proposed that the
fine filamentous white matter staining observed with a majority of
NMO-IgG positive sera, in particular on primate tissue, may pos-
sibly be useful if applied as an additional positivity criterion (31,
104). To date, 19 studies have evaluated the originally described
IHC-F assay (90) and 14 studies have reported on independent yet
similar IHC-F assays (Table 1). The authors found the assay to be
37.5%-95% (median 61.11%) sensitive for NMO samples and to
be 93.33%—-100% (median 100%) specific for that diagnosis based
on controls with diseases other than NMO or MS and on healthy
controls (Table 1). The specificity for NMO vs. MS (not CIS
or OSMS) was lower (87%—-100%; median 97.67%) (Table 1).
However, as discussed above, MS and NMO share common
clinico-radiological features and recent studies found that 30%-—
40% of patients with NMO were initially wrongly diagnosed as
having MS in the past (69, 113); therefore, assessment of assay
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Figure 1. Binding of serum NMO-IgG/
AQP4-Ab to adult mouse cerebellum as
demonstrated by immunohistochemistry

(A) and to the surface of cultured human
embryonic kidney cells (HEK293) transfected
with AQP4 as demonstrated by
immunocytochemistry (A, inset). Magnified
images show staining of the microvasculature
(B), the Virchow-Robin spaces (C) and the pia
mater (D). Bound IgG was visualized using a
goat anti-human IgG secondary antibody
labeled with fluorescein isothiocyanate.
Reprinted by permission from Macmillan
Publishers Ltd: Nature Reviews Neurology
©2010 (43).

specificity should not be primarily based on MS controls. Overall,
848 THC-F results from NMO patients and 2656 from controls
other than MS or NMOSD have been reported in the literature
(Table 1), 524 (61.8%) and 12 (0.5%) of which were positive,
respectively. As a potential confounder, however, it must be kept in
mind that some patients may have been tested in more than one
study.

Conventional immunohistochemistry

Conventional immunohistochemistry is still used by some labora-
tories for the detection of paraneoplastic antibodies. To date, only
one group has employed this method to detect NMO-IgG/AQP4-
AD (135). The authors reported a sensitivity of avidin-biotin IHC
similar to that observed in most IHC-F studies (Table 1).

Cell-based assays (CBA)

CBA utilize cell lines such as human embryonic kidney (HEK)
cells or Chinese hamster ovary (CHO) cells that have been
transfected with the antigen of interest. Mock-transfected cells
(transfected with the vector alone) or (theoretically less suitably)
non-transfected cells from the same cell line are used as control
substrate. As these cells do not naturally express the antigen,
binding of patient serum to the antigen-transfected but not to the
mock- or non-transfected cells indicates the presence of antibodies
specific for the respective target antigen in the patient serum.

Fluoroimmunocytochemistry

A first recombinant immunocytochemical assay (ICC) for the
detection of NMO-IgG/AQP4-Ab was presented in 2005 by
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Lennon et al, who stably transfected an HEK293 cell line with a
transgene encoding green fluorescent protein (GFP) fused to full-
length human M1-AQP4 (91). This early assay was used to
confirm that NMO-IgG binding colocalizes with the sites of
AQP4-Ab expression, but not yet as a large-scale diagnostic test.
Other groups later demonstrated that this method (applied with
small modifications) can be utilized as a highly sensitive serologi-
cal test for NMO-IgG/AQP4-Ab (12, 62, 141, 142, 151). Whereas
Waters et al used non-stably transfected HEK cells expressing
both human AQP4-Ab isoforms (M1 and M23) fused to enhanced
GFP (EGFP). Takahashi efal used the same cell line stably
transfected with unmodified full-length human AQP4 (M1) (141,
142, 151). However, both assays yielded very high sensitivity and
specificity, exceeding those obtained in the IHC assay in a direct
comparison (Tables 2 and 5) (141, 142, 151). The exact reason why
the performance of the CBAs was higher than that of IHC is
unknown. The primary sequences of murine AQP4 (used as sub-
strate in the [HC assay) and human AQP4 (used in the CBA) differ
slightly. In a recent study, cells transfected with mouse AQP4
indeed showed lower AQP4-Ab binding capacity than cells
transfected with human AQP4 (146). In particular, human NMO-
1gG/AQP4-Ab might not bind well to the M21 isoform of mouse
AQP4 (104). Similarly, differences in the relative ratio of the AQP4
isoforms M1 and M23, which determines the rate of orthogonal
AQP4 arrays in the plasma membrane, could play a role. More-
over, a higher expression rate of AQP4 in transfected cells than in
normal tissue might apply. Finally, tissue AQP4 is anchored in
the basal lamina via the dystrophin-associated protein complex,
a large membrane assembly that connects the cytoskeleton of
astroctyes, the main AQP4-Ab-expressing cells in the brain, to the
extracellular matrix (3); AQP4 might thus not be as easily acces-
sible in tissue sections as under cell culture conditions.

Some limitations apply to this type of assay. First, the use of
non-stably transfected cells requires the cell line to be maintained
over time and freshly transfected prior to testing. This challenges
the reproducibility of the assay and restricts its availability to a few
specialized laboratories. Even in “stably” transfected cells the
expression rate may decline over time. Secondly, fusion of AQP4
to GFP or EGFP, as used in many CBAs, might not only alter the
structure of the protein itself but might also hamper the formation
of orthogonal arrays (in particular, if attached to the N-terminus)
(99). This could directly influence antigen recognition and, in con-
sequence, assay performance, and seems dispensable (62, 142).
Thirdly, similar to IHC, ICC is a semiquantitative and observer-
dependent method. This may pose a problem if weakly positive
samples are tested, although the chance of false-positive results is
lower than in IHC, because mock- or non-transfected cells are used
as control substrates. Finally, rheumatic, paraneoplastic or new
autoantibody reactivities, which may play a role in NMO-IgG/
AQP4-Ab-negative patients, cannot be detected in this type of
assay.

To overcome some of these problems, a new assay was recently
developed that includes large-scale production of AQP4-
transfected cells on millimetre-sized cover glasses, which are
stored in liquid nitrogen until used (Figure 1) (69). This procedure
theoretically guarantees that the same lot can be used over many
years, which is important for long-term monitoring. Because cells
are provided as ready-made microscopy slides with up to 10 wells,
this improved CBA may prove suitable for high throughput analy-
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sis. Moreover, optional combination with IHC-F within the same
well (as a cell-tissue composite mosaic) allows two independent
methods to be applied in parallel (62, 103); this can provide quali-
tative confirmation of AQP4-Ab positivity and makes it possible to
look for non-AQP4-specific antibodies in the same session. So far,
15 studies from 11 independent groups have evaluated this com-
mercial CBA and reported a median sensitivity of 78.13% for
NMO (range 50%—-100%) and a median specificity of 100% (range
95.45%—-100%) based on non-MS/non-NMOSD disease controls
and healthy controls (Tables2 and Supporting Information
Table S1). Overall, 400 CBA results from NMO patients and 300
from non-MS/NMOSD controls have been reported in the litera-
ture, respectively, 307 (76.8%) and one (0.5%) of which, respec-
tively, were rated positive for NMO-IgG/AQP4-Ab (Tables 2 and
Supporting Information Table S1); again, some patients may have
been tested in more than one study.

Flow cytometry (FACS)

Kalluri ef al stably transfected the human astrocytoma cell line
LNI18 using a lentiviral vector to overexpress human AQP4 (73).
The transfected cells were then incubated with patient sera at
1/100 dilution and analyzed for binding of NMO-IgG/AQP4-Ab
by FACS. The authors reported a sensitivity of 69% in a cohort of
29 patients with NMO (Table 3) (73). Others used AQP4-
transfected HEK293 cells as utilized in the CBA described above,
but obtained lower sensitivity rates (Table 3) (19, 26, 78). This type
of assay is potentially suitable for large-scale analysis and allows
for quantification of results, which is useful for long-term studies
and for monitoring NMO-IgG/AQP4-Ab titers under therapy, but
the techniques applied might preclude its broad use. Moreover,
results have to be corrected for background binding to mock-
transfected control cells. This could result in underestimating
NMO-IgG/AQP4-Ab titers if non-AQP4-specific, high-titer anti-
bodies binding to both transfected and control cells are present.
Like all other recombinant assays, FACS assays are not able to
detect autoantibodies other than AQP4-Ab. Very recently, a new
FACS assay based on HEK293 cells transfected with the short
M23 isoform of AQP4 coupled to EGFP has been reported with
apparently preferential sensitivity as found in a direct comparison
with IHC, two CBAs, and two FIPAs (152); however, as in many
other studies, the total number of controls was too small to allow
the specificity (and, in consequence, the sensitivity) of this new
type of assay to be definitely appraised. Given the overall very
promising results, independent confirmation in unselected, larger
cohorts is now recommended (27).

Other cell-based assays

The potential applications of cell-based enzyme-linked immuno-
sorbent assays (cell-ELISA) go far beyond hybridoma screening
(98). Only recently, a neuroblastoma cell line-based cell-ELISA
employed for screening for anti-neuronal antibodies has been
reported (162). Like FACS assays, cell-ELISAs generate quantita-
tive results and allow high-throughput analysis. However, control-
ling for non-specific binding is more difficult in these types of
assays than in conventional ICC qualitatively analyzed by a human
rater. To date, no cell-ELISAs for the detection of NMO-IgG/
AQP4-Ab have been published (98).
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Protein-based assays

Recombinant AQP4 protein can be used for radioactive or
fluorescence-based immunoprecipitation assays (RIPA/FIPA),
Western blotting (WB) and ELISA. Although protein-based assays
yielded a higher sensitivity than IHC-F in several studies, some
investigators reported a lower sensitivity than found with CBAs
(Tables 2 and 3).

Radioimmunoprecipitation assays

A first RIPA for the detection of NMO-IgG/AQP4-Ab was pub-
lished by Paul ef al in 2007 (123). This assay used full-length
human AQP4 (M1) labeled with radioactive 35S-methionine. Fol-
lowing incubation of patient serum with the recombinant AQP4
protein, protein A beads were added to bind immune complexes
formed by patient IgG and AQP4, which were then transferred to
filter plates. A scintillation counter was used to measure the amount
of bound radioactive AQP4, which was taken as an indirect indi-
cator of the amount of AQP4-Ab contained in the patient serum.
This was the first large-scale study to prove that AQP4 is the main
target of NMO-IgG in the majority of patients with NMOSD.
However, it yielded lower sensitivity (63%) and specificity (98.3%)
than some of the recombinant assays that were developed later and
should thus no longer be used. A more recent study by Fazio et al
found even lower sensitivity in an Italian population using an
independent but similar RIPA (26). The lower sensitivity may be
partly explained by the use of a reticulocyte lysate-based cell-free
in vitro transcription/translation system to express AQP4, which
may well have affected protein conformation.

Fluoroimmunoprecipitation assays

Waters et al established a highly sensitive and specific immuno-
precipitation assay that employed EGFP-coupled M1- and M23-
AQP4, which was extracted from transfected HEK293 cells
(Table 3) (151). The cell lysate was incubated with patient serum,
and antibody-antigen complexes were captured using protein A
beads. After washing, the amount of bound EGFP-AQP was deter-
mined using a fluorescence plate reader and used as an indirect
measure for bound AQP4-IgG. This type of assay makes it possible
to screen large numbers of samples and provides the quantitative
data required for long-term monitoring of AQP4 levels (54). The
employment of EGFP-AQP4 fusion proteins as used in the FIPA
and in some of the CBAs allows convenient identification of
transfected cells as well as quantification of AQP4-Ab by reference
to EGFP standards, but bears the risk of false-positive results due
to rare patient antibodies binding to those fluorophores. Whereas
the robust specificity argues against such coexisting antibodies
being a major confounder in this FIPA (Table 3 and Supporting
Information Table S1) (151), Apiwattanakul ef a/ found a false-
positive rate of 5% owing to anti-GFP antibodies in a similar FIPA
employing protein G instead of protein A (4). To control for false-
positive results, the authors recommend reassessing positive
samples using the respective fluorophore alone as target antigen
instead of the fusion protein. It is unclear why this assay yielded
positive AQP4-Ab results in only 331 out of 557 cases previously
tested positive for NMO-IgG according to an IIF test but detected
AQP4-ADb in 76 out of 4943 samples previously tested negative for
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NMO-IgG in the same IIF assay (4). This is different from other
recombinant assays, which were more sensitive than IIF and dem-
onstrated a good correspondence of AQP4-Ab and NMO-IgG
results (Table 5). Moreover, no such discrepancy was reported in a
follow-up paper by the same authors based on an identical cut-off
(152). Another FIPA study employing EGFP-tagged M1-AQP4 did
not find binding to EGFP alone or to EGFP-tagged antigens other
than NMO (151). Assay sensitivity may also be limited in this type
of assay by the large size of the EGFP fluorophore, which could
prevent the formation of AQP4 molecules into orthogonal array
particles (OAPs) believed by some to contain major NMO-IgG/
AQP4-Ab epitopes (118). When directly compared, FIPA testing
using EGFP-coupled AQP4 yielded a lower sensitivity in two
studies than a CBA using untagged AQP4 (151, 152). As a major
limitation, FIPA is labor-intense and time-consuming and the cell
culture facilities required restrict its use to a few specialized labo-
ratories. So far five studies have used FIPA; sensitivities for NMO
ranged between 52% and 76% (median 52.27%) and specificities
between 97.73% and 100% (median 99.48%) (Tables3 and
Supporting Information Table S1).

Western blotting

A combined immunoprecipitation and Western blotting assay
(WBA) was published by Lennon ez a/ (91). Pooled patient and
control sera were incubated with the clarified lysate of HEK293
cells transfected with human full-length AQP4-GFP. Protein
G-agarose beads were then added to bind IgG/AQP-GFP
complexes from AQP4-IgG positive samples. After washing
and resuspension, the immune complexes were released, electro-
phoresed and transferred to nitrocellulose paper. An antibody to
GFP and a horseradish peroxidase-labeled secondary antibody
were used to detect GFP. Binding to GFP was then visualized
autoradiographically by enhanced chemiluminescence and used as
an indirect indicator of bound AQP4-Ab. Employing mouse tissue
homogenate as substrate, Marnetto et al recently found AQP4-Ab
in 13 out of 16 NMO samples in a WBA (104). All positive
samples bound to mouse M1-AQP4 but only two recognized
the M21 isoform of mouse AQP4 (104). In general, ready-made
WBASs require no sophisticated technical resources and are already
widely used for the detection of a number of paraneoplastic anti-
bodies in neurology. A potential limitation is the use of denatured
AQP4, which might cause non-specific binding. lorio et al recently
confirmed that NMO-IgG/AQP4-Ab from some patients with
NMO recognize both denatured AQP4 M1 and denatured M23
monomers, but found a significantly lower sensitivity (68%; in a
series of selected patients with extremely high titers of NMO-IgG/
AQP4-Ab) than with “native” tetramers (90%) and cell-membrane
bound AQP4 (100%) (37). In that study, none out of 85 controls
bound to denatured monomeric AQP4.

Enzyme-linked immunosorbent assays

Whereas all recombinant assays described above either used cells
transfected with AQP4 or cell extracts derived from lysis of such
cells, Hayakawa et al employed for the first time purified AQP4
protein (His-tagged at both the C- and the N-terminus) for use in
an ELISA (32). In general, this type of assay is easy to use, allows
large-scale analysis and has the potential to be automated. For the
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Hayakawa study, the protein was expressed in a Sf9/baculovirus
system, which is preferential to Escherichia coli-based expression
systems when it comes to producing low background antigens for
immunoassays. The authors discussed that the use of rat AQP4
instead of human AQP4, the primary sequences of which differ,
might have resulted in false-negatives. A human AQP4 ELISA
developed shortly thereafter yielded similar sensitivity but better
specificity in an independent cohort (82).

The first commercial ELISA (RSR Ltd, Cardiff, UK) for
AQP4-Ab recently became available. Human M1-AQP4 coated
onto ELISA plate wells is incubated with patient sera and
biotinylated AQP4. Because of the divalent nature of IgG,
AQP4-Ab ideally interact both with coated AQP4 and with AQP4-
biotin (so-called “bridge-ELISA”). Assay sensitivity for NMO
ranged between 48.3% and 75.8% (median 51.4%) in five indepen-
dent studies, in three of which all patients were Asian; specificity
rates varied between 97.73% and 100% (median 100%; NMO vs.
non-MS/non-NMOSD  controls) (Tables3 and Supporting
Information Table S1). Overall, results from 149 NMO patients
tested in this commercial ELISA have been published, 92 of whom
came up positive (61.7%), and 440 non-MS/non-NMOSD controls,
only one of whom was positive (0.23%). This assay was more
sensitive than IHC but equally specific in direct comparison in two
independent studies (66, 152), but missed several NMOSD
samples that were positive for AQP4-Ab in at least two independent
CBAs in both of those studies (66, 152). Whether biotinylation
hampered AQP4-Ab binding in the false-negative cases, or whether
other factors played a role, is unknown. Interestingly, a few of the
false negatives yielded higher values than most of the controls, but
did not exceed the cut-off recommended by the manufacturer (66,
152); however, lowering the cut-off resulted in loss of specificity
(152). In our hands, this assay yielded very good intra-run yet only
moderate inter-run variability (66). While ELISAs, by providing
quantitative results, are potentially suitable for long-term measure-
ment of AQP4-Ab serum concentrations (the possible indications
for which may include monitoring of disease activity or treatment
response), this advantage was partly challenged by the fact that
some sera harbored AQP4-Ab at concentrations that exceeded the
upper reference range of the standard curve (66). Predilution of
sera might enable users to circumvent this problem; according to
the manufacturer’s instructions, however, not all sera will dilute in
the same way. A potential problem may be the occasional presence
of antibodies to biotin or biotinylated proteins in normal human
sera (13, 18), which theoretically could act as anti-reagent
antibodies hampering both antibody-antigen interaction and
streptavidin-biotin complex formation.

To improve assay sensitivity, the development of ELISAs with
membrane-expressed AQP4 as substrate has been proposed (27).

ASSAY ACCURACY

NMO-IgG/AQP4-Ab in patients with NVIO

To date, around 60 studies (many of which reported on more than
one assay type; Tables 1-3) have been published that report on the
frequency of NMO-IgG/AQP4-Ab in NMO and/or the antibodies’
specificity for this condition. Overall, ~15 000 test results have
been reported, most of them from control patients with diseases
other than NMOSD. Patient and/or control numbers were low in
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some studies; therefore, confidence intervals (as provided below
and in Tables 1-3) are generally more meaningful than absolute
data on sensitivities and specificities (Supporting Information
Table S1) when it comes to rating assay accuracy.

Sensitivity

Fifty-three of the 59 studies analyzed for this review included
patients classified as NMO (the remaining studies included patients
with OSMS, LETM, ON, NETM and/or rheumatic disorders).
These studies reported results from 83 test series and around 40
independent assays using eight different methods (IHC, ICC,
FACS, RIPA, FIPA, WB, ELISA). Sensitivities for NMO varied
between 12.5% and 100% with a median 0of 62.25% (Tables 1-4 and
Supporting Information Table 1S). This wide inter-study variance in
sensitivities may reflect not only technical differences among the
various immunoassays and among study populations, but very
likely also an unintended selection bias due to low NMO sample
size in some of the studies. Accordingly, 95% confidence interval
width was more than 40% in 29 test series (median 34.4%). When
only those 15 series that included more than 40 NMO patients were
taken into account, the median sensitivity was 73.58% and the
median 95% confidence interval (CI) width was 22%.

Based on all 2384 reported test results from NMO patients,
1525 of which were positive, an estimated prevalence of NMO-
IgG/AQP4-Ab in NMO of ~64% (95% CI 62—65.1) can be calcu-
lated (matching the mean of the sensitivities of all test series), with
lower values for tissue- and protein-based assays (61.8% and
56.5%) than for CBAs (69.4%); this is in line with results from
direct comparative studies (see Comparative studies and Table 5).
It should be noted as a caveat that some patients may have been
included in more than one series.

Several independent studies found a higher frequency of NMO-
IgG/AQP4-Ab in patients with relapsing NMO than in patients
with monophasic NMO, both in adults (69, 78) and in children (6).
However, this does not imply that NMO-IgG/AQP4-Ab turn posi-
tive only some time after disease onset, but rather that monophasic
NMO is pathogenetically different from relapsing NMO [eg,
caused by acute disseminated encephalomyelitis (ADEM)].

Specificity

Samples from disease or healthy controls were tested in 49 out of
the 59 studies analyzed for this review (Tables 1-4 and Supporting
Information Table S1). Specificity ranged between 62.50% (such
low values were mainly driven by inclusion of patients with OSMS,
which is now considered to be identical with NMO in many cases)
and 100% for NMO vs. MS (median of 99.08%), between 83.33%
and 100% for NMO vs. non-MS/non-NMOSD controls (median
100%), and between 66.67% and 100% for NMO vs. all controls
with a median of 98.86%; median 95% CI width was 14.7 for NMO
vs. MS, 10 for NMO vs. non-MS/non-NMOSD controls, and 8.09
for NMO vs. all controls. Based on the total number of 10483 test
results reported in the 49 studies, specificity of 96.48% for NMO vs.
MS, 99.4% for NMO vs. non-MS/non-NMOSD and 98.22% for all
controls can be calculated.

As an important drawback, the number of control samples was
too low in many studies to allow proper specificity assessment
(median 85; range 3—1672; <100 in 55% of all test series), including
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a recent two-center multi-assay comparison trial (n=85) (152).
Only three out of the 59 (5%) studies included more than 500
controls (10,21, 110), and only one of these (10) included more than
1000. In particular, the number of samples from patients with MS,
the most important differential diagnosis of NMO, was very low in
most studies (median 39). However, exact data on assay specificity
are essential, since most patients tested for NMO-IgG/AQP4-Ab
are probably MS patients as suggested by the extremely high
number of tests for NMO-IgG/AQP4-Ab currently performed per
year [eg, more than 23 000 at only two centers (152)]. Given the low
prevalence of NMO (~1.5/100 000) compared to classical MS
(~120/100 000), specificity rates well above 99% are required to
avoid an unfavorably high ratio of false-positive to true-positive
results, which could render NMO-IgG/AQP4-Ab testing useless
and even harmful if not used in well-selected populations. Future
studies evaluating NMO-IgG/AQP4-Ab assay accuracy (including
currently planned multicenter comparison trials) should therefore
include a sufficient number of MS controls (eg, >1000), and patient
numbers should ideally (although not essentially) reflect the true
NMO/MS prevalence ratio to permit calculation of predictive
values (see Predictive values). When only test series that included
more than 100 controls were considered (n = 28), median specific-
ity was 99.28% (range 88.51%—100%) for NMO vs. all controls
(median CI width 5.56%).

Specificity of NMO vs. all controls was higher in CBAs (median
specificity of all reported test series 100%) than in tissue-based
(median 98.12%) and protein-based assays (median 98.09%).

As a possible major confounder, misclassification of NMOSD
as MS may have been an issue in some studies (see Test perfor-
mance: influence of clinical misclassification).

Predictive values

As the ratio of NMO samples to MS control samples was in
accordance with the prevalence ratio of the two diseases (~1/80) in
virtually none of the published test series (median 1/1.6), calcula-
tion of predictive values (PV) would not be appropriate. This
drawback can be partly compensated by calculation of likelihood
ratios (see the following section). The single study that included a
sufficient number of MS controls (1/79.4) found a positive PV for
NMO vs. MS of 0.8 and a negative PV 0f 0.9946 in an IHC-F assay
employing rat cerebellum tissue sections; as a major drawback,
however, NMO sample numbers were low (n = 7) in that study and
CIs broad (0.299-0.99 and 0.983-0.999) (10).

Likelihood ratios

Based on assay sensitivities and specificities as given in Tables 1-3
(columns 1-4), we calculated positive and negative likelihood
ratios (pLR, nLR) for each assay (see Tables 1-3, columns 5-8).
By convention, tests with pLRs over 10 and/or nLR <0.1 are
considered clinically useful (20). The pLRs for NMO vs. MS
ranged between 1.5 and e among studies, with an extremely high
median of 106.5, and were >10 in 54 out of the 68 test series
(79.4%); the nLRs for NMO vs. MS ranged between 0 and 0.9
(median 0.39) but were below 0.1 only in eight out of the 68 test
series (11.8%). When only non-MS/non-NMOSD controls were
considered (in order to control for misclassification of NMOSD as
MS; see Test performance: influence of clinical misclassification),
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the median pLR was e and pLRs were >10 in 53 out of the 55 test
series (96.3%); nLR ranged between 0 and 1.05 (median 0.385)
and was below 0.1 only in seven out of the 55 test series (12.7%).

Test performance: influence of clinical misclassification

As mentioned above, NMO patients were frequently misdiagnosed
as having MS in the past. In a European cohort of 175 NMOSD
patients, around 40% had initially been diagnosed with MS,
mainly before NMO-IgG/AQP4-AD testing became available (69).
A North American study reported a rate of false diagnosis of
around 30% (113). This was caused both by a lack of awareness
regarding NMO, which is a very rare condition compared to MS,
in the past and by partial overlap of the clinico-radiological fea-
tures of NMO and MS, in particular in the early stages. Moreover,
there is a significant overlap between the diagnostic criteria. In
a recent Japanese study 17 out of the 26 seropositive patients
initially diagnosed with MS met both McDonald criteria for MS
and Wingerchuk’s 2006 criteria for NMO (38). These factors
may explain why assay specificity for NMO was significantly
(P <0.0001; Fisher’s exact test) higher if calculated against the
non-MS/non-NMOSD disease controls and healthy controls than
if calculated against the MS group (see Specificity). In line with
this hypothesis, specificity was higher if patients with a clinically
isolated syndrome suggestive of MS (CIS) but no definite MS and
(mainly Asian) patients classified as having “OSMS,” which is
now considered to be identical to NMO in many cases (in particu-
lar, if associated with LETM), were excluded from the analysis
(total MS group vs. NMO: median specificity of all studies
99.08%, mean specificity based on 4518 reported test results
96.48%; MS without CIS and OSMS vs. NMO: median specificity
of all studies 100%, specificity based on 766 reported test results
98.27%). Among 226 test results from patients classified as
OSMS, 76 (33.63%) were positive for NMO-1gG/AQP4 (the lower
positivity rate than in the NMO group is partly be explained by the
inclusion of patients with classical MS presenting with NETM and
ON in the OSMS group in some studies). When only European or
North-American cohorts were considered, the median specificity
of all studies was 100% (NMO vs. non-MS/NMOSD); based on
the total number of 4008 tests results from non-MS/NMOSD
patients reported in those studies, specificity was 99.3%. In several
studies, “false-positive” MS patients had ON, LETM and/or
brainstem encephalitis, which are compatible with a diagnosis of
AQP4 autoimmune encephalomyelitis. Considering that differen-
tiating NMO and MS based on clinico-radiological findings can be
difficult, future studies investigating assay specificity should there-
fore should also include a large number of non-MS controls.

NMO-IgG/AQP4-Ab in patients with
isolated LETM

The frequency of NMO-IgG/AQP4-Ab ranged between 0% and
100% with a median of 53.3% (Supporting Information Table S1).
In total, 731 test results from patients with LETM were reported, of
which 333 were positive (45.1%). While not all studies differenti-
ated between monophasic and recurrent LETM, some reported a
higher frequency of NMO-IgG/AQP4-Ab in patients with relaps-
ing LETM (6, 12, 81, 128, 154), similar to what has been found in
patients with definite NMO (Table 6).
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NMO-IgG/AQP4-Ab in patients with isolated ON

In the 46 test series that included patients with ON, the frequency
of NMO-IgG/AQP4-Ab ranged between 0% and 75% with a
median of 20% (Supporting Information Table S1). In total, 891
test results from patients with ON were reported, of which 127
were positive (14.3%). Results from several studies indicate that
NMO-1gG/AQP4-Ab are much less frequent in patients with iso-
lated monophasic ON (6, 12, 61, 105, 124). In a large cohort, we
found the antibody in three out of 89 patients (3.4%) with a single
attack of ON but in five out of 50 (10%) with relapsing ON using
a CBA. Results from other studies are summarized in Table 6.

NMO-IgG/AQP4-Ab in patients with HRS other
than LETM or ON

It is of importance that NMO-IgG/AQP4-Ab were also found in
some patients presenting with NETM (Table S1). While NMO-
1gG/AQP4-Ab were very rare in those with isolated NETM (465
results reported, five [1.1%] positive), they were rather frequent
among patients with NETM and a history of ON (103 results
reported, 17 [16.5%] positive). This is well in line with findings
from a recent study in which 7.3% of patients with a history of
NMO or LETM presented with NETM on MRI at least once over
the course of disease (probably depending on MRI timing, since
short lesions in NMO might represent lesions in either evolution
or resolution or, alternatively, residual atrophy) (69). Therefore,
NETM patients should preferably not be used as disease controls
when it comes to assessing the specificity of diagnostic assays; the
same applies to patients with isolated brainstem encephalitis, espe-
cially if involving regions with high AQP4 expression such as the
medulla oblongata or the diencephalon. For OSMS, see Test per-
formance: influence of clinical misclassification.

NMO-IgG/AQP4-Ab in the total HRS group

When LETM, ON and NETM + ON, which are considered to
confer a risk of conversion to NMO, were analyzed together, the
median frequency of NMO-IgG/AQP4-Ab was 38.5% (range
0%—100%; n = 64 test series). Overall, 1829 results from patients
with HRS were reported, 509 of which were positive (27.8%).

COMPARATIVE ASSAY ACCURACY

Inter-study comparison

A consistent finding across almost all studies is the higher sensi-
tivity of NMO-IgG/AQP4-Ab testing in patients with definite
NMO than in patients with HRS. Moreover, a higher frequency of
NMO-IgG/AQP4-Ab in NMO was found in CBAs (median of all
reported test series 73.58%) than in the original IHC-F assay
(median 61.51%) (Tables 4 and 5).

However, striking differences still exist among studies with
regard to assay accuracy (see Tables 1-3 and Supporting Informa-
tion Table S1). These differences may reflect variations in sex, age
and ethnic background (Caucasian vs. Asian) of both disease and
control subjects; diagnostic criteria [Wingerchuk 1999 vs. 2006
(156, 157); Paty 1988/1991 vs. McDonald 2001, 2005, or 2010 vs.
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Table 4. Comparison of mean sensitivities, specificities and likelihood ratios of NMO-IgG/AQP4-Ab serology found using six different immunoassay types as reported in the literature (based on

12 703 individual test results; see Tables 1-3 and Supporting Information Table S1 for details). Abbreviations: NMO = neuromyelitis optica; MS

multiple sclerosis; OD = neurological and

95% confidence interval.

positive likelihood ratio; nLR = negative likelihood ratio; Cl

healthy controls; pLR =

non-neurological disease controls other than MS; HC

PLR (CI) NLR (ClI) NLR (CI)

PLR (CI)

Specificity (%, CI, N)
NMO vs. OD + HC

Specificity (%, CI, N)

NMO vs. MS

Specificity (%, Cl, N)

Assay  Sensitivity (%, CI, N)

NMO vs. NMO vs. MS NMO vs.
OD + HC

OD + HC

NMO vs. MS

NMO vs. all controls

NMO

type

99.44

99.32
99.02

, 286
164
, 368
,314

98.6
97.56
99.18

95.65-99), 373
98.27-99.61), 946

96.93
97.86

98.42

58.56-65), 864
70.9-77.1), 811

33.9-58), 70

61.8
741
51.4
45.7
50.3
ELISA 65.4

|
IC

C

C
FACS
RIPA
FIPA
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Table 5. Direct comparisons of immunohistochemical and recombinant assays for NMO-IgG/AQP4-Ab serology. Abbreviations: ELISA = enzyme-
FIPA = fluoroimmunoprecipitation assay;
neuromyelitis optica; RIPA = radioimmunoprecipitation assay; Cl = 95% confidence interval.

linked

immunosorbent assay;

ICC = immunocytochemistry;

IHC = immunohistochemistry;

NMO =

Immunohistochemistry

Recombinant assays

Sensitivity (%, Cl, N)

Specificity (%, CI, N)

Sensitivity (%, Cl, N)

Specificity (%, Cl, N)

NMO All controls NMO All controls
Waters et al (151)t,# IHC vs. ICC 58.3 (36.9-77.2), 24  98.72 (92.09-99.93), 78 80 (58.7-92.4), 25 100 (94.15-100), 78
Waters et al (151)% IHC vs. Protein A-FIPA (EGFP) 76 (54.5-89.8), 25 100 (94.15-100), 78
Jarius et al (62)t IHC vs. ICC 65.6 (46.8-80.8), 32 99 (93.76-99.95), 100  78.1 (59.6-90.1), 32 100 (95.39-100), 100
Matsushita et a/ (107)t  IHC vs. ICC 37.5(19.6-59.2), 24  87.84 (77.67-93.95), 74  41.4 (24.1-60.9), 29  88.51 (83.56-92.16), 235
Chan et al (12) IHC vs. ICC 61.1(36.1-81.7), 18 100 (96.07-100), 118 77.8 (51.9-92.6), 18 100 (96.07-100), 118
Apiwatanakul et al (5)t  IHC vs. ICC 40 (13.7-72.6), 10 100 (51.68-100), 6 60 (27.4-86.3), 10 83.33 (36.48-99.12), 6
Kim et al (83) 8,1 IHC vs. ICC 44.4 (15.3-77.4), 9 94.29 (85.27-98.15), 70 55.6 (22.7-84.7), 9 90 (54.12-99.48), 10
Takahashi et al (142) IHC vs. ICC Out of 21 (87%) AQP4-Ab-positive samples (ICC), 15 were positive for NMO-IgG (IHC-F).
Granieri et al (31) IHC vs. ICC 95 (73.1-99.7), 20 95.77 (87.33-98.9), 71 95 (73.1-99.7), 20 100 (93.6-100), 71
Waters et al (152)8 IHC vs. ICC 48.6 (31.7-65.7), 35 100 (94.61-100), 85 68.6 (50.6-82.6), 35 100 (94.61-100), 85
Waters et al (152)8 IHC vs. ICC 60 (42.2-75.7), 35 100 (94.61-100), 85
Waters et al (152)8 IHC vs. Protein A-FIPA (EGFP) 45.7 (29.2-63.1), 35 100 (94.61-100), 85
Waters et al (152)8 IHC vs. Protein G-FIPA (GFP) 45.7 (29.2-63.1), 35 97.65 (90.96-99.59), 85
McKeon et al (110)§,¥+ IHC vs. Protein G-FIPA (GFP)  57.5 (41-72.6), 40 99.71 (98.85-99.95), 695 32.5(19.1-49.2), 40  99.28 (98.23-99.73), 695
Kalluri et al (73)t IHC vs. Protein G-FIPA (GFP)  63.6 (31.6-87.6), 11 66.67 (12.53-98.23), 3 72.7 (39.3-92.7), 11 66.67 (12.53-98.23), 3
Kalluri et al (73)t IHC vs. FACS 81.8(47.8-96.8), 11 66.67 (12.53-98.23), 3
De Vidi et al (19)t IHC vs. FACS 37.5(24.3-52.7), 48 100 (87.99-100), 36 37.5(24.3-52.7), 48 100 (87.99-100), 36
Fazio et al (26)8 IHC mouse vs. FACS 39.4 (23.4-57.8), 33  96.77 (90.19-99.16), 93  30.3 (16.2-48.9), 33  96.77 (90.19-99.16), 93
Fazio et al (26)8 IHC mouse vs. RIPA 33.3(18.6-51.9), 33  96.77 (90.19-99.16), 93
Fazio et al (26)8 IHC primate vs. FACS 46.7 (28.8-65.4), 30 95.7 (88.74-98.61), 93  See above See above
Fazio et al (26)8 IHC primate vs. RIPA See above See above

IHC vs. ELISA
IHC vs. ELISA

Hayakawa et al (32)8
Jarius et al (66)8,tt

61.9 (38.7-81.1), 21
65.6 (46.8-80.8), 32

Median 57.5

95.65 (83.96-99.24), 46
99 (93.76-99.95), 100

98.7

71.4 (47.7-87.8), 21
75.8 (63.4-85.1), 66

68.6

97.64 (94.28-99.13), 212
98.69 (94.87-99.77), 153

99.2

TAIl IHC-positive patients were also positive in the corresponding recombinant assay.

FAIll FIPA-positive patients were also positive in the ICC assay; one additional patient was positive in the ICC assay but not in the FIPA.

§Some IHC-positive patients were not positive in one or more of the recombinant assays and vice versa.

91Only four NMO samples were positive in all three assays; 2 x ON and 1 x OND only IHC-positive; 2 OND only (weakly) CBA-positive; 4 x ON and 2 x OSMS
only ELISA-positive; 1 x NNO only CBA- and ELISA-positive.

110 x IHC-negative but ELISA- and CBA-positive; 3 x ELISA-negative but IHC- and CBA-positive; two controls (RRMS) positive only in the ELISA; two additional
controls positive only in the IHC assay.

$+30% of samples were positive only in the IHC assay and 5% only in the FIPA; in a second cohort tested using the same assays, 76 out of 331 FIPA positive
samples (23%) were negative in the IHC assay and at least 167 out of 498 IHC positives were negative when measured by FIPA (as clinical data were not
available for the negative patients, this cohort was not included in Tables 1-4 in the present study). Such strong discrepancies were not found in a later IHC/FIPA

comparison published by the same authors (152).

Kira 2003 (84, 109, 122, 129, 130); Wingerchuk 2006 without the
need for AQP4-Ab positivity but no brain lesions at onset and
LETM in all patients vs. Wingerchuk 2006 including the serologi-
cal criterion and thus possibly including patients with NETM or
brain lesions at onset; see Supporting Information Table S1 for a
detailed summary]; disease status and treatment status at the time
of blood sampling; the proportion of monophasic NMO and HRS
patients (with monophasic cases being less frequently associated
with AQP4-Ab (54, 61, 78); see Table 6); and, in qualitative assays
(IHC, ICC), rater experience. Moreover, as mentioned above, some
patients with NMO may have been wrongly classified as MS in the
past (69, 113); in fact, signs and symptoms of optic nerve and
spinal cord involvement were reported in some of the NMO-IgG/
AQP4-Ab-positive MS patients (see legend to Supporting Infor-
mation Table S1 for details). Finally, sample numbers are crucial
when it comes to fine differences in assay accuracy.
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Furthermore, similar studies may differ with regard to small
methodological details including pre-absorption procedures, fixa-
tion, blocking procedures, choice of cell lines, tissue type and
preparation, animal species and age, cell culture conditions, stable
vs. non-stable transfection, transfection methods, transfection
rates (and their variations over time), cell lysis buffers, starting
serum dilutions, incubation times, secondary antibody conjugates
and other detection substrates, cut-off values, or the use of either
protein A or G in IP assays. Also factors that can potentially affect
epitope confirmation including the ability of AQP4 to form OAPs
have to be considered, such as the use of either native or denatured
AQP4 (as in WB) protein, the use of M1 or M23 AQP4, untagged
AQP4 or AQP4 coupled to fluorophores or biotin, the absence or
presence of HIS tags, the coupling or tagging site (N-terminal vs.
C-terminal) and the type (and thus size) of fluorophores (GPF,
EGFP, EmGFP, etc) (see Supporting Information Table S1 for an
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Table 6. Frequency of NMO-IgG/AQP4-Ab in monophasic vs. relapsing NMOSD (percentages in parentheses). Abbreviations: NMO = neuromyelitis
optica; LETM = longitudinally extensive transverse myelitis; ON = optic neuritis.

NMO Monophasic/first LETM Monophasic/first ON Monophasic/first

Relapsing attack Relapsing attack Relapsing attack
Jarius et al (69) 92/114 (81) 0/5 (0) 30/35 (86) 10/14 (71) — —
Banwell et al (6) 7/9 (78) 1/7 (14) 1/1 (100) 0/9 (0) 1/5 (20) 0/8 (0)
Ketelslegers et al (78) 20/27 (74) 0/9 (0) — — — —
Kim et al (81) — — 7/15 (47) 2/35 (6) — —
Long et al, CNN (94) — — — — 3/8 (38) 1/5 (20)
Chan etal (12) — — 6/12 (50) 0/2 (0) 2/9 (22) 114 (7)
Pittock et al (128) — — 31/44 (71) 10/31 (32) — —
Jarius et al (61) — — — — 5/50 (10) 3/89 (3.4)
Petzold et al (124) — — — — 2/36 (6) 2/41 (5)
Sum 119/150 (79) 1/21 (5) 75/107 (70) 22/91 (24) 13/108 (12) 7/157 (4)
p (Fisher’s exact test, two-tailed) <0.0001 <0.0001 0.021

“—": Study did not include patients with the respective diagnosis or did not distinguish between relapsing and monophasic disease.

overview of substrates and fluorophores used). Such methodologi-
cal issues may explain some of the marked differences concerning
sensitivity and specificity found among studies that did not
differ with regard to the genetic background of the patients
included or the diagnostic criteria for NMO applied (123, 142,
145, 151). The fact that so many studies directly comparing IHC-F
to newly developed recombinant assays consistently found a
higher sensitivity of the recombinant assays strongly suggests
issues inherent to that method in general (Tables 1-5) (32, 62, 72,
107, 142, 151).

It is worth mentioning that the methods applied in some studies
deviated in possibly important details from those used in previous
studies from the same groups employing similar assays (eg, EGFP-
M1 + M23-CBA vs. untagged M1-CBA); this may possibly
explain some of the slight variations in test accuracy observed
between studies. However, other factors such as differences in
study populations may have played a role as well.

Comparative studies

To exclude the possibility that differences in accuracy between the
various methods reflect differences in study populations or other
confounders rather than differences in assay performance, direct
comparisons are highly desirable. So far, more than 15 studies
have been performed that directly compared at least two different
methods in the same study population; as mentioned above, almost
all demonstrated a higher sensitivity of recombinant assays than of
tissue-based assays (see Table 5 for details). However, no studies
included all assays currently available; accordingly, no assay can
currently considered best.

Moreover, interpretation of those comparative studies is ham-
pered by several confounders. First, the number of relevant control
samples was not sufficient in some studies. In consequence, it is
difficult to appraise whether samples detected by only one assay
are true positives or possibly false positives. Second, sample selec-
tion criteria were not mentioned in some studies. This is relevant
since an unintended bias toward high- or medium-titer samples
could mask differences in assay sensitivity, which may become
apparent only if low-titer samples are tested. Third, some studies
compared quantitative and qualitative assays, with the latter being
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observer-dependent; in consequence, such comparisons are neces-
sarily non-objective to some extent. Finally, not all comparative
studies were performed independent of the manufacturer or patent
holder.

AQP4-Ab levels in NMO-IgG-negative (according to IHC-F) but
AQP4-Ab-positive (as detected in recombinant assays) samples
were investigated in two studies. Interestingly (although the reasons
are not well understood), AQP4-Ab levels were found to be in the
mid- or even high range as assessed by FACS or ELISA in many of
the NMO-IgG-negative patients in both of these studies (66, 73).

AQP4-M1- vs. AQP4-M23-based assays

Two isoforms of AQP4 exist in humans, termed M1-AQP4
and M23-AQP4. In common with other aquaporins, AQP4 forms
tetramers. While M23-AQP4 tetramers organize into large
so-called OAPs, M1-AQP4 is thought to inhibit and limit the
formation of M23 tetramers to such arrays. In CHO cells
transfected with M1-AQP4, most tetramers are present as singlets,
only very few (<5%) are organized to small OAPs (2-12
tetramers). In M23 cells, large rafts are detectable in the plasma
membrane, most of them containing >100 individual AQP4
tetramers. In cells transfected with both M1 and M23, AQP4 forms
arrays of intermediate size, similar to those found in astrocytic
endfeet. Based on preliminary evidence suggesting that larger
OAPs could enhance NMO-IgG/AQP4-Ab binding or that
AQP4-Ab might partly bind to confirmational epitopes linked to
OAP formation, it has been suggested that the use of M23 in
diagnostic assays might be preferential (16, 99, 118).

In 2008, Hayakawa et al presented an assay that for the first time
employed solely M23-AQP4, although rat instead of human AQP4
was used (32). The availability of purified AQP4 enabled the
authors to confirm by direct competition that their patient’s sera
indeed recognized M23-AQP4; serum from an ELISA-positive
NMO patient turned negative after pre-incubation with the recom-
binant M23-AQP4 protein. However, identical or even higher
sensitivities and specificities were later reported in ELISA
studies employing M1-AQP4 (Table 3) (66, 82). M23-transfected
cells were also found to be slightly less sensitive than
M1 -transfected cells in a FACS study (73). However, differences in
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study populations might also account for this effect; studies
directly comparing assays in the same cohort are therefore crucial.
In a commercial HEK293 CBA (Euroimmun, Luebeck, Germany),
we detected no differences in assay sensitivity between M1- and
M23-transfected cells employed in parallel in the same cohort of
patients, although binding to M23-transfected cells was associated
with stronger signal intensity (Sven Jarius, unpublished data). In
line with this finding, a recent ELISA study reported similar posi-
tivity rates between denatured M23-AQP4 and denatured
M1-AQP4, although the average optical density (OD) value was
~20% higher with AQP4-M23, resulting in an improved signal-to-
noise ratio (82). Similarly, no difference in sensitivity was found
on direct comparison between an M1-AQP4-based FIPA and an
M1 + M23-AQP4-FIPA (152). Similarly, Crane et al recently per-
formed affinity studies using AQP4-transfected human astrocyte-
derived U87MG cells and found binding to both isoforms,
although consistently stronger binding to M23 (16).

It should be noted as a limitation that some of the M23-based
assays used to compare the sensitivity of M23 vs. M1 employed
fluorophore-coupled M23-AQP4 as substrate (Supporting Infor-
mation Table S1). Binding of EGFP to the N-terminus of AQP4
might yet hamper OAP formation (99). A single study that used
C-terminal EmGFP in a HEK293-CBA indeed reported higher
sensitivity of M23 than of M1 (99). However, as mentioned above,
we did not find a difference between the two isoforms when using
untagged AQP4 in a CBA.

Testing purified Fab fragments of NMO-IgG/AQP4-Ab, Crane
et al found patterns of M1- vs. M23-specific binding similar to
those of intact NMO-IgG/AQP4-Ab; this could suggest that struc-
tural differences (eg, changes in the AQP4 epitope upon array
assembly) and not bivalent cross-linking of whole IgG result in the
greater binding affinity to OAPs (16), which would be in line with
the very small size of AQP4 compared to IgG. However, Verkman
et al also showed a wide variation in NMO-IgG/AQP4-Ab binding
intensity to M1- vs. M23-AQP4 between patients and even between
recombinant monoclonal AQP4-Abs generated from different
plasma cell clones of a single patient (16). Whether differences in
the proportion of affinity of antibodies binding to M1 vs. M23
correlate with clinical parameters such as disease activity or sever-
ity, treatment response and prognosis is currently being studied.

Given that many studies employing M1-AQP-transfected cells
and lysates derived from those cells yielded high sensitivities and
specificities (Supporting Information Table S1), there is no doubt
that M1-AQP-transfected cell are suitable substrates in diagnostic
NMO-IgG/AQP4-Ab assays. However, it has been controversial
whether NMO-IgG/AQP4-Ab in fact recognizes M1-AQP4 or
rather M23-AQP4, which could be produced to some degree in
M1 -transfected cells by leaky scanning (131). Minor OAP forma-
tion has indeed been demonstrated by freeze-fracture electron
microscopy in Ml-transfected CHO cells, and M23-AQP4 has
been found in M1-transfected HeLa cells (28, 131). However, a
recent study did not find evidence for M23 expression in
M -transfected HEK293 cells as used in diagnostic assays (37).
Moreover, several studies demonstrated binding of NMO-IgG/
AQP4-Ab-positive samples to both M1 and M23 tetramers as well
as to M1 in the absence of high-order arrays (15, 37). These
findings challenge an earlier paper that concluded from an analysis
of seven samples in a HeLa cell assay that M23 high-order arrays
are the exclusive target of NMO-IgG (118).
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AQP4 peptides vs. intact AQP4

Qualitative evidence from CBA experiments strongly suggests that
NMO-IgG/AQP4-Ab binds mainly to extracellular epitopes of
both M1 and M23 AQP4 (34, 37, 142, 146, 151). Data from
peptide-based ELISA studies are contradictory. While one study
claimed preferential binding to intracellular epitopes based on an
analysis of 11 synthetic peptides, spanning the entire intracellular
and extracellular domains of the AQP4 molecule (74), a more
recent study found that binding to intracellular loop B, the
N-terminus or the C-terminus of AQP4 is not disease-specific but
is present also in almost 50% of control samples (37). By contrast,
binding to both peptides and GST fusion proteins corresponding
to extracellular loop C was 100% disease-specific (n = 85) in the
same study. Slightly lower specificity was observed with the
extracellular loops E and A. Both loop C, which is highly flexible
(35, 36), and loop E had been previously suggested as target
epitopes in NMO (125, 146). While the idea of improving assay
specificity by using peptide-based assays seems tantalizing, altera-
tions of the tertiary structure and the limited flexibility of immo-
bilized peptides are likely to influence assay accuracy. While being
disease-specific, the above-mentioned loop-C-specific ELISA
yielded a sensitivity of only 31% in a series of selected, high-titer
samples (37).

SPECIAL ISSUES

NMO-lgG/AQP4-Ab in the CSF

Assays for the detection of cerebrospinal fluid (CSF) antibodies
have to take into consideration possible matrix effects, such as a
higher concentration of ions and a lower amount of total protein
compared to serum, which can affect antigen/antibody interactions
and even cause false-negative results unless diluted samples are
used. To the best of our knowledge, none of the assays published
thus far has been formally optimized for the detection of NMO-
IgG/AQP4-Ab in the CSE. However, qualitative assays such as IHC
are thought to be rather robust against such effects.

Interestingly, Klawiter et al recently reported on three patients
in whom NMO-IgG/AQP4-Ab was detected only in the CSF, not
in the serum (86). This would indicate that in patients with nega-
tive NMO-IgG/AQP4-Ab status, lumbar puncture is advisable.
However, this is controversial. First, in that IHC-F study serum
samples were tested at a dilution of 1:128, although lower serum
titers are not unusual in NMO and a dilution of 1:60 was used in
previous studies using the same IHC-F (51, 90); some serum
samples may even come up positive for NMO-IgG only when
re-tested at 1:10 or even undiluted. Second, the author discussed
the possibility that coexisting serum autoantibodies could have
masked the typical NMO-IgG binding pattern. Recombinant
assays are more robust against interfering autoantibodies and, in
addition, are more sensitive than IHC-F. However, no recombinant
assays were used to confirm the seronegative antibody status in
those three patients. In line with the findings of Klawitter e al, a
more recent Chinese study reported AQP4-Ab-CSF-positivity in
15 out of the 24 (54%) AQP4-serum-negative NMO patients using
a CBA; however, the authors reported specificity of only 88%,
which raises severe methodological concerns (95).
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By contrast, a large study from our laboratory, which analyzed
87 paired serum and CSF samples from 37 patients with NMOSD
and 42 controls with other neurological diseases, found AQP4-Ab
in ~70% of CSF samples from AQP4-Ab-positive patients with
NMOSD using the same CBA but neither in any of the serum-
negative patients studied nor in any of the controls, suggesting that
testing of CSF samples might not be needed in the majority of
cases (60). Acute disease relapse in the 30 days before lumbar
puncture, AQP4-Ab serum titers >1:250, and blood-CSF barrier
dysfunction, but not treatment status, predicted CSF AQP4-Ab
positivity in this study.

Calculation of antibody indices (AI) allows determination of the
intrathecal production (IP) of specific antibodies (55, 60). Based
on Al calculation, IP of AQP4-Ab was detectable in only one of 23
samples (4.3%) in a recent study (60). This sample was obtained
during an acute relapse of ON. However, 20 out of the 23 AQP4-
IgG CSF-positive samples with normal AQP4-AI values were also
taken during disease attacks; AQP4-Al elevation thus seems not to
be a reliable disease activity marker. The infrequency of intrathecal
AQP4-IgG production suggests that in patients with NMOSD,
AQP4-Ab-producing B cell clones usually reside in the systemic
compartment. CSF AQP4-Ab may thus reflect passive diffusion of
serum AQP4-Ab into the CSF (60). In line with this hypothesis,
Takahashi et al, in a study on 12 Japanese patients, found that titers
of CSF AQP4-IgG were almost proportional to serum AQP4-IgG
in NMO, although, as a limitation, that study had not taken into
account possible blood-CSF barrier disruption. While Bennett
et al reported an additional single case of low level intrathecal
NMO-IgG/AQP4 synthesis (7), Kalluri et a/ found normal Al in
seven out of seven patients using the same FACS assay (73).

Given the contrasting results and the methodological concerns
described above, more studies are required before CSF testing in
seronegative patients can be generally recommended, at least from
an economic point of view and, in particular, if testing for CSF
NMO-IgG/AQP4-Ab would require repeat lumbar puncture, an
invasive and potentially harmful procedure.

Testing for AQP4-IgiVl and AQP4-IgA

Determination of AQP4-IgM antibodies is challenging. IgG anti-
bodies can hamper the detection of IgM in immunoassays. IgG, if
present in excess, can supersede IgM binding to the same antigen
due to usually higher affinity, causing false-negative results (30,
41, 136). Moreover, rheumatoid factors—antibodies of the IgM
class directed against the Fc portion of IgG, which are mainly
found in patients with autoimmune connective tissue disorders
but also in up to 5% of healthy individuals—can react with IgG
specifically bound to its antigen, causing false-positive IgM
results (114). It is therefore recommendable to remove antibodies
of the IgG class from serum specimens prior to determining anti-
bodies of the IgM class by ultracentrifugation, chromatography,
immunoadsorption to protein A or G, or preferably, by immuno-
precipitation. The only study performed after depletion of IgG
found a frequency of AQP4-IgM in patients with NMOSD of
~10% in a CBA, but in none of 66 controls (59). In three patients,
titers were higher after depletion of total IgG from the samples,
and one sample was positive only after precipitation of total IgG.
Importantly, all AQP4-IgM-positive patients were also positive for
AQP4-IgG in that study and none of the AQP4-IgG-negative
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samples were positive for AQP4-IgM. Routine testing for AQP4-
IgM may thus not be justified; at least unless new data suggesting
a definite diagnostic or prognostic impact of AQP4-IgM determi-
nations becomes available. AQP4-IgM antibodies were also found
in several other studies, which used other CBAs including FACS
(73, 99, 151); however, the methodological concerns delineated
above apply and may possibly explain the limited specificity of
AQP4-IgM found in one of these studies (99). There is no estab-
lished indication for AQP4-IgA or -IgE testing.

Testing for AQP4-lgG subclasses

NMO-IgG/AQP4-IgG  belong mainly to the complement-
activating IgG1 subclass, although IgG2, Ig3 and IgG4 antibodies
have been occasionally detected, mostly with low frequency and at
low titer (38, 73, 151). To date, no study has shown a significant
correlation of NMO-IgG/AQP4-IgG subclasses with disease
activity, treatment response or prognosis. Accordingly, there is
currently no indication for routine assessment of NMO-IgG/
AQP4-1gG subclasses.

AQP4-Ab titers and disease activity

There is growing evidence that anti-AQP4 titers may reflect
disease activity. A retrospective longitudinal assessment of
AQP4-Ab in 96 samples obtained over a median of 5 years in eight
patients with NMOSDs (6 x NMO; 2 X relapsing LETM) demon-
strated significantly higher autoantibody serum levels during
relapse than during remission as measured in a FIPA (54). Clinical
attacks were preceded by a continuous rise in levels of AQP4-Ab
(but not of other autoantibodies), and acute disease activity was
followed by an intraindividual decline of serum levels (54). Impor-
tantly, however, absolute AQP4-Ab levels at relapse varied widely
both intra- and interindividually and, accordingly, no general
threshold value for triggering clinical relapse was established. Kim
et al recently reported on the serial measurement of serum
AQP4-AD levels by ELISA in individual patients during the long-
term course of the disease and also showed a strong correlation
between antibody levels and disease activity (82). Most relapses
were associated with high or rising AQP4-Ab levels. Again,
absolute AQP4-Ab levels varied both between individuals and
intraindividually over time (82). In a cross-sectional Japanese
study, including 35 individuals with NMOSD, high anti-AQP4
titers, as determined in a CBA, coincided with complete blindness
and extensive spinal cord and brain involvement (142). Three other
studies found significantly higher serum titers during relapse using
a CBA, a commercial ELISA and a FIPA, respectively (60, 66).
AQP4-Ab were also shown to be more frequently present in the
CSF during relapse (60). Moreover, a decrease in AQP-Ab serum
concentrations in response to various immunosuppressive thera-
pies was found in several studies (54, 82, 142). In patients treated
with rituximab, the reappearance of even low B-cell numbers was
associated with an increase in AQP4-Ab values and a high relapse
risk. CD19* cell counting might thus be an alternative to AQP4-Ab
testing in those patients (54). Possibly as a result of the drug
not affecting plasma cells (including so-called long-lived ones),
NMO-IgG/AQP4-Ab may remain detectable in rituximab-treated
patients even if CD19 cell counts are below the detection limit.
A recent study confirmed that rituximab significantly lowers
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NMO-IgG/AQP4-1gG antibody levels, but found a transient
increase in several patients 2 weeks after the first injection, raising
concerns over the risk for an early BAFF-mediated clinical wors-
ening in patients with NMO receiving that drug (117). A particu-
larly strong decline in Ab levels occurs following plasma exchange
(~85% £ 15% in a recent ELISA study) (80).

In conclusion, serial NMO-IgG/AQP4-Ab measurement could
possibly facilitate the monitoring of NMOSD patients, for relapses
are often preceded by a marked increase in antibody serum levels.
However, no general threshold value for triggering clinical relapse
exists, and, rising serum AQP4-Ab levels are not accompanied by
clinical relapses in all cases, suggesting that apart from AQP4-Ab
other factors such as blood-brain barrier damage, cytokine pro-
files, or T-cell activation may play a role as well. Moreover, the
need to test at very close intervals challenges the practical feasi-
bility of such an approach. Furthermore, some assays provide only
semiquantitative results and/or data on inter-run reproducibility
are lacking.

AQP4-Ab titers and clinical phenotype

AQP4-Ab seropositivity has been found to be more frequent in
patients with relapsing than in patients with monophasic NMO (6,
69, 78) (Table 6), in patients presenting with either myelitis or ON
at onset than in those presenting with simultaneous myelitis and
ON at onset (69); in those with unilateral ON at onset than in those
with bilateral ON (69); and in patients with coexisting autoimmun-
ity (69). However, none of these criteria distinguishes sharply
between seropositive and seronegative patients. Moreover, the
diagnosis of monophasic NMO largely depends on the follow-up
period; in a recent multicenter study, the latency interval between
first and second attack in patients meeting Wingerchuk’s 2006
criteria ranged between 1 and 216 months. Apart from a more
pronounced spinal lesion load in seropositive patients, no signifi-
cant differences with regard to spinal or brain MRI at disease onset
or later were found between seropositive and seronegative patients
in the same study (69). Accordingly, the decision to test for
AQP4-Ab or not should not be based on any of such clinical or
MRI features if the patient otherwise presents with a condition
compatible with a diagnosis of NMO.

However, different recommendations apply in conditions in
which NMO-IgG/AQP4-Ab are much less frequent than in clini-
cally definite NMO and, in consequence, the risk of an unfavorably
high ratio of false-positive to true-positive results is especially
high, for example isolated, monophasic ON or brainstem encepha-
litis. In such patients, testing in at least two assays (and in the case
of discrepant results, a third one), which is generally recom-
mended, seems mandatory.

Median serum levels as measured by ELISA did not differ
significantly between patients with NMO-IgG/AQP4-Ab-positive
NMO and patients with isolated LETM or isolated ON in four
independent studies based on CBA, FIPA and ELISA data, respec-
tively (61, 66, 82, 142). A CBA study suggested correlation
between NMO/AQP4-Ab serum levels and spinal cord lesion
length, the presence of lesions extending over >3 segments and
permanent visual loss in Japanese patients (142); however, con-
trasting results emerged from another Japanese study employing
IHC, ELISA and FACS analysis (38).
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Specificity of AQP4-Ab in rheumatic patients

Sera from patients with rheumatic disorders (RDs) are commonly
used as controls in studies evaluating diagnostic antibody assays,
for RDs are often associated with wide range, polyclonal B-cell
activation, which may result in non-specific reactions (“sticky
samples”). It is therefore a potential drawback that not all studies
included RD controls when evaluating assay specificity. However,
those which included RD controls found almost no false-positive
results in this special control population.

Moreover, NMO has been shown to be frequently associated
with other autoimmune disorders, including RD such as systemic
lupus erythematosus (SLE) and Sjogren syndrome (SS) (64, 128,
149). By contrast, NMO-IgG/AQP4-Ab seems to be rare among
patients with RD (76, 161). A recent study which analyzed serum
samples from 109 neurological patients with established CTD,
possible CTD, or vasculitis by means of a CBA found NMO-IgG/
AQP4-Ab exclusively in patients with CTD and NMOSD but in
none of 69 samples from patients with CTD or vasculitis and
neurological disorders other than NMO, LETM or recurrent ON
(64). Moreover, the frequency of NMO-IgG/AQP4-Ab in patients
with NMO and RD did not differ from that found in patients with
NMO but no RD (31 out of the 40, 78%) (64). Table 7 summarizes
the results from six studies that investigated the frequency and
specificity of NMO-IgG/AQP4-Ab in patients with RD.

Seronegative NMO

With differences in assay sensitivity of up to 20% between the
various diagnostic assays currently available (62, 83, 151, 152),
methodological issues are certainly still among the most common
causes of seronegativity in patients with NMO. Furthermore,
NMO could be etiologically heterogeneous, representing a
common phenotype of various autoimmune or infectious diseases,
as indicated by a number of epidemiological and clinical differ-
ences between seropositive and seronegative patients (49, 69)
[an overview of the differential diagnosis of NMO is provided
elsewhere (17)]. Evidence for a role of autoantibodies also in
“seronegative” NMO comes from the finding that complement-
dependent astrocyte cell death induced by serum from NMO-IgG/
AQP4-Ab-seronegative patients with NMO was more pronounced
that that induced by serum from patients with MS or healthy
donors (134). Moreover, an effect of plasma exchange was
reported in some AQP4-Ab-negative patients (11). However, it
remains unknown whether these findings signify the presence of as
yet unidentified, novel antibodies in AQP4-Ab-negative NMO or
of low-titer or low-affinity NMO-IgG/AQP4-Ab not detectable
with current techniques. In myasthenia gravis, another autoim-
mune disorder with proven humoral pathogenesis, it took almost
25 years until a more sensitive class of immunoassays was devel-
oped; subsequently, two-thirds of patients previously classified as
“seronegative” were found to harbor low-affinity acetylcholine
receptor (AChR) serum antibodies (88). Attempts to improve the
sensitivity of AQP4-Ab testing as well as to identify novel autoan-
tigens in NMO are in progress. Recently, antibodies to MOG-IgG
as well as paraneoplastic antibodies such as CV2/CMRPS5 have
been detected in a small subset of seronegative patients with
NMOSD or NMO-like disease (23, 63, 70, 85, 100, 132, 133).
Importantly, a lack of NMO-IgG/AQP4-Ab seropositivity does
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Table 7. NMO-IgG/AQP4-Ab in patients with rheumatic diseases (percentages in parentheses). CTD = connective tissue disorders; RD = rheumatic
diseases; SLE = systemic lupus erythematosus; SS = Sjogren syndrome; NMOSD = neuromyelitis optica spectrum disorders; ICC-F = fluoro-
immunocytochemistry; RIPA = radioimmunoprecipitation assay; IHC-F = fluoroimmunohistochemistry; Hu = human; M1 = M1 isoform of human
AQP4; M23 = M23 isoform of human AQP4.

NMO-IgG/AQP4
in patients with
RD and NMOSD

NMO-IgG/AQP4 in patients
with RD and neurological
disorders other than NMOSD

NMO-IgG/AQP4 in
patients with RD but no

Assay type and substrate

neurological disorders

Jarius et al (64), definite CTD 16/541 (30) 0/33 (0) — ICC-F (Hu, M1)
Jarius et al (64), possible CTD 15/42% (36) 0/23 (0) — ICC-F (Hu, M1)
Jarius et al (64), vasculitis — 0/13% (0) — ICC-F (Hu, M1)
Katsumata et al (76), SLE/SS 2/69 (33) — — ICC-F (Hu, M23)
Paul et al (123), CTD — — 0/45t1 (0) RIPA (HuM1-35S-methionine)
Paul et al (123), vasculitis — — 0/6%% (0) RIPA (HuM1-35S-methionine)
Pittock et al, SLE/SS (128), 5/5 (100) 0/8 (0) 0/25 (0) IHC-F (mouse)
cohort 1
Pittock et al, SLE/SS (128), 5/14 (36) 0/6 (0) 0/10 (0) IHC-F (mouse)
cohort 2
Wandinger et al (149), definite 8/1185 (73) 0/39 0/42 (0) [IC-F (Hu, M1)
SLE/SS
Wandinger et al (149), definite 7/1199 (64) 0/39 0/42 (0) IHC-F (mouse)
SLE/SS
Zavada, definite SLE — 1/501t+ 1+ ICC-F (Hu, M1)
Sum, test results 58/143 (41) 1/211 (0.4) 0/170 (0)
Sum, patients 58/132 (44) 1/172 (0.6) 0/128 (0)

TFifty-four patients with SLE (n = 41), primary SS (6), SLE with secondary SS (2), systemic sclerosis (1), systemic sclerosis with SS (1), scleroderma
en coup-de-sabre (1), CREST syndrome (1), and Sharp syndrome with biopsy-proven polymyositis (1).

FForty-two patients with various neurological syndromes (Table 1), who were positive for auto-antibodies usually associated with CTD but who did
not meet the formal criteria for any CTD based on the data available for analysis (anti-nuclear antibodies in 40/42, SS-A and/or SS-B in 13, cardiolipin
and anti-B2-glycoprotein antibodies in 16, double-stranded DNA antibodies in nine, ribonucleoprotein antibodies in nine, lupus anticoagulants in three,
Scl-70 antibodies in two, histone antibodies in three, and centromer antibodies in five; three patients were, in addition, positive for rheumatoid factor
and one for single-strand DNA antibodies and circulating immune complexes; further features of CTD such as Raynaud’s phenomenon, sicca
symptoms, polyserositis, nephritis, or arthralgia were present in 16 patients; in addition, Coombs-positive anemia was reported in one, and other
hematological disturbances in seven).

8Thirteen patients with vasculitis (7 x primary arteritis of the CNS, 4 x giant cell arteritis, 1 x leukocytoclastic vasculitis, and 1 x post-infectious
systemic vasculitis involving the CNS).

913 x active SLE, 3 x active SS.

111 x rheumatoid arthritis; 16 x SS, 8 x systemic lupus erythematosus, 9 x Wegener disease, 1 x Bechterew disease.

15 x “vasculitis”, 1 x Wegener disease.

887 x SLE, 4 x SS.

9197 x SLE, 4 x SS.

t11The only positive patient had non-longitudinally extensive transverse myelitis (NETM); NETM occurs in up to 7% of NMO patients at least once
over the course of disease (see ref (69) and NMO-IgG/AQP4-Ab in patients with HRS other than LETM or ON).

F++Samples from patients with RD but no neurological disorders were reportedly negative, but data were not shown.

not rule out a diagnosis of NMO (157). Besides clinical and
MRI (longitudinal extensive myelitis, no brain lesions meeting
Paty criteria at disease onset) features, CSF analysis [negative
oligoclonal bands (OCB) or OCB conversion (8, 9, 65), measles,
rubella, zoster (MRZ) reaction (58, 69)] can facilitate the differ-
ential diagnosis of MS and seronegative NMO.

Repeat testing in seronegative patients

Using the standard IHC assay, Lotze et al (97) found NMO-IgG/
AQP4-Ab in only three out of five, one out of three, one out of
three, four out of five and three out of three repetitive samples
(median follow-up since first testing 1.8 years), respectively, taken
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from five children with NMOSD. Treatment with immunosuppres-
sants resulted in NMO-IgG seronegativity in that study. Matsuoka
et al (106) observed seroconversion from positive to negative or
vice versa during follow-up in 15% of their patients using a CBA,
and Kim ef a/ (82) in 55% using an ELISA. Given the therapeutic
and diagnostic impact of NMO-IgG/AQP4-Ab seropositivity,
repeat testing in patients with an initially negative test result there-
fore seems recommendable. However, the decision on how often to
test for NMO-IgG/AQP4-Ab certainly has to take into account the
differential performance of the various assays currently available:
In sharp contrast to the findings discussed above, Takahashi et al
found AQP4-Ab in all of 25 samples from three patients taken over
a period of 27, 39 and 69 months, respectively, using an ICC assay
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(142). Treatments during the observation period included intrave-
nous methylprednisolone (IVMP), prednisolone and azathioprine.
In another study, a FIPA was used to analyze longitudinal samples
from eight patients with NMOSD obtained during relapse or
remission over a median period of 62 months. NMO-IgG/AQP4-
Ab was detectable in 95 out of the 96 serum samples in this assay,
both in untreated patients and in all but one sample taken during
immunosuppressive or immunomodulatory therapy. Treatment
regimes included high dose IVMP, prednisolone, dexamethasone,
rituximab, azathioprine, mitoxantrone, cyclosphosphamide, inter-
feron beta and glatiramer acetate (54). While one study reported
seronegativity after plasma exchange (33), AQP4-Ab remained
detectable in two others (54, 142).

NMO-IgG/AQP4-Ab before the onset of NVIO

In most patients with NMO and MG, MG preceded NMO (53, 67,
89). In seven patients with this rare combination of autoim-
mune disorders, serum samples taken for AChR testing prior to
the onset of NMO were available for retrospective NMO-IgG/
AQP4-Ab serology (53, 89, 115, 119). Interestingly, NMO-IgG/
AQP4-Ab was present in six out of seven of these patients, at 3—14
years before the first clinically apparent attack of NMO.
Pathogenetically, this indicates that NMO-IgG/AQP4-Ab alone
may not be sufficient to cause CNS damage; additional factors
(such as blood-brain barrier damage and/or T-cell activation) may
be required. This is in line with the fact that NMO-IgG/AQP4-Ab
remains detectable during remission in the majority of patients
with established NMO, sometimes at a relatively high level (54,
66, 82, 142). Diagnostically and with regard to studies investigat-
ing assay accuracy, this means that NMO-IgG/AQP4-Ab seroposi-
tivity in patients without NMOSD does not always denote
insufficient assay specificity; in such cases, repeat testing and
confirmatory testing with methodologically independent assays
with high accuracy is recommended.

High-dose hook effect

The so-called high-dose hook effect (HDE) is a well-known phe-
nomenon in laboratory medicine causing false-negative or falsely
low results in immunoassays. Whether the simultaneous rather than
sequential incubation of the coated antigen with both patient serum
and AQP4-biotin in the bridge-ELISA could cause an HDE (this
would require the patient’s IgG to be capable of binding two
AQP4-biotin molecules) has not been addressed in the studies
published so far (38, 66). HDE only rarely occurs in solid-phase
assays such as IHC or ICC assays. While HDE is caused by a
saturating excess in antigen concentration in ELISA, which pre-
vents sandwich or bridge formation, the cause of HDE in IHC
and ICC is less well understood. Among other explanations, it
has been speculated that HDE in IIF might be caused by anti-
immunoglobulin conjugates being unable to reach their antigenic
determinants on tightly clustered immunoglobulin molecules (22).
Long et al did not find evidence for a prozone effect with the
commercial CBA (Euroimmun) when re-testing sera that were
negative at 1:4 and the standard 1:10 dilution at 1:32 and 1:120
dilutions (95, 96).
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Effect of storage conditions and
freeze/thaw cycles

The number of patients tested for NMO-IgG/AQP4-Ab has
increased considerably in recent years. As tests are still only avail-
able at relatively few centers worldwide, however, samples often
need to be sent elsewhere for testing. Moreover, samples may be
tested repeatedly and thus undergo several freeze/thaw cycles.
Recent data from a small preliminary study suggest that AQP4-1gG
are relatively stable over a period of at least 8 days at room
temperature or 4°C and that AQP4-IgG levels are not affected to any
significant degree by repeat freeze/thaw cycles (45). Shipment at
room temperature might thus be justified if other shipment options
are not available, provided that temperatures do not exceed 18°C,
serum is separated prior to shipment, and tests are performed within
a few days after blood sampling. As a limitation, it should be noted
that borderline samples or hemolytic samples, which were not
investigated in that study, might be more sensitive to storage con-
ditions. Moreover, if proteins other than AQP4-IgG—such as
cytokines—need to be analyzed in addition to AQP4-Ab, it is highly
recommended that the samples be stored at —80°C or shipped on dry
ice and that freeze/thaw cycles are avoided (45).

SUMMARY AND OUTLOOK

Misclassification of NMO-1gG/AQP4-Ab-mediated autoimmunity
as classical MS may result in treatment with interferon beta or
natalizumab, which are thought to be ineffective or even harmful
in patients with NMO (54, 87, 120, 121, 138, 139, 145, 148, 150).
Conversely, misclassification of MS as NMO may result in
treatment with potentially harmful immunosuppressive drugs not
approved for the treatment of MS. Therefore, high assay accuracy
is crucial. Moreover, treatment decisions should never be based
solely on NMO-IgG/AQP4-Ab treatment status. Currently, CBAs
(ICC, FACS) seem to be most sensitive and specific. Assays with
low sensitivity such as immunohistochemistry on brain tissue sec-
tions (IHC-F) should not be used as screening assays but might be
useful as second-line confirmatory assays. The diagnostic impact
of testing CSF for NMO-IgG/AQP4-Ab is controversial; serum
samples are currently the specimen of choice. There is no estab-
lished indication of AQP-IgM or -IgA serology. Longitudinal
measurement of NMO-IgG/AQP4-Ab is potentially useful (espe-
cially in patients treated with rituximab), but might not be feasible
in practice due to the close test intervals needed, missing threshold
values, and insufficient inter-run reproducibility of some assays.
Given the low prevalence of AQP4-Ab-positive NMO compared to
that of MS, most studies did not include sufficiently large control
cohorts to assess assay specificity in any definitive way. Confir-
mation in a second (and, in the case of discrepant results, a third),
methodologically independent assay with high test accuracy is
generally recommended and is particularly important in patients
presenting with conditions only rarely associated with NMO-IgG/
AQP4-Ab such as isolated ON or brainstem encephalitis. The
present analysis is helpful by summarizing results from studies
using the same type of assay. However, large-scale, multicenter
studies in unselected cohorts are warranted. Assay improve-
ment remains an important goal, as well as the development of
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standardized and easy-to-use assays, which would make NMO-
I1gG/AQP4-AD testing more widely available.
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