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Summary

Background—We aimed to assess the sensitivity/specificity of serum and CSF antibody-testing
in patients with anti-N-methyl-D-aspartate receptor (NMDAR) encephalitis, and the correlation
between titers, relapses, outcome, and epitope repertoire.

Methods—In this observational study, brain immunohistochemistry and cell-based assays (CBA)
with fixed and live NMDAR-expressing cells were used to determine the sensitivity/specificity of
antibody-testing in paired serum/CSF obtained at diagnosis of 250 patients with anti-NMDAR
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encephalitis and 100 control subjects. A patient was considered antibody-positive if either serum
or CSF tested positive with both immunohistochemistry and CBA; titers were determined with
serial sample dilution using brain immunohistochemistry. Samples from 45 patients (25 good-
outcome: modified Rankin Scale [mRS] 0-2; 10 poor-outcome: mRS 3-6; 10 relapses) were
examined at 33 disease time points. Epitope repertoire was determined with CBA expressing
GIuN1-NMDAR mutants

Findings—All 250 patients had NMDAR-antibodies in CSF but only 214/250 had antibodies in
serum (sensitivity 100% [98.5-100%] versus 85.6% [80.7-89.4%], p<0.0001). Serum
immunohistochemistry-testing was more often in agreement with CBA with fixed than live cells
(77/108 versus 63/108, p=0.0056). In multivariable analysis, CSF and serum titers were higher in
patients with poor-outcome than in those with good-outcome (CSF dilution 340 versus 129,
difference 211, [95%-CI 1.1-421], p=0.049; serum 7370 versus 1243, difference 6127 [2369-
9885], p=0.0025), and in patients with teratoma than in those without (CSF 395 versus 110,
difference 285 [134—437], p=0.0079; serum 5515 versus 1644, difference 3870 [548-7193],
p=0.024). Over time there was a decrease of antibody-titers regardless of outcome (from diagnosis
to last follow-up: CSF 614 to 76, difference 538 [288—788]; serum 5460 to 1564, difference 3896
[2428-5362], both p<0.0001). Relapses correlated better with the titer-change in CSF than that in
serum (14/19 versus 7/16, p=0.037). After recovery, 24/28 CSF and 17/23 serum from patients
remained antibody-positive. Patients’ antibodies targeted a main epitope region at GluN1 aa369;
the epitope repertoire did not differ between patients with different outcomes, and did not change

during relapses.

Interpretation—NMDAR antibody-testing is more sensitive in CSF than serum. Antibody-titers
in CSF and serum are higher in patients with poor-outcome or teratoma. The titer-change in CSF

correlates better with relapses than that of serum.

Funding—The Dutch Cancer Society, the National Institute of Health, the McKnight
Neuroscience of Brain Disorders award, the Fondo de Investigaciones Sanitarias, Erasmus MC
fellowship and Fundacié la Maraté6 de TV3.
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Introduction

Anti-N-methyl-D-aspartate receptor (NMDAR) encephalitis is an immune-mediated
disorder that associates with IgG antibodies against the GluN1 subunit of the NMDAR.! The
antibody reactivity depends on the conformation of GluN1 expressed alone or in
combination with GluN2 (GluN1/N2) in HEK293 cells (cell-based assay)? and it is always
detectable with immunohistochemistry of rat brain and with cultures of dissociated rat
hippocampal neurons.! These findings serve to differentiate these antibodies from other
antibodies against linear GluN1 or GluN2 epitopes that have been described in a variety of
disorders and have little or no syndrome specificity.3* Patients with antibodies
demonstrated with all three techniques, brain immunohistochemistry, neuronal cultures, and
CBA with GluN1/2 develop a highly predictable syndrome that we termed anti-NMDAR
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encephalitis.! Subsequent studies with 1500 consecutive patients with suspected
autoimmune encephalitis, 100 of them with NMDAR antibodies,! showed that all samples
(either serum or CSF) that were positive with brain immunohistochemistry and CBA always
showed reactivity with the cell surface of cultured neurons (data not published). This cell
surface reactivity, although useful for basic research studies,® was similar to that of any
synaptic antibody and therefore we excluded it for routine testing. In contrast, brain
immunohistochemistry which produces a highly characteristic pattern of reactivity’-3 and
may reveal additional antibodies, combined with CBA with fixed cells expressing GluN1/2
which confirms the identity of the antigen,! were kept as a set of techniques that since 2007
we have routinely used in serum or CSF, of all patients regardless of sex, age, or syndrome.

Over the years we have studied anecdotal patients who had a clinical picture characteristic
of anti-NMDAR encephalitis but serum testing was negative in other laboratories. When
these patients were examined by us, we confirmed that the serum was negative, but the CSF
(not examined in other laboratories) was positive with both brain immunohistochemistry and
CBA (unpublished observations). These findings suggested that in some patients with anti-
NMDAR encephalitis the antibodies were only detectable in CSF, as demonstrated in
several reports,”~12 and that examining both serum and CSF improved sensitivity.!? Despite
these studies and the limited number of cases comparing paired serum and CSF reported by
other investigators (e.g., 14 cases in one study,!3 20 in another!2), it has been suggested that
serum testing using only CBA is sufficient for the specific identification of NMDAR
antibodies and the diagnosis of anti-NMDAR encephalitis.'# While serum testing with CBA
alone have identified NMDAR antibodies in patients with multiple neuropsychiatric
disorders (schizophrenia, Creutzfeldt-Jakob, Parkinson),15 1617,18 59 healthy individuals,!8
these findings have not been reproduced in studies using more comprehensive testing (CBA
and brain immunohistochemistry) in serum and CSF!-19-20 These discrepancies are not
trivial: serum CBA testing may miss the diagnosis of a disease that is severe but potentially
treatable, such as anti-NMDAR encephalitis.g’10’12’21 On the other hand, serum CBA testing
without confirmation with a second technique and/or demonstration of antibodies in CSF,
may mislead the initial diagnosis of an unrelated disease, such as schizophrenia, Creutzfeldt-
Jakob, or Parkinson disease, suggesting an immune mediated disorder. Therefore,
clarification of appropriate antibody-testing is crucial but there are no studies directly
comparing the sensitivity and specificity of different techniques in paired serum and CSF of
patients with any of these disorders, not even anti-NMDAR encephalitis.

After a patient is diagnosed with anti-NMDAR encephalitis, a constant question in clinical
practice is the utility of following antibody titers during the disease. Some investigators
assume that the degree of correlation between serum titers and the course of the disease is as
good as that of CSF titers and therefore serum titers can be used to make clinical
decisions.!3-22 However, there is no convincing data supporting this concept. Case reports or
small series are often affected by the bias of preferentially publishing cases with good
outcome in which antibodies were only assessed in serum after treatments such as plasma
exchange or intravenous immunoglobulin. These treatments may transiently decrease any
type of serum antibodies but have little effect on CSF titers.23 In addition, there is limited
information on the follow-up of serum titers in patients with poor outcome and of CSF titers
in any clinical scenario.2* Recent studies suggest that after clinical recovery patients may
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still have detectable antibodies in serum and CSF.23-26 Therefore, at this time the degree of
correlation between serum and CSF antibody titers, relapses, and outcome is unclear leaving
physicians without direction on how to interpret antibody titers during the disease and
whether serum and CSF titers provide equal clinical information.

To address these questions, we determined the sensitivity and specificity of NMDAR
antibody testing in paired serum/CSF samples of 250 patients with anti-NMDAR
encephalitis and 100 paired serum/CSF controls. We then focused on 45 patients selected
from groups who had clinical relapses, good outcome, or poor outcome to investigate
whether serum and/or CSF titers at three time points of the disease correlated with outcome.
Finally, using 23 representative cases we determined if the pattern of epitope recognition
could potentially help in the initial diagnosis or predict outcome.

Material and methods

Serum, CSF and clinical information

Patients were randomly selected from a cohort of 600 world-wide cases with anti-NMDAR
encephalitis whose serum and CSF were studied in Dr. Dalmau’s laboratory at the Hospital
of the University of Pennsylvania (until February 2011) or at Hospital Clinic, University of
Barcelona (since February 2011). Anti-NMDAR encephalitis was defined as the new onset
of neuropsychiatric symptoms associated with antibodies in either serum or CSF confirmed
by at least two techniques: brain immunohistochemistry and CBA expressing GluN1/2
subunits of the NMDA-receptor.2’ The highly characteristic syndrome of patients with anti-
NMDAR encephalitis, including 577 of the indicated 600 cases, was recently reported.?!
Clinical information was obtained by the authors or treating physicians at different time
points during the course of the disease, as reported.2! Techniques used for antibody testing,
and CBA with GIuN1 deletion mutants are described in the appendix and have been
reported.!-2

Clinical outcome was scored using the modified Rankin Scale (mRS).28 The mRS was
assessed by the physicians taking care of the patients along with one of the investigators
(MT) using questionnaires and phone calls placed regularly during the disease. The mRS
was assessed before all serological studies used in the current manuscript. Good outcome
was defined as mRS 0-2 at the last follow-up (median 26 months, IQR 16-38 months), and
poor outcome as mRS >2.2! Clinical relapses were defined as the new onset or worsening of
symptoms by >1 point on the modified Rankin scale (mRS).

For determination of the sensitivity of antibody testing in serum and CSF, paired samples
from 250 patients with anti-NMDAR encephalitis obtained at the diagnosis of the disease
were selected by use of an online random integer generator (http://www.random.org/
integers/, a size calculation is provided in the Appendix). Only patients whose serum and
CSF were obtained the same day were included in the random generator to avoid bias
favoring one sample over the other. Serum and CSF of 100 consecutive patients
prospectively studied for a variety of encephalopathies served as controls to determine the
specificity of the tests.
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The follow-up of antibody titers during the course of the disease was carried out with brain
immunohistochemistry using serial dilutions of serum and CSF until the reactivity was no
longer visible. The assessment of the samples and titers was done by two investigators
blinded of information (NG and JD). A change of antibody titer in serum or CSF of any
individual patient was considered substantial when between two time points of the disease
there was a difference of titers of at least two serial dilutions (as an example, first time point
CSF titer 1:320, second time point CSF titer either decreased to at least 1:80 or increased to
at least 1:1280). For these studies serum and/or CSF samples of 45 patients including 10
with clinical relapses, 25 with good-outcome-, and 10 with poor-outcome were examined.
No selection was performed other than availability of serum and/or CSF samples from 3 or
more time points during the course of the disease.

Since amino acid G369 forms part of the main epitope of GluN1, we used 4 reported GluN1
mutants? that modify this protein region to different degrees to determine whether the
epitope repertoire predicts outcome or changes with relapses. For details on the GluN1
mutants see appendix (“cell-based studies with GluN1 deletion mutants”). Serum and/or
CSF samples of 23 patients were included in these studies: 11 with good outcome, 8 with
poor outcome, and 4 with relapses (see in appendix “information on patients’ serum and
CSF samples used for epitope analysis). The cases were selected depending on the
availability of samples to conduct the studies with all GluN1 mutants.

Written consent for studies was obtained from patients, families, or patients’ representatives.
Studies were approved by the institutional review boards of the University of Pennsylvania
and the University of Barcelona.

Statistical analysis

Sensitivity and specificity of serum and CSF, both for brain immunohistochemistry and
CBA with fixed cells were calculated. A systematic difference in direction between the
different tests (serum versus CSF, CBA with fixed cells versus CBA with live cells) was
compared using McNemar’s paired test. Differences in sensitivity between patients with and
without tumor were calculated with the Fisher Exact test. Diagnostic likelihood ratios (LR)
were calculated with the use of sensitivity and specificity; if the specificity was 100%, the
next control patient tested (without NMDAR-encephalitis) was considered to be a false
positive to avoid infinite LRs. The titer change between different time points (provided as a
number of dilutions), positive if the change was in the expected direction (decrease when
clinically improving, increase when clinically deteriorating), was compared between CSF
and serum by the Mann Whitney U test. Longitudinal mixed models for repeated
measurements (MMRM)2? were used to analyze titers from patients with monophasic
disease collected in 3 time points (first, intermediate and last), declaring the subject as
random and the outcome (dichotomous, good outcome defined as mRS 0-2), tumor, and
time point as fixed effects. Because of a skewed distribution, log-transformation was used
for the titers. Negative samples were scored as if the next dilution step would be positive,
i.e. undiluted CSF and serum diluted 1:100. The significance level alpha was set at 0.05 two-
tailed. SAS, the mixed procedure, version 9.2 (SAS Institute Inc., Cary NC, USA) was used
for the MMRM analysis.
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Role of the funding source

Results

The study sponsors had no role in the study design, data collection, data analysis, data
interpretation, or writing of the report. The corresponding author had full access to all the
data in the study and had final responsibility for the decision to submit for publication.

All 250 patients with anti-NMDAR encephalitis had CSF antibodies detectable with both
brain immunohistochemistry and CBA using fixed cells expressing GluN1/N2 (sensitivity
100%, 95% CI 98.5%-100.0%). In contrast, only 214 (86%, 95% CI 80.7%—-89.4%,
p<0.0001) sera were positive with both techniques; 18 (7%) were negative with one of the
techniques (15 [6%] CBA, and 3 [1%] immunohistochemistry, p=0.0095), and the other 18
(7%) were negative with both techniques (Table 1). Serum antibodies were more frequently
detected in patients who had an underlying teratoma than in those who did not have a tumor
(91/97, 94% vs 123/153, 80%, p=0.0029, Table 1). None of the 100 paired serum and CSF
samples from controls showed NMDAR antibodies with either of the techniques (specificity
100%). The diagnostic LR for CSF and serum were 101 and 86, respectively.

To determine whether live CBA expressing GluN1/2 would improve the serum findings, all
patients whose serum was negative with fixed CBA and/or brain immunohistochemistry and
74 whose serum was positive with both techniques (information in appendix, “antibody
testing””) were tested with live CBA. These experiments showed that live CBA was less
specifically reactive than fixed CBA (63/108 positive vs 77/108, p = 0.0056; Table S1) and
therefore, did not improve the results. Examples of the difficulties examining serum
antibodies with CBA are shown in Figure S1.

Forty-five patients with anti-NMDAR encephalitis were included in titration studies to
evaluate the evolution of serum and CSF titers during the course of the disease (see Tables
S2 and S3 for detailed clinical information and time points when samples were obtained).
Because previous experience and the above findings indicated that brain
immunohistochemistry is more sensitive than CBA, the follow-up of titers after initial
demonstration of antibodies with both techniques was performed with
immunohistochemistry (Figure 1). Thirty-five of these 45 patients had a monophasic illness
(25 good outcome, 10 poor outcome) and 10 had clinical relapses (Tables S2 and S3).
Overall, paired serum/CSF samples were available from the three time points in 32/45
patients (15 good outcome, 10 poor outcome, and 7 relapses). From another 8 patients only
CSF was available for each time point (6 good outcome, 2 relapses), and from 5 additional
patients only serum was available for each time point (4 good outcome, 1 relapses). For all
45 patients the first samples were obtained at the time of diagnosis (median 0.9 month from
symptom onset, interquartile range [IQR] 0.3-2 months; 80% had not started treatment). For
the 35 monophasic cases (25 good outcome, 10 poor outcome) the second samples were
obtained after a median follow-up of 3.6 months (IQR 2.6-6.4 months), and the third
samples at the last follow-up (median 12.5 months, IQR 8.8-20.1 months). For 8 of 10
patients with relapses serum or CSF samples were obtained between relapses while patients
were clinically improved or asymptomatic.

Lancet Neurol. Author manuscript; available in PMC 2015 February 01.
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Analysis of the follow-up of serum and CSF titers in patients with monophasic illness (good
outcome or poor outcome) as a group is shown in Figure 2. In multivariable analysis, both
CSF and serum titers were significantly higher in patients with poor-outcome than in those
with good-outcome (CSF titer dilution 340 versus 129, difference 211, [95%-CI 1.1-421],
p=0.049; serum 7370 versus 1243, difference 6127 [2369-9885], p=0.0025, Table 2), and in
patients with a tumor (all teratomas) than in those without (CSF 395 versus 110, difference
285 [134-437], p=0.0079; serum 5515 versus 1644, difference 3870 [548-7193], p=0.024).
Regardless of outcome, CSF and serum antibody titers decreased with prolonged follow-up
(median follow-up 12.7 months; in CSF titers decreased from 614 at diagnosis to 76 at last
follow-up, difference 538 [288—788]; and in serum from 5460 to 1564, difference 3896
[2428-5362], p<0.0001 p<0.0001 for both).

Analysis of the follow-up of serum and CSF titers not at a group level, but in individual
patients with monophasic disease, showed a substantial decrease of titers between the first
and second time points in the CSF of 12/21 (57%) cases with good outcome (Figure 2A)
while this only occurred in 3/10 (30%) cases with poor outcome (Figure 2C). Limitations in
power prevented a statistical difference (p=0.25). Similar assessments with serum titers
between first and second time points (Figure 2B and D), or with serum and CSF titers
between second and third time points (later stage of the disease) did not suggest any
correlation.

The median decrease of titers between the different time points was greater and occurred
earlier (between the first and second time points) in the CSF of patients with good outcome
than in the CSF of patients with poor outcome (decrease by 2 serial dilutions per time
interval versus 1 serial dilution), or than in the serum of patients with good or bad outcome
(decrease by 1 serial dilution per time interval) (Figure 2E-F). At the last follow-up, most
patients with good outcome (20/21 CSF samples and 14/19 serum samples) and patients
with relapses and good outcome (4/7 CSF samples and 3/4 serum samples) still had
detectable antibodies. In patients with clinical relapses, 14/19 episodes of clinical
improvement or deterioration (Figure 3A) associated with a substantial decrease or increase
of CSF antibody titer, respectively (median 2 dilutions). In contrast, less than half of the
episodes (7/16) had a similar correlation when serum titers were considered (median 1
dilution, 14/19 versus 7/16, p=0.037, Fisher Exact test; Figure 3B).

The experiments of epitope region analysis were conducted on samples of 23 patients,
demonstrating that changes in amino acid G369I (glycine for isoleucine) abrogated the
reactivity of 27 of 36 serum or CSF samples regardless of clinical outcome (Table 3, Figure
4), and substantially decreased the reactivity of the remaining 9 samples (Table S4, and
Figure S2). In contrast, mutants of GIuN1 at sites different from G369 had limited and
inconsistent effects on the reactivity of patients’ samples: only 4/36 samples were affected
by the change at the top lobe of GluN1, and only one with the construct ATD-TM4.
Moreover, the pattern of reactivity in the initial episode of encephalitis did not change
during relapses. These findings indicate that the main epitope region targeted by antibodies
from patients with good outcome is similar to that of patients with poor outcome, and that
there is no epitope spreading or change in the main epitope region during relapses.

Lancet Neurol. Author manuscript; available in PMC 2015 February 01.
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Discussion

This study provides several novel findings that are relevant for the diagnosis and
interpretation of antibody titers during the course of anti-NMDAR encephalitis: 1) it shows
that by the time of diagnosis of the disease, NMDAR antibodies are always present in CSF
but 13.2% (95% CI 9.6% — 18.0%) of the patients do not have serum antibodies detectable
with CBA; 2) identifies an association between high antibody titers and poor outcome and/or
the presence of a teratoma; 3) demonstrates that the change of titers in CSF correlates better
with clinical relapses than that of serum; 4) suggests that an early decrease of CSF antibody
titers during the first months of the disease associates with good outcome, and 5) shows that
all patients’ antibodies target a main epitope region at GIuN1 (aa 369) regardless of
outcome.

The diagnosis of anti-NMDAR encephalitis would have been missed in 13% of the patients
if only serum and CBA with fixed cells had been used. These results did not improve with
CBA with live cells. In fact, the latter was found significantly worse than the CBA with
fixed cells. Overall, 7% of patients did not have detectable serum antibodies with any of the
techniques used, either brain immunohistochemistry or CBA with fixed or live cells. In
contrast, all patients had NMDAR antibodies in CSF that were detectable with all
techniques.

Recent studies using serum-testing on CBA with live cells expressing GluN1/2 or GluN1
subunits of the NMDAR receptor have shown IgG antibodies in some patients with
Creutzfeldt-Jakob disease (CJD),!0 schizophrenia, > or degenerative diseases.!” Five healthy
controls (0.4%) tested positive for [gG GluN1/2 antibodies?, and another study indicates a
3% false-positivity rate of serum testing using serum and a fixed CBA.3! These findings,
however, have not been reproduced in other series using serum testing with CBA with fixed
cells,32 or serum or CSF testing with combined techniques (brain immunohistochemistry
and CBA with fixed cells), suggesting that this set of techniques has higher specificity for
anti-NMDAR encephalitis.!-20 For example, none of 459 patients with acute schizophrenia,
major depression, or borderline personality disorder had GluN1-specific antibodies except
two patients who were reclassified as having misdiagnosed anti-NMDAR encephalitis based
on the characteristic syndrome with multiple neurological and psychiatric symptoms and
presence of serum antibodies against the GIuN1 subunit of the NMDAR (CSF was not
examined).32 Another study showed that 23 of 571 (4%) patients with anti-NMDAR
encephalitis developed episodes of pure psychosis,3? but none of the 571 patients has
developed schizophrenia or CJD to date. Moreover, comprehensive CSF testing of 49
patients with pathologically confirmed CJD did not reveal NMDAR antibodies.2® Overall,
these studies show variable syndrome specificity among laboratories when antibodies are
tested using only serum and CBA. In contrast, a remarkable syndrome specificity
comparable among laboratories (100% of patients with symptoms of anti-NMDAR
encephalitis) occurs when NMDAR antibodies are tested with CSF using CBA and brain
immunohistochemistry (regardless of serum results).31-34

Patients with poor outcome or with a systemic teratoma had significantly higher titers of
serum and CSF NMDAR antibodies than those with good outcome or without teratoma,
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confirming in part the findings of previous studies.!!3 In addition, patients with teratoma
were more likely to have antibodies detectable in serum than those without tumor,
suggesting that the tumor contributes in triggering the immune response. However, a
systemic trigger is not always the cause of anti-NMDAR encephalitis. Recent studies show
that in some patients the novel synthesis of NMDAR antibodies is triggered by herpes
simplex encephalitis.3>-36-37-38

In the current study, the importance of CSF antibody titers is demonstrated in patients with
clinical relapses in whom the fluctuation of CSF titers correlated better with symptom
recurrence and improvement than that of serum titers; despite this, we did not find a
substantial change of CSF titers (> 2 serial dilutions) in 5 of 19 (26%) episodes of relapses
(in these patients a potential correlation could have been obtained comparing CSF titers at
shorter intervals). In patients with monophasic illness, a similar trend in the change of
antibody titers was suggested between the first and second time points of the disease,
although the limited number of cases did not provide statistical power. Moreover, when
compared with patients with poor outcome, those with good outcome usually had a more
rapid and robust decrease of CSF antibody titers. Of note, the actual difference in the
decrease of CSF titers between groups of good and poor outcome is probably larger than that
shown in Figure 2E for two reasons; first, the titers of patients with tumors (over-represented
in the poor outcome group) tended to decrease faster than those of patients without tumors
(shown in Table 2, p=0.058), and second, due to the lack of improvement, patients with poor
outcome had received more intensive immunotherapy by the second time point of the
disease (further discussed below).

A surprising finding was that by the last follow-up most patients had a decrease of serum
and CSF titers regardless of outcome. One possibility could be a slow spontaneous fading of
the immune response, providing an explanation for some cases of spontaneous clinical
improvement and disappearance of antibodies many months after symptom onset.>® Another
plausible explanation could be the more intense immunotherapy that patients with poor
outcome received eventually leading to a decrease of titers regardless of the clinical deficits
(burnt out stage).

In a third set of experiments we found that the epitope repertoire was similar in patients with
good outcome and poor outcome, and did not change during relapses. Given that all
patients’ antibody reactivity is highly dependent on the integrity of the G369 epitope region,
the mutant that abrogates (or greatly diminishes) the antibody reactivity can be potentially
used to confirm the presence of disease-relevant antibodies (e.g., antibodies that define anti-
NMDAR encephalitis).

This study has limitations that are unavoidable without prospective assessment of serum and
CSF antibody titers. Although for most patients we had paired samples obtained at different
time points of the disease, in a few cases only serum or CSF was available for all time
points. Moreover, while the second time point was in most cases ~3—4 months after
symptom presentation, the last time point (last follow-up) was widely variable among
patients. We specifically chose the second time point at ~3—4 months from onset because
experience suggests that this is the time when decisions on continuation or change of
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treatment are frequently made.2! Finally, the restrictions that we put in the study design
(e.g., inclusion of cases with paired serum and CSF samples, and/or availability of samples
from at least 3 time points of the disease) resulted in a small number of subjects, diminishing
statistical power in some assessments. Nevertheless, the better correlation of CSF over
serum antibody titers with symptoms was demonstrated during relapses and was suggested
at early stages of patients with monophasic disease.

Findings from this study have important practical implications: First, CSF antibody
determination should be included in the initial diagnostic testing; examining only serum is
not sufficient. Second, atypical clinical settings such as the occurrence of a characteristic
syndrome with negative serum antibodies, or a mismatch between serum and CSF antibodies
(e.g., positive serum and negative CSF) should be viewed with suspicion of being false
results and should lead to comprehensive testing (serum and CSF with two different
techniques). Third, patients with high antibody titers and limited or no decrease of CSF
antibodies during the first 4 months of the disease are less likely to have good outcome than
those with low titers and/or clear decrease of CSF titers, although the prognostic value needs
prospective confirmation. Fourth, after recovery, most patients still have antibodies in serum
and CSF; therefore, determination of baseline serum and CSF titers after recovery is
potentially useful for characterization of new onset symptoms as possible relapses. Fifth,
clinical relapses correlate better with the increase of CSF titers than that of serum titers.
Finally, in practice, if regular follow-up of CSF titers cannot be obtained, clinical decisions
should be based more on clinical assessment than on serum titers alone or on sporadic
symptom-driven determination of titers in serum or CSF. This is supported by the outcome
in a series of 577 patients where treatment decisions were primarily based on clinical status
and 81% of the patients had substantial recovery at 2-year follow-up.2!

Future studies should determine whether the levels of antibodies that persist after clinical
recovery predict relapses and need of chronic immunotherapy. These studies should include
an early and prospective assessment of CSF antibody titers as a possible prognostic
biomarker.

Research in context

Systematic review

We searched in Medline and Embase databases up until June 01, 2013 for articles published
in any language with the search terms “Anti-N-Methyl-D-Aspartate Receptor Encephalitis”
[MeSH Terms], “Receptors, N-Methyl-D-Aspartate” [MeSH Terms], and “Encephalitis”
[MeSH Terms]. We restricted searches to human studies.

Interpretation

Asystematic assessment of paired serum and CSF for NMDAR antibodies using more than
one technique or confirmatory test at the time of diagnosis of anti-NMDAR encephalitis has
not been previously conducted. There are only two series from other investigators (including
14 and 20 patients) in which paired serum and CSF studies were investigated. Both series
used CBA (other confirmatory tests not described) leading to conflicting recommendations;
while the investigators of one series suggested that serum and CSF analysis increased
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sensitivity for antibody testing, the investigators of the other (based on 14 patients)
suggested that serum with CBA alone was sufficient. The current study provides the
sensitivity and specificity of several techniques used for antibody determination in serum
and CSF and demonstrates that CSF analysis should be included in the determination of IgG
antibodies to GluN1 subunit of the NMDAR. The data shows that patients with high titers of
antibodies in serum and CSF are more likely to have an underlying tumor or have worse
outcome compared with those with low titers. A suggested correlation between serum
antibody titers and outcome is not demonstrated in this study. CSF titers correlated better
than serum titers with clinical relapses. Moreover, the data suggest that patients with good
outcome have a faster and greater decrease of CSF antibodies than patients with poor
outcome. On the other hand, a main epitope region at aa369 of GluN1 is identified by all
patients’ antibodies, a property that can potentially be used as a distinctive marker of this
disorder. Overall, these findings have important implications for the diagnosis and
management of patients with anti-NMDAR encephalitis by emphasizing the importance of
including CSF in antibody studies, and indicating that antibody titers should be viewed as

complementary information to the clinical assessment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Determination of antibody titers using rat brain immunohistochemistry
Brain reactivity of serial dilutions of serum and CSF of a patient with good outcome (A) and a patient with poor outcome (C).

Samples were obtained at the time of diagnosis (first sample) and at the last follow-up (last sample); the intermediate samples
are not shown. During the interval between first and last samples, the modified Ranking Scale (mRS) of the patient with good
outcome improved from 5 to 1, and the CSF titers decreased substantially; however, the serum titers were only mildly changed,
showing a poor correlation between serum titers and clinical improvement. During a similar interval, the mRS of the patient
with poor outcome did not improve, and the CSF and serum titers remained unchanged. Scale bars: 500um.

Panels B and D show a graphic representation of the change of titers in CSF (blue line) and serum (red), and the change of mRS
(green) during the three time points studied. CSF titer and serum titer (x 100) are represented in the left Y axis and mRS is
represented in the right Y axis.
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Figure 2. Change of antibody titers in patients with good and poor outcome
A difference of magnitude of at least two dilutions up is colored in red, while a decrease of at least two dilutions down is colored

in blue; minor changes are colored in grey. Each patient has a unique symbol which facilitates the comparison of patient’s serum
and CSF. Patients with a tumor are depicted by circles or hexagons. Clinical details are provided in Table S2. The median
decrease of antibody titers in CSF and serum between the indicated time points (originating from the initial median titer at time
point 1) are shown in panels E and F; in these two panels patients with poor outcome are represented with dark colored lines,
and patients with good outcome with light colored lines. Note that the median titer decrease was greater and occurred faster in
CSF of patients with good outcome than in CSF of patients with poor outcome, or in serum of patients regardless of outcome.
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Figure 3. Change of antibody titers in patients with clinical relapses
A difference of magnitude of at least two dilutions in the expected direction (decrease at remission, and increase at relapse) is

colored in blue, smaller change of titers are shown in grey. Each patient has a unique symbol which facilitates the comparison of

patient’s serum and CSF. Patients with an underlying tumor are depicted by circles. Clinical details are provided in Table S3.
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Figure 4. Typical pattern of reactivity of patients’ antibodies with GluN1 deletion constructs
Schematic representation of GluN1 and GluN1 mutants (A). For all studies in this manuscript the wild type (WT) form of

GluN1was used; the other GluN1 constructs were used to determine changes in the pattern of epitope recognition. The typical
pattern of reactivity of a patient’s CSF is shown in row B, which demonstrates recognition of all constructs except G3691. The
reactivity of the indicated GluN1 rabbit polyclonal antibody with the same mutants is shown in row C, and the merged
reactivities in row D. Mutation G369I abolished the reactivity of 27/36 samples (Table 3) and substantially decreased the
reactivity of the other 9 (Table S4 and Figure S2). Scale bar: 10um.
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