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Abstract

Aquaporin-4 (AQP4) is a water channel protein that is most highly, but not exclusively, expressed 

in the central nervous system. In 2005 AQP4 was shown to be the antigenic target of neuromyelitis 

optica-immunoglobulin G (NMO-IgG, or AQP4-IgG), an antibody found specifically in patients 

with NMO and in formes frustes of NMO, such as longitudinally extensive transverse myelitis 

(LETM) or optic neuritis (ON). This discovery facilitated the clinical, pathological, and 

radiological distinction of NMO and the spectrum of NMO-related disorders from classical 

multiple sclerosis. In addition to its use as a diagnostic tool, AQP4-IgG predicts a high risk of 

relapse in patients with a clinically isolated syndrome of either LETM or ON. As disability in 

NMO is attack-related, early diagnosis and treatment are predicted to have a major effect on long-

term disability. Thus, the importance of sensitive and specific assays to detect AQP4-IgG cannot 

be overstated. Both academic institutions and commercial companies have developed assays to 

identify AQP4-IgG in patients’ sera or cerebrospinal fluid. Both AQP4 isoforms from different 

species have been used as the antigenic target in the form of frozen tissue sections in indirect 

immunofluorescence assays, partially purified protein for fluorescence immunoprecipitation assay, 

radioimmunoprecipita-tion assay or enzyme-linked immunosorbent assay, or transfected into cells 

for cell based assays or flow cytometry. We carried out a systematic review of the literature 

reporting different methodologies used to identify AQP4-IgG, examine whether longitudinal 

AQP4-IgG titers predict relapses in seropositive patients, and attempt to establish a reasonable 

timeframe for retesting negative serum samples.
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Introduction

The first known description of a patient with coexisting amaurosis and spinal cord 

inflammation in the Western literature was by the French anatomist and pathologist, Antoine 

Portal, in the early 1800s.1,2 Almost a century later, Eugène Devic and his student, Fernand 

Gault, reported one case and reviewed 16 patients reported in the medical literature that 

presented with optic neuritis (ON) and myelitis, and coined the term “neuromyélite optique 

aigue” based on the clinical phenotype.3 However, the most significant discovery in the 

understanding of this disease occurred in the early 2000s, when Lennon and colleagues at 

the Mayo Clinic identified an antibody in patients with neuromyelitis optica (NMO) that 

binds to the water channel called aquaporin-4 (AQP4).4,5 AQP4-immunoglobulin G (IgG) 

seropositivity was also shown to be associated with a high risk of relapses, of either myelitis 

or ON.6–9 Disability in this disease is attack-related. Furthermore, treatment with 

medications effective in multiple sclerosis (MS), with which NMO is often confused, are, in 

some instances, ineffective or possibly deleterious. Accordingly, early accurate diagnosis is 

necessary to prevent further relapses and allow for early treatment.10–16 Thus, the 

importance of accessibility to both sensitive and specific AQP4-IgG testing cannot be 

overemphasized (Fig. 1).17

Publication identification and selection

The PubMed database was screened for any articles with combinations of the terms “NMO”, 

“neuromyelitis optica”, “optic neuritis”, “myelitis” or “Devic’s disease” up to June 2013. In 

addition, reference lists were checked for relevant publications. A total of 458 publications 

were identified and screened for relevance. Then 54 publications were appraised under six 

headings: Study Design, Clinical Evaluation, Patient Evaluation, Assay, Coverage and 

Statistics (see Table 1). Each publication required at least two patient groups: specifically, 

NMO and MS that were defined either objectively or by published clinical criteria.17–21 We 

required the following: (i) AQP4-IgG status could not be included in the clinical criteria for 

the NMO patient group and they were defined blind to the AQP4-IgG status; (ii) the assay 

had to be carried out blind to clinical status; (iii) more than 80% of the patients had to be 

evaluated both clinically and have had the antibody test; and (iv) data presented were 

sufficient to calculate sensitivity, specificity and measures of diagnostic accuracy.

Published assays

After examination of the literature, 23 publications with one or more assays were selected 

for data extraction. Six different classes of assay were identified based on the substrate used 

and the method of detection (see Fig. 2 for a cartoon of these methods). These encompass 

indirect immunofluorescence (IIF) on various frozen sections from mouse,5,22–31 rat32,33 or 

non-human primate tissue;29,31,34 immunofluorescence on cells expressing human AQP4 
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quantified either visually24,27,30,34–38 by fluorescence microscopy (cell-based assay [CBA]) 

or quantitatively by flow cytometry30,39,40 (FACS); and partially purified AQP4 quantified 

colorimetrically (enzyme-linked immunosorbent assay [ELISA]23,30,31,38,41), by 

radioactivity (radioimmunoprecipitation assay [RIPA]42) or by fluorescence (fluorescence 

immunoprecipitation assay [FIPA]8,24,30,43). If more than one assay was utilized in an 

individual publication, each assay was evaluated separately. Most studies included patients 

with monophasic or recurrent ON or transverse myelitis in addition to patients who meet 

criteria for NMO that requires both ON and myelitis. These patient subgroups have lower 

percentages of AQP4-IgG seropositivity when compared with NMO patients. Hence, only 

the data from patients with NMO and MS, defined either objectively or by published criteria, 

were used to calculate assay sensitivity and specificity.

Data extraction from the literature

The specificities of the six different assay classes described in Table 2 are based on 144–

1018 test results from MS patients reported in the literature. The average specificities of the 

six assay classes range from 96.6% (7/203 false positives in 5 ELISA studies) to 99.8% 

(1/531 false positives in 9 CBA studies). However, a caveat in these studies is the possibility 

of false positive results due to the misclassification of NMO patients as MS.

The high number of samples currently tested worldwide for NMO (e.g. >20 000/year at a 

single center30) renders it likely that many patients tested to date in a routine clinical setting 

probably do not have NMO, but MS or another disorder. Therefore, these small differences 

in specificity between assay classes might be of high clinical relevance. For example, based 

on a presumed ratio of NMO-to-MS of 1:19 among 20 000 tested samples, an assay with 

97% specificity and 70% sensitivity would yield approximately 700 true positive results, but 

also 570 false positive test results. However, if the assay specificity was 99.8%, the false 

positive results drop to 38. This example highlights the need for highly specific assays.

There was also an important degree of variation in assay sensitivity between assay classes 

(see Fig. 3a). The average sensitivities of the six assay classes, based on positivity in 

clinically-defined NMO patients, ranged between 48.7% and 76.7% with the highest 

sensitivity obtained with CBA (mean 76.7%, range 55.6–96.7%). The mean sensitivity of the 

ELISA, FACS and IIF assays were very similar (ELISA mean 64.0%, range 48.3–71.9%; 

FACS mean 62.9%, range 51.7–71.4%; IIF mean 62.8%, range 40.0–95.0%), and the RIPA 

and FIPA were the least sensitive of the assays (RIPA mean 56.8%; FIPA mean 48.7%, range 

32.5–76.0%). There is a great overlap of sensitivities across different assay methodologies, 

but special consideration should be given to the CBA, which showed a significantly higher 

mean accuracy than the other methods: 76.5 versus 48.5– 62.3 (Table 2).

The aforementioned wide range in sensitivities within the same assay class could be 

explained in part by the low number of NMO patients in each study (average of 31 patients/

study). In addition, differences in methodology might also play a role. For example, one 

study reported a higher sensitivity using rat tissue than non-human primate tissue as a 

substrate. However, fixation methods differed between the two substrates, leaving the 

possibility that the superiority of the rat tissue was due to fixation method rather than the 
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tissue species.29 Other variables might impact specificity rather than sensitivity. For 

example, IIF studies that examined serum diluted at <1:60 were less specific than those that 

used a serum dilution of 1:60 or greater (91.9% vs 98.5%),5,22–25,29,32–34,37,43 possibly as a 

result of higher background staining. Further factors that potentially impact on assay 

accuracy include preparation of the substrate, source tissue, AQP4 isoform, fixation 

methods, or length of incubation with primary or secondary antibodies.

Of note, the data in six of 15 tissue-based IIF studies were generated from a single 

laboratory (red dots on Fig. 3b). There is still a large variation in the sensitivities from these 

six studies (40.0–73.3%). This suggests that the variation in sensitivity might also be due to 

the cohort selected (genetic backgrounds or use of different inclusion criteria for example), 

rather than intrinsic issues with assay reproducibility.

Direct comparison in a single study

As some of the differences in assay performance observed between studies might be as a 

result of differences in the patient populations, several studies have directly compared assay 

performance within the same cohort. Almost all of these studies found individual 

recombinant assays more sensitive than tissue-based IIF.23,24,27,28,30,31,34,39 One recent 

study compared six different assays in a blinded fashion using a single series of 146 serum 

samples (including 35 from patients with NMO and 45 with MS) from three international 

centers.30 In the context of that small study, all of the assays were 100% specific (see Fig. 

4). Assays based on live transiently transfected cells (CBA or FACS) expressing human 

M23-AQP4 were the most sensitive (68.6–71.4%). These assays were more sensitive than 

CBA using fixed cells (Euroimmun AG, Lübeck, Germany), two FIPA using enhanced green 

fluorescent protein-M23-AQP4 or EGFP-M1-AQP4, a commercial ELISA (RSR Ltd, 

Cardiff, UK) and the commonly used IIF assay using mouse cerebellum tissue sections. 

These findings suggest that CBA might be the optimal method for detection of AQP4 

antibodies at the current time. A recent study by Jiao et al.44 confirms these findings.

Likelihood ratios

One way to assess the clinical usefulness of diagnostic assays is a calculation of an assay’s 

positive and negative likelihood ratios (LR). LR are considered to be less dependent on 

prevalence than predictive values. Per convention, tests yielding positive LR (LR+) >10 or 

negative LR (LR−) <0.1 are considered clinically useful. The LR+ indicates the factor by 

which a positive test results increases the pretest odds of having the respective disease. The 

CBA outperformed all other assays as measured by LR+ (CBA 383.5; other assays 18.8–

97.4). The LR− indicates the factor by which a negative result reduces the pretest odds of 

having the respective disease. However, none of the assay classes analyzed for the present 

review yielded negative LR (LR-) <0.1 (CBA 0.23; other assays 0.37–0.52; see Table 2).

Although the data on sensitivity and specificity and LR presented here suggest that the CBA 

are the most accurate and should be used diagnostically, it should be kept in mind that these 

studies are based on a limited number of individuals, an ever present constraint on research 
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in rare diseases. Expanded numbers and ranges of patients would lead to more precise 

estimates in different clinical situations.

Methodological factors that influence assays

Numerous methodological factors influence assay sensitivity and/or specificity, including, 

among others, the type and species of tissue sections used for IIF, transfection methods, 

choice of AQP4 species and isoforms, and the use of tagged versus untagged AQP4 in cell-

based and protein-based assays.

Tissue-based assays (IIF)

Fresh frozen cerebellum tissue sections, generally 4–10 µm thick, from mice, rats or non-

human primates, are typically used as the substrate in IIF. The analyses of IIF can be 

augmented by the addition of midbrain, spinal cord, stomach and/or kidney tissue sections, 

though an increase in sensitivity or specificity by the use of such composite substrates has 

not been formally shown. Antibody binding is frequently detected by fluorescent secondary 

antibodies. This methodology is widely used because of the ease of substrate acquisition, the 

presentation of both AQP4 isoforms in native tissue and because this was the method used in 

the discovery of AQP4-IgG.5 IIF has the advantage of being able to detect coexisting 

antibodies as evidenced by different staining patterns in a single assay. However, once the 

target antigen is known, having a wide range of different cell types with extracellular, 

cytosolic and nuclear antigens available for antibody binding has potential for false-positive 

results when the assay is used diagnostically. Considerable effort must be spent in reducing 

nonspecific staining. For this purpose, the tissue is blocked with 10% normal goat serum in 

most studies, but others have used sucrose or a gelatin-triton solution. The tested serum can 

be preadsorbed against bovine serum albumin and guinea pig liver powder in an attempt to 

remove antibodies that bind non-neuronal targets, which takes several hours and might not 

be fully successful. Furthermore, to reduce background staining, sera must be significantly 

diluted (1:60–1:120), which could result in false negative results when low titer samples are 

tested. This is evident in the direct comparison of AQP4-IgG assays where IIF was 

particularly poor at detecting AQP4-IgG in serum samples with low antibody titers, as 

measured by flow cytometry (Fig. 4).30

Reducing substrate complexity (ELISA, RIPA and FIPA)

Several studies have used partially purified AQP4 that has been overexpressed in insect, 

yeast or mammalian systems. Although one expects that such approaches, by increasing the 

amount and accessibility of the antigen, and by reducing substrate complexity, would 

increase assay specificity, all protein-based assays (ELISA, RIPA and FIPA) developed so 

far showed a lower mean sensitivity and specificity when directly compared with CBA 

(Table 2). This could in part be because of the variability in the recovery of conformationally 

intact protein, the level of purity, the availability of AQP4 cytosolic determinants for 

irrelevant antibody binding and the lack of AQP4 higher order arrays (see below). 

Furthermore, these processes are time-consuming and yields of purified protein can vary 

greatly depending on the expression system used.

Waters et al. Page 5

Clin Exp Neuroimmunol. Author manuscript; available in PMC 2016 November 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The most common method used to generate substrate for CBA is transfection of human 

embryonic kidney cells with a plasmid encoding human AQP4. It is an advantage of CBAs 

that they use natively folded, membrane-expressed AQP4 that only expose the extracellular 

domains of AQP4 to patient serum. Typically, the result is clear. AQP4-IgG bind to AQP4 

transfected cells and not to mock-transfected cells or cells expressing a control antigen (e.g. 

myelin oligodendrocyte glycoprotein [MOG]; Fig. 5a). Patient serum with MOG-IgG do the 

opposite, binding to MOG transfected cells, but not to AQP4 transfected cells (Fig. 5b). 

However, there are instances where low titers of AQP4-IgG are difficult to detect (Fig. 5c). 

Furthermore, in live cell systems, high titer sera lyse AQP4-expressing cells, giving a “dirty” 

but negative appearance (see Fig. 5d). In this instance, the cells transfected with the control 

antigen remain “clean”; and when these sera are diluted to 1:100, excellent live cell staining 

is seen.

Rarely, sera have antibodies that bind to non-AQP4 antigens on target cells (Fig. 5e). 

However, if such sera also possess AQP4-IgG, it might be recognizable by brighter staining 

of some cells, as would be expected in a transient transfection system. Alter-natively, these 

sera can be preadsorbed against untransfected target cells and then retested in the routine 

manner. Another option is to directly label AQP4 with an intrinsically fluorescent protein to 

highlight only those cells that express AQP4. This method allows for additional specificity 

through colocalization of the fluorescent signals, and permits additional quantification by 

normalizing for transfection efficiency. However, as described later, tagging AQP4 with a 

large fluorescent protein might alter conformation of the target antigen. Flow cytometry, a 

quantitative technique, eliminates many of the problems arising from the visual scoring 

system when interpreting CBA.

AQP4 isoforms

There are two major isoforms of human AQP4: the full-length 323 amino acid M1 isoform 

and the shorter 301 amino acid M23 isoform. They differ by 22 N-terminal cytosolic amino 

acids, which although not a target of AQP4-IgG, influence the quaternary structure of these 

proteins on the cell surface.45 Both isoforms are assembled into homo- and heteromeric 

AQP4 tetramers; only the M23 isoform forms large orthogonal arrays of particles (OAP). 

The M1 isoform is found on the outer aspects of these OAP, and limits their size.46

Both AQP4 isoforms have been used in a variety of assays: FIPA, ELISA, CBA and FACS. 

Kim et al.41 tested both isoforms in parallel during the development of their in-house 

ELISA. Although the data are not presented in full, the authors did not find any differences 

between isoforms in the detection rate among definite or high-risk NMO patients. The 

authors chose to use the M23 isoform, because it increased the signal-to-noise ratio. Waters 

et al. found no difference in sensitivity when comparing the human M1 or M23 isoforms by 

commercial CBA (Euroimmun AG, Lübeck, Germany) with formaldehyde-fixed cells 

(unpublished data). Similar to Kim et al., an increase in signal using the M23 was evident 

(see Fig. 6a), but this advantage of M23 was offset by a small increase in background.

In contrast, Mader et al.36 noted a significant difference in sensitivity using M1 and M23 

human isoforms in live human embryonic kidney (HEK) cells. They observed a different 

staining pattern in the two assays. Antibody binding to the M1 isoform showed much 
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smaller punctate staining compared with the M23 isoform, supporting previous freeze 

fracture data showing that the M23 isoform forms OAP in HEK cells.47 Although the 

majority of sera were identified using the M1 isoform (70% sensitivity, 100% specificity), 

the M23 isoform was more sensitive (96.7% sensitive) without loss of specificity. All of the 

patients positive by the M1 assay were also positive by the M23 assay. In addition, using 

NMO patient sera and recombinant AQP4-specific monoclonal antibodies, Crane et al.48 

showed that AQP4-IgG, monoclonal antibodies or Fab fragments made from the monoclonal 

antibodies show consistently greater affinity for M23 than M1 because of OAP assembly, 

again suggesting that the choice of AQP4 isoform, and therefore OAP assembly, can directly 

influence assay sensitivity.

Fixation

Waters et al.30 showed that there was a slight reduction in sensitivity when comparing 

human M23 AQP4 as a substrate in commercial formaldehydefixed HEK cells versus 

similarly transfected live HEK cells in a small cohort of patients (60% vs 69% sensitive; 

both 100% specificity). All sera that were not identified by the formaldehyde-fixed assay, 

but were positive in the live CBA, were low scoring on the live CBA. The different results 

using fixed and live cells suggest that fixation might alter some AQP4-IgG epitopes or the 

organization of AQP4 OAP; but other factors, such as differences in transfection rates, 

detecting antibodies or incubation times, could also explain these findings.

Fluorescent tags

Fluorescent tags or intrinsically fluorescent proteins have been covalently attached to AQP4 

for FIPA and CBA. These tags can be inserted anywhere in a protein using basic molecular 

biological techniques, but the N- or C-termini are the easiest and most often used sites of 

attachment. These tags are used in FIPA to standardize antigen input and to quantify specific 

antibody precipitated. This assay also provides a useful method to follow patient titers 

longitudinally.30,49 Apiwattanakul et al.50 used FIPA as a complementary assay to IIF in one 

study. They identified 80/4943 patient sera that were negative by IIF, but positive by FIPA, 

precipitating GFP-AQP4. Of these 80 samples, four also bound to an extract containing GFP 

alone. These sera became negative when the GFP score was subtracted from the AQP4-GFP 

score, suggesting antibodies in some patients sera can immunoprecipitate GFP and yield 

false positive results; the clinical diagnosis of the four patients that bound GFP alone was 

not NMO, but neuroretinitis, MS, neurosarcoidosis and paraneoplastic optic neuropathy.

In CBAs, based on transiently transfected cells, fluorescently tagged AQP4 could be used to 

show colocalization of patient serum binding only to cells that express AQP4. However, care 

must be taken when tagging AQP4 with GFP, as the structure of the antibody target could be 

changed by the addition of the 27 kD GFP protein; nevertheless, four publications from two 

centers reported that N-terminal GFP-tagged AQP4 in solution was detected with 

sensitivities of up to 76.0%.24,26,30,50,51 However, unlike the CBA, there was no difference 

in sensitivity between the N-terminal tagged M1 and M23 isoforms. The lack of difference 

between isoforms is as a result of the disruption of OAP formation by the N-terminal-fused 

GFP tag. This can be evident in the end-point titration of patient serum on HEK cells that 

express either untagged M23 AQP4 or N-terminally GFP tagged M23 AQP4. A single 
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patient sample shown in Fig. 6b requires eightfold more serum on the tagged CBA to give a 

positive result (i.e. a score of 1 or more) than on the untagged assay.

In contrast, Mader et al. found no difference in sensitivity by CBA, when the C-terminus of 

M23 AQP4 was tagged. A similar punctate binding pattern of AQP4-IgG was observed to 

cells expressing C-terminal tagged or native M23 isoform.36 Binding sensitivity was also 

unchanged. Therefore, multiple experiments suggest that N-terminally-tagged AQP4 should 

not be used in diagnostic assays. Although C-terminal tags do not impact on the sensitivity 

of CBA, and can be useful to see colocalization of antigen and antibody binding, some 

fluorescent tags are more cytotoxic than others and might influence the assay.

Serum volume

The more serum that is used in an assay, the greater the chance of identifying antibodies, 

particularly in sera with low titers of AQP4 antibodies. However, the higher the 

concentration of serum used, the greater the risk of strong background staining or false 

positive results. The volume and concentration of serum that can be used is dependent on the 

substrate and detection methods. A wide range of serum volume is used in AQP4 assays: 50 

nL to 50 lL, meaning that some assays begin with 1000-fold less antibody available for 

detection than others. CBAs generally use 1:10–1:20 dilutions (2– 12.5 lL serum; Fig. 6c), 

with <1 µL used in assays that have background issues. Technical differences within 

individual assay classes can help to explain some of this variation; for example, stable versus 

transient transfection systems, or differences in detection methods; for example, the use of 

secondary antibodies in some ELISAs to identify AQP4-IgG versus labeled target antigen as 

the secondary probe in others.

Publishing an assay to detect antibodies

Future studies evaluating the performance of AQP4-IgG assays should ideally meet the 

following criteria:

1. Inclusion of several patient groups, most importantly the disease group 

and groups that pose the greatest diagnostic challenge. Other antibody-

mediated disease control groups and healthy controls should also be 

included.

2. Patient stratification is based on published diagnostic criteria or on criteria 

clearly defined in the study protocol, and is carried out blind to assay 

result.

3. More than 80% of patients should be clinically evaluated at a center with 

expertise in the differential diagnosis of NMO from other clinical mimics.

4. Assay must be carried out blind to clinical information.

5. Data on assay precision (inter-run and intra-run reproducibility) should be 

given.
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6. Data on sensitivity, specificity and likelihood ratios are given or are 

calculable, and confidence intervals are given for all data on assay 

performance.

7. As many NMO patients have been misdiagnosed as MS,52 detailed clinical 

and magnetic resonance imaging (MRI) information on AQP4-IgG-

positive control subjects should be given.

Testing cerebrospinal fluid for AQP4-IgG

Routine diagnostic testing for AQP4-IgG is carried out on serum samples. An audit of paired 

serum/ cerebrospinal fluid (CSF) samples sent for AQP4-IgG testing to the Mayo Clinic 

showed that 88% (107/ 122) of seropositive patients were also positive in the CSF.53 An 

additional six patients tested positive only in the CSF. The authors stated that these CSF 

results led to the unambiguous distinction of NMO from MS in these cases. However, the IIF 

assay is relatively prone to false negative serum results; CSF mostly shows less background 

staining. Two additional studies found a greater discrepancy between serum and CSF using 

cell-based assays.35,54 Just 40% and 68%, respectively, of AQP4-IgG seropositive patients 

whose paired CSF was also evaluated had positive results in CSF in those two studies. 

Patients whose serum end-point titer was 1:250 or less were invariably negative for AQP4-

IgG in the CSF, and none of the 14 seronegative NMO spectrum disease patients tested in 

one of these studies was positive in the CSF.54 These data suggest that serum testing is more 

sensitive than CSF testing, and no significant improvement in assay sensitivity is gained if 

CSF testing is carried out in addition to serum testing when sensitive methods are used.

Prediction of a relapse

AQP4-IgG positive serology predicts a high risk of relapse in patients with a clinically 

isolated syndrome (ON or longitudinally extensive transverse myelitis [LETM]).6–8 

However, the value of longitudinal AQP4-IgG titer measurements in individuals to predict 

further relapses and as a surrogate of treatment efficacy is unclear. Serum antibody levels are 

higher in relapse than in remission both within cohorts and in individuals suggesting 

longitudinal AQP4-IgG titers might be useful.35,41,49,54,55 Two studies showed relapses in 

individuals at different titers, showing that there is not a simple relationship between 

antibody titers and clinical activity, eliminating the possibility of a specific cut-off that 

predicts a relapse.41,49 In addition, although most of the relapses are preceded by a variable 

increase of AQP4-IgG titers, there are examples of relapses occurring in patients with 

decreasing AQP4-IgG titers.41 All of the studies investigating AQP4-IgG levels were 

retrospective, and accordingly, there was considerable variation in the number of samples 

per patient and the timing from last sampling to relapse. No clear antibody baseline level 

was achieved in these patients, and there was no indication of the error or variation 

associated with an antibody titer at any individual time-point. Therefore, serum titers could 

prove useful in predicting relapse or monitoring treatment, but considerably more study will 

be necessary before this is possible. Prospective studies of AQP4 antibody titers in future 

clinical treatment trials will likely prove critical in addressing these issues. Even if it is not 
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possible to compare relapse risk across patients, it might be possible that within a given 

patient a change in titer could be associated with increased individual risk.

Who to test

We recommend testing for all patients with acute transverse myelitis associated with a 

LETM lesion on spinal cord MRI, regardless of brain MRI abnormalities, because this lesion 

pattern is so strongly associated with NMO. Testing is also reasonable in cases of 

“idiopathic” acute transverse myelitis that lack other features of MS, especially those with 

normal brain MRI scans, and even if the cord lesion is less than the three vertebral segments 

required to meet LETM criteria. The yield of AQP4-IgG is very low for isolated ON; 

therefore, we do not advocate routine testing in that scenario. However, AQP4-IgG should 

be considered in cases of severe ON with poor visual recovery, bilateral simultaneous acute 

optic neuritis, or detection of a long segment of optic nerve or chiasmatic signal abnormality 

on T2- or T1-gadolinium orbital MRI sequences. We also recommend testing for patients 

with intractable nausea, vomiting or hiccups in whom a gastrointestinal cause is not 

detected, or in whom a dorsal medullary (area postrema) MRI lesion is found. Testing 

should also be considered for patients with diencephalic clinical syndromes and lesions 

without other cause, and in patients with cryptogenic leukoencephalopathy. Routine AQP4-

IgG testing is not recommended for patients in whom all clinical symptoms, signs, and MRI 

and CSF findings are typical for MS, because the possibility of a false positive result is 

much more likely than in the aforementioned scenarios. However, because individual 

features might overlap the two diseases, detection of any characteristic more typical of NMO 

than MS should prompt AQP4-IgG testing.

Time to retesting

If a patient has a negative antibody result, but there is significant clinical suspicion of NMO, 

is retesting appropriate and at what interval? There is minimal published data to help answer 

these questions. Leite et al.56 described the coincidence of NMO and myasthenia gravis in 

16 patients. They presented two graphs that showed AQP4-IgG titers increasing over 10 

years in two patients that were not receiving immunotherapy and before the clinical onset of 

NMO. A second study from Japan showed low titers in a blood sample from a person who 

10 years later developed NMO.57 Assuming a linear increase over time, this would 

correspond to an increase of 0.3– 0.8 doubling dilutions/year. The data from these few 

individuals suggest a slow increase in serum antibody titer over time before clinical 

expression of the disease. This suggests at least a 3–6-month interval before retesting is 

required to see a significant difference in assay result.

The risk of false negative test results is highest during remission and in patients treated with 

immunosuppressants or after plasma exchange.24,30,41,49,57 Therefore, retesting is 

particularly recommended during acute attacks and during treatment-free intervals. 

However, fluctuations in AQP4-IgG titers have also been observed during remission and 

even under immunosuppressive treatment. Accordingly, retesting might also be justified in 

disease-free intervals and during treatment (e.g. perhaps after an interval of 3–6 months, or 

earlier in cases where new symptoms occur). Furthermore, as the sensitivity of AQP4-IgG 
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assays varies greatly, it should be noted which assay was used, and retesting carried out 

using the most sensitive assay. However, as repeat testing in genuinely seronegative patients 

increases the risk of false positive results, “sero-conversion” in previously seronegative 

patients should ideally be confirmed by testing of a follow-up sample.

Conclusions

There is important variation in both sensitivity and specificity between AQP4-IgG assays. It 

is difficult to assess assay specificity considering the small number of control patients in 

published studies, but based on results from MS patients, which poses the greatest diagnostic 

dilemma, CBA are the most specific assay. CBA are currently the most sensitive assays.

In the first event of LETM or ON, a positive AQP4-IgG result predicts a high likelihood of 

relapse, which can help stratify patient treatment. However, further research on following 

longitudinal AQP4-IgG titers in seropositive NMO patients is required before AQP4 titers 

can be used to guide therapeutic decisions, such as discontinuation or escalation of therapy. 

The published data are limited by their retrospective nature, and limited and non-systematic 

sampling in follow up.

There is little evidence to guide time to retest seronegative patients that have high clinical 

suspicion of NMO. The risk of false negative test results is highest during remission and in 

patients treated with immunosuppression therapy. Hence, retesting is particularly 

recommended during acute attacks and during treatment-free intervals, possibly 3– 6 months 

after a previous test and with a more sensitive method.
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Figure 1. 
Assays are developed to detect the interaction of immunoglobulin G with aquaporin-4. Here 

we show a cartoon depicting an immunoglobulin G molecule (orange) binding to the 

extracellular 50 amino acids of human aquaporin-4 (blue; PDB3GD8; residues 32–254).

Waters et al. Page 15

Clin Exp Neuroimmunol. Author manuscript; available in PMC 2016 November 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
The six techniques used to detect neuromyelitis optica-immunoglobulin G/aquaporin-4 

antibodies (AQP4-IgG). Technique 1, tissue-based indirect immunofluorescence (IIF). 

Techniques 2 and 3, cell-based assay measured either visually or by flow cytometry (FACS). 

Techniques 4 and 5, immunoprecipitation measured either by radioimmunoprecipitation 

assay (RIPA) or fluorescence immunoprecipitation assay (FIPA). Technique 6, enzyme-

linked immunosorbent assay (ELISA). The schematics represent an overview of the basic 

techniques, variations of the techniques shown here have also been published.
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Figure 3. 
(a) Comparison of the range of sensitivities (based on neuromyelitis optica [NMO] patients) 

and accuracy of assays used to identify aquaporin-4 antibodies in serum of NMO patients 

(accuracy = [sensitivity × specificity] / 100). The specificities, listed on the right hand side, 

are based on multiple sclerosis (MS) patients. (b) The sensitivity (±95% confidence interval) 

and specificity of indirect immunofluorescence (IIF) assays published. Assays marked by 

red dots were carried out at an individual center, suggesting that cohort selection might 

influence sensitivity. CBA, cell-based assay; ELISA, enzyme-linked immunosorbent assay; 

FACS, flow cytometry; FIPA, fluorescence immunoprecipitation assay; RIPA, 

radioimmunoprecipitation assay.

Waters et al. Page 17

Clin Exp Neuroimmunol. Author manuscript; available in PMC 2016 November 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Direct comparison of six assays in a single blinded study using the same patient cohort. 

CBA, cell-based assay; CBAf, fixed cell-based assay; ELISA, enzyme-linked 

immunosorbent assay; FACS, flow cytometry; FIPA, fluorescence immunoprecipitation 

assay; IIF, indirect immunofluorescence; MS, multiple sclerosis; RIPA, 

radioimmunoprecipitation assay.30
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Figure 5. 
Cell-based assay. (a) Aquaporin-4 (AQP4)-positive result. Serum-binding AQP4 is detected 

in human embryonic kidney cells expressing AQP4 (in red). No binding is seen in myelin 

oligodendrocyte glycoprotein (MOG)-expressing cells. (b) MOG-positive result. Serum 

binding is detected in MOG-expressing cells. No binding is seen in AQP4-expressing cells. 

(c) Weak positive result. Weak red fluorescence showing low levels of AQP4 antibodies 

binding to AQP4-expressing cells, but not to MOG cells. (d) Strong positive sample. Kills 

AQP4 transfected cells and looks like a dirty background. No background is seen in MOG-
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transfected cells, and when the serum is diluted to 1:100 strong binding to whole cells is 

seen. (e) Nonspecific binding to HEK cells shows weak binding to both AQP4 and MOG-

transfected HEK cells.
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Figure 6. 
(a) The M23-aquaporin-4 (AQP4) isoform gives a brighter signal than the M1 isoform by 

cell-based assay (CBA). (b) N-terminal enhanced green fluorescent protein (EGFP)-tagged 

M23 AQP4 assay is less sensitive than untagged M23 AQP4 assay, by end-point titration. (c) 

There is a wide variation in the serum volume and concentrations used in assays to detect 

AQP4-IgG. ELISA, enzyme-linked immunosorbent assay; FACS, flow cytometry; FIPA, 

fluorescence immunoprecipitation assay; IIF, indirect immunofluorescence; RIPA, 

radioimmunoprecipitation assay.
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Table 1

Evidence-based evaluation of publications assessing neuromyelitis optica-immunoglobulin G or aquaporin-4-

immunoglobulin G antibody assays

Element Categories Score

1. Study design Prospective cohort I

Retrospective cohort II

Case control III

Case report IV

2. Clinical evaluation Inclusion criteria defined or is objective I

Carried out blind to assay result I

No criteria/criteria are not clear/not blind to assay result IV

Assay result included in inclusion criteria or not stated IV

3. Patient evaluation Broad patient groups: NMO(SD)/MS/OND/ AMND/HC I

NMO/MS and a control group (OND/AMND/HC) included II

NMO/MS included III

Missing NMO or MS group IV

4. Assay Carried out blind to clinical status I

Not blind IV

Not stated IV

5. Coverage More than 80% of patients were clinically evaluated and had the diagnostic test I

Otherwise IV

6. Statistics Diagnostic accuracy/statistical precision presented or calculable I

Otherwise IV

7. Result* Lowest individual score from the elements listed above

*
All studies scoring I–III are included in the evaluation.

AMND, antibody mediated neurologic disease; HC, healthy controls; MS, multiple sclerosis; NMO, neuromyelitis optica; OND, other neurological 
disease; SD, Spectrum disease.
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