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ABSTRACT
Objective: We aimed to investigate whether serum anti-N-Methyl-D-Aspartate-receptor
GluN1 antibodies (NMDAR 1-abs) are associated with worse cognitive function over three

years after first ischemic stroke.

Methods: Data were used from the PROSpective Cohort with Incident Stroke-Berlin
(PROSCIS-B;NCT01363856). NMDAR 1-abs (IgM/IgA/IgG) were measured with cell-based
assays from serum obtained within seven days after first-ever stroke. Seropositivity was
defined as titers >1:10, low titers as <1:100 and high titers as >1:100. We assessed cognitive
status annually up to three years after stroke with the Telephone Interview for Cognitive
Status — modified (TICS—m) and used crude and adjusted linear mixed models to estimate the

impact of NMDAR1-abs exposure on TICS-m over time.

Results: Data on NMDARI1-abs (median day of sampling=4[IQR=2-5]) were available in
583 of 621 PROSCIS-B patients (39% female; median NIHSS=2[IQR=1-4]; median
MMSE=28[IQR:26-30]; median mRS=2[IQR=1-3]) of whom 76(13%) were seropositive
(IgM:n=48/IgA:n=43/IgG:n=2). TICS-m over time was not different in NMDAR1-abs
seropositive compared to seronegative patients (Bcrude=0.38[95%CI=-1.00 to 1.76]; adjusted
BMode3=0.30[95%CI=-1.14 to 1.73]). In subgroups, TICS-m over time was not different in
patients with low titers (Bcrude=1.53[95%CI=-0.06 to 3.11]; adjusted
BModes=1.42[95%CI=-0.23 to 3.08]), however, in patients with high titers TICS-m was lower
in the crude model (f=-2.54[95%CI=-4.99 to -0.08]), with a similar effect size after
confounder adjustment (Bmodes=-2.30[95%CI=-4.82 to 0.21]). All groups were compared to

seronegative patients, respectively.
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Conclusion: Overall NMDAR 1-abs seropositivity was not associated with cognitive function
over time after first-ever mild-to-moderate ischemic stroke. Our data suggest that high titers

associate with impaired cognitive function after stroke, warranting larger studies.

Introduction and Background
Cognitive impairment is frequent after stroke and up to one third of all stroke patients develop
incident post stroke dementia.(1,2) Serum anti-NMDA (N-Methyl-D-Aspartate)-receptor
antibodies (NMDAR 1-abs), primarily of the IgA and IgM isotypes have been observed in
about 10% of the apparently healthy population, however, other studies also showed
associations between seropositivity and cognitive impairment.(3—5) We previously observed
that NMDAR1-abs seropositivity with high titers (>1:100) was associated with unfavorable
functional outcome at one year after stroke and overall seropositivity was associated with
increased vascular recurrent risk or death within three years after ischemic stroke,(6)
contrasting previous findings that indicated beneficial effects of serum NMDAR1-abs on
infarct volumes in ischemic stroke.(7,8) The functionality of IgA and IgM antibodies has been
studied previously and remains controversial, especially the clinical implication of these
isotypes.(9,10) Physiological NMDAR function is crucial for mechanisms of synaptic
plasticity and normal neuronal function.(11) We consider that serum NMDAR 1-abs may enter
brain parenchyma following blood brain barrier disruption as a consequence of stroke where
they may lead to a downregulation of NMDA-receptors and hamper functional recovery of
the damaged tissue.(10) Therefore, this study was motivated by the hypothesis that
NMDARI-abs have detrimental effects on cognitive outcome after stroke. We herewith aimed
to quantify the impact of NMDAR1-abs on cognitive functioning up to three years in a large

cohort of first-ever ischemic stroke patients.
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Material and Methods
The PROSpective Cohort with Incident Stroke - Berlin (PROSCIS-B) study:
The PROSCIS - B study (ClinicalTrials.gov identifier: NCT01363856) is a prospective
observational hospital-based cohort study, which recruited patients at three tertiary university
hospital stroke units of the Charité—Universitdtsmedizin Berlin with first-ever stroke
according to WHO criteria, to study stroke secondary risks.(12) Patients presenting with brain
tumor, brain metastasis of a tumor of other origin, or patients participating in an intervention
study, were excluded. Details on the study design have been described previously.(13,14) For
a detailed baseline characterization, an extensive clinical and technical examination was
performed within seven days after the acute event including blood sampling for laboratory
measures. Patients were followed-up annually by telephone interviews or postal mail contact
assessing i.a. cognitive function and functional outcome up to three years after the index
event. For this investigation, only patients with mild-to-moderate ischemic stroke events
(National Institutes of Health Stroke Scale [NIHSS] < 16) were included, as we counted very

few cases with severe strokes (NIHSS > 15, n=6).

Assessment of anti-NMDA-R antibodies:

Serum blood samples were obtained from patients within 7 days after stroke and stored

at -80°C until they were first-ever thawed for antibody measurements. NMDAR1-abs were
measured with cell-based assays by the Euroimmun laboratory in Luebeck, Germany. In
summary, HEK293 cells were transfected with GluN1 subunits of NMDA-receptors to bind
antibodies of the IgM, IgA and IgG isotype from patient serum. Fluorescein isothiocyanate
anti-human IgG was secondary administered to manually obtain staining with fluorescence
microscopy. The assessors had no insight to patient data. Details on the procedure have been

described elsewhere.(15,16) Titer levels started from a dilution of 1:10, which defined
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seropositivity in our study. For sub-groups, we defined titers of 1:10 to 1:100 as low titers and

titers > 1:100 as high titers a priori, in line with previous analyses.(6)

Outcome definitions:

Cognitive function at baseline was measured with the Mini Mental State Examination
(MMSE) and cognitive impairment at baseline was defined as MMSE <26.(17) For our main
outcome of interest we used the validated German version of the Telephone Interview for
Cognitive Status-modified (TICS-m) to annually assess cognitive status after stroke.(18)
TICS-m is a screening instrument for cognitive impairment consisting of 20 questions, the
points of which add up to a maximum of 50 points total. We provide all requested items for
this instrument in the online supplement (Supplemental Methods I). The first TICS-m

assessment was at one year and the last one about three years after stroke.

Statistical methods:

For our main analyses, we set up linear mixed models (LMM) to estimate the impact of
NMDAR 11-abs seropositivity on TICS-m over time in comparison to seronegative patients,
who acted as the reference group for all analyses in this study. Time in years on a continuous
scale and NMDAR 1-abs exposure were used as fixed effects in the model equation, whereas
individual identification (patient ID) was modelled as random effect. This random intercept
mixed model allowed individuals within an exposure group to start from different basic
cognitive levels without violating the overall group effect for seropositivity and respective
subgroups in comparison to seronegativity on TICS-m scores over time. The estimated effect
sizes (P) for our exposure groups indicate the additional increase or decrease of TICS-m
points regarded over the three years. The full equation can be extracted from Supplemental
Methods II (online only). We calculated 95% confidence intervals in addition to our effect

estimate as a measure of precision from our sample.
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Potential confounders were selected a priori according to their presumable impact on both,
NMDARI-abs serostatus and post-stroke cognitive functioning. We adjusted our first model
(Modell) for age, sex and years of school education in 2 categories (< 10 years of school;>10
years of school), the second Model (Model2) was adjusted for a propensity score, which was
built using the variables age, sex, years of school education, current smoking (yes/no), and a
disease history assessment requesting history of 1) arterial hypertension (yes/no), 2)
peripheral artery disease (yes/no), 3) atrial fibrillation (yes/no), 4) diabetes mellitus (yes/no),
and 5) myocardial infarction (yes/no). For the binary exposure status (seropositive vs.
seronegative) we built the propensity score with a logistic regression model and for the
exposure in ordered subgroups, i.e. seronegative patients, patients with low titers and patients
with high titers, we used an ordered logistic regression model.(19) In a third model (Model3)
we adjusted for stroke severity (NIHSS in 2 categories: 5-15 vs. 0-4) and stroke etiology
classified by the Trial of Org 10172 in Acute Stroke Treatment (TOAST)-criteria (1.large-
artery atherosclerosis, vs. 2.cardioembolism /3.small vessel occlusion /4.other cause /
5.unknown etiology) in addition to the propensity score. This approach was to evaluate the
robustness of our effect estimate after incorporating these attributes. The methodological
approach of our sensitivity analyses in which we 1) explored the pattern of missing TICS-m
outcome values, 2) applied multiple imputation by chained equations (MICE) on missing
values and 3) estimated effects after excluding TICS-m outcomes of depressed patients are

provided in Supplemental Methods III and Supplemental Methods IV.

Data preparation was done in IBM SPSS Statistics for Windows, version 24 (IBM Corp.,
Armonk, N.Y., USA). Data visualization was conducted in R 1386 3.5.1, the R foundation,
with the RStudio interface using the ggplot2 package. All statistical analyses were performed

using Stata version 14.2 (Stata Corp., College Station, TX, USA).
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Ethics approval:

All patients or their legal guardian gave written informed consent for study participation.
PROSCIS-B was approved by the local ethics committee of the Charité — Universitdtsmedizin
Berlin and the study was conducted in concordance to ethical principles framed by the

declaration of Helsinki.

Data availability:
The data that support the findings of this study are available from the qualified principal

investigator of PROSCIS-B (T.G. Liman, thomas.liman@charite.de) upon reasonable request.

Results
Main results:
PROSCIS-B recruited patients between March 2010 and February 2013 at three campuses of
the Charité — Universitdtsmedizin Berlin, of whom 621 presented with mild-to-moderate
ischemic stroke and were thus eligible for analyses. Of those, serum samples were available in
583 patients and the median day of blood sampling from index stroke was 4 (IQR=3 to 5) in
overall seropositive patients, 4 (IQR=3 to 6) in patients with low titers and 4 (IQR=3 to 5) in
patients with high titers.(6) Details on patient inclusion and exclusion are presented in the
flowchart in Figure 1, which further provides an overview of missing TICS-m observations at
each year. At least one TICS-m score was available in 452 (451 of those 583 with antibody
measurement) patients and 169 patients were missing all TICS-m follow-up assessments.
Fifty-five patients died during the three-year follow up period and were therefore missing

single or multiple TICS-m assessments.

PROSCIS-B patients had a mean age of 67 (Standard deviation [SD]=13), 39% were female,

median baseline NIHSS was 2 (IQR=1 to 4) and baseline mRS was 2 (IQR=1 to 3). We
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measured NMDAR -abs seropositivity in 76 patients (13%) in whom IgM NMDAR 1-abs
were present in serum of 49 patients (8%), followed by IgA (43 patients (7%)), and IgG
isotype antibodies were detected in 2 patients (0.3%), only. Seventeen patients (3%) were
presenting IgM and IgA antibodies, simultaneously. We did not observe major differences in
baseline characteristics between NMDAR1-abs seropositive and seronegative patients and
likewise not between subgroups as shown in Table 1. Cognitive function at baseline was
assessed with the MMSE and was 28 points (IQR=26 to 30) on a median in the total cohort
and in seronegative patients. In overall seropositive patients the median MMSE was 29 points
(IQR=27 to 30) in seropositive patients with low titers the median MMSE was 29 points
(IQR=27.5 to 30) and for those patients with high titers it was 27 points (IQR=24 to 29).
Twenty-eight percent of PROSCIS-B patients with MMSE assessment (n=605) were
cognitive impaired with test results of equal or less than 26 points. Among seronegative
patients with MMSE and NMDAR 1-abs measurement (n=497) this proportion was 29% and
among seropositive patients with both assessments (n=72) 22% were cognitively impaired.
Out of 52 patients with low titers and both assessments 15% of the patients were cognitively

impaired at baseline and in patients with high titers this proportion was 40% (n=20).


https://doi.org/10.1101/2020.04.15.20066324

Table 1. Baseline Characteristics Table of PROSCIS — B Participants

PROSCIS - B stratified by anti-NMDAR GluN1 antibody serostatus

total seronegative seropositive titer < 1:100 titer > 1:100
PROSCIS-B participants * n (%) 621 (100) 507 (82) 76 (13) 55(9) 21 (4)
anti-NMDAR GIuNT1 IgM antibodies 7 (%) 49 (8) — 49 (8) 34 (6) 15(3)
anti-NMDAR GIuNT1 IgA antibodies 7n (%) 43 (7) — 43 (7) 31 (%) 12 (2)
anti-NMDAR GluN1 IgG antibodies n (%) 2 (>0) — 2 (>0) 2 (>0) 0
age (years) mean (SD) 67 (13) 67(13) 66 (14) 65 (14) 71 (10)
age (years) median (IQR) 69 (58 -76) 69 (59-76) 67 (56 —177) 63 (51-177) 69 (66 —78)
female sex n (%) 242 (39) 204 (40) 22 (29) 17 (40) 524
systolic blood pressure (mmHg) mean (SD) 139 (22) 139 (22) 139 (24) 139 (22) 140 (28)
diastolic blood pressure (mmHg) mean (SD) 77 (14) 77 (15) 78 (13) 80 (12) 73 (14)
history of hypertension n (%) 406 (65) 336 (66) 46 (61) 30 (55) 16 (76)
BMI (kg/m?) median (IQR) 27 (24 -30) 27 (24 -29) 28 (24 -31) 27 (24 -30) 30 (26 -34)
habitual alcohol consumption n (%) 217 (35) 179 (36) 23 (31) 15 (27) 8 (38)
current smoker n (%) 171 (28) 139 (28) 22 (30) 17 (31) 524
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total cholesterine (mg/dl) mean (SD) i 198 (48) 199 (48) 198 (50) 204 (51) 180 (42)
HDL (mg/dl) mean (SD) § 51 (16) 52 (16) 49 (17) 50 (18) 47 (13)
LDL (mg/dl) mean (SD) § 122 (41) 122 (41) 124 (43) 128 (43) 112 (40)
triglyceride (mg/dl) mean (SD) | | 139 (80) 136 (80) 152 (80) 152 (80) 152 (81)
history of diabetes mellitus » (%) 137 (22) 107 (21) 21 (28) 13 (24) 8 (38)
PAVK n (%) 42 (7) 34 (7) 6 (8) 3(6) 3(14)
KHK n (%) 99 (16) 80 (16) 16 (21) 10 (18) 6 (29)
history of atrial fibrillation » (%) 132 (21) 106 (21) 18 (24) 11 (20) 7 (33)
estimated GFR (ml/min) mean (SD) 77 (21) 77 (21) 79 (22) 83 (21) 70 (22)
NIHSS median (IQR) 2(1-4) 2(1-4) 3(1-5) 2(1-5) 3(2-5)
NIHSS: 0-4n (%) 470 (76) 386 (76) 54 (71) 40 (73) 14 (67)
NIHSS: 5-157n (%) 151 (24) 121 (24) 22 (29) 15 (27) 7 (33)
TOAST arterial atherosclerosis »n (%) 167 (27) 128 (25) 25 (33) 17 (31) 8 (38)
TOAST cardioembolic n (%) 145 (23) 121 (24) 18 (24) 12 (22) 6 (29)
TOAST small vessel disease n (%) 96 (15) 87 (17) 6 (8) 4(7) 2 (10)
TOAST other n (%) 22 (4) 15 (3) 2(3) 2(4) 0

10
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TOAST undetermined etiology n (%) 191 (31) 156 (31) 25 (33) 20 (36) 5(24)
mRS median (IQR) 2(1-3) 2(1-3) 2(1-3) 2(1-3) 2(1-3)
<10 years of school education » (%) 421 (68) 345 (72) 51 (68) 34 (63) 17 (81)

> 10 years of school education n (%) 171 (28) 136 (28) 24 (32) 20 (37) 4 (19)
MMSE median (IQR)? 28 (26 —-30) 28 (26 - 30) 29 (27 -30) 29 (27.5-30) 27 (24 -29)

SD, Standard deviation; IQR, inter quartile range between the 25% and 75™ percentile; MI, myocardial infarction; PAD, peripheral artery disease;

CHD, coronary heart disease; BMI, Body Mass Index; GFR, glomerular filtration rate calculated using the Chronic Kidney Disease Epidemiology

Collaboration (CKD-EPI) formula; HDL, high density lipoprotein; LDL, low density lipoprotein; NIHSS, National Institutes of Health Stroke Scale;

TOAST, stroke etiology according to Trial of Org 10172 in Acute Stoke Treatment; mRS, modified Rankin Scale; MMSE, Mini Mental State

Examination *38 participants were missing antibody measurements; Missing values were < 10% in all characteristics except for I ‘total cholesterol’

missing: n =57, §‘HDL’ and ‘LDL’ missing: n = 38, | |'Triglycerides’ missing: n = 49; Due to rounding values might not add to 100%.
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TICS-m scores for all observations over time after stroke are visualized in Figure 2 and
Figure 3, stratified by exposure groups. These graphs indicate no crude difference of
cognitive performance over time between seropositive and seronegative patients. Patients
with high titers do differ from seronegative patients and also from patients with low titers of
NMDAR antibodies in cognitive outcome over years after stroke in the crude visualizations.
We did not observe an effect of NMDAR 1-abs seropositivity compared to seronegativity on
TICS-m over time in the crude model (crude =0.38 [95%CI: -1.00 to 1.76]) and in adjusted
analyses (Model3 =0.30 [95%CI: -1.14 to 1.73]). Time was associated with a positive effect
on TICS-m scores of 0.71 points (95%CI: 0.45 to 0.96) in all patients. In patients with low
titers of NMDAR 1-abs, TICS-m over time was not different compared to seronegative
patients in the crude (f=1.53 [95%CI: -0.06 to 3.11]) and full adjusted model (Model3 p=1.42
[95%CI: -0.23 to 3.08]). In patients with high NMDAR 1-abs titers TICS-m over time was
lower compared to seronegative patients in the crude model (B=-2.54 [95%CI: -4.99 to -0.08])
with a similar effect size in the full adjusted Model3 (f=-2.30 [95%CI: -4.82 to 0.21]). All
effect estimates for NMDAR1-abs seropositivity exposure on TICS-m over time compared to
NMDAR -abs seronegativity are shown in Table 2. Effect estimates for all potential
confounders including a quantification of the explained and residual variance within these

models are presented in Supplemental Table 1.

12
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Table 2. Anti-NMDA-Receptor Antibody Seropositivity and Cognitive Function Over Time after Stroke

Serostatus Crude* Model 1+ Model 2; Model 35

B 95% CI B 95% CI B 95% CI B 95% CI
seronegative 0 (ref.) 0 (ref)) 0 (ref)) 0 (ref))
seropositive 0.38 -1.00 to 1.76 0.15 -1.08 to 1.38 0.42 -1.05 to 1.88 0.30 -1.14t0 1.73
titers < 1:100 1.53 -0.06 to 3.11 0.88 -0.55 t0 2.32 1.69 0.02 to 3.37 1.42 -0.23 t0 3.08
titers > 1:100 -2.54 -4.99 t0 -0.08 -1.63 -3.82t0 0.55 -2.59 -5.14 t0 -0.04 -2.30 -4.82 t0 0.21

Serostatus, anti-NMDAR antibody seroprevalence. B, effect size (points on the Telephone Interview for Cognitive Status-modified [TICS-m]) in

relation to reference group. 95% CI, 95% confidence interval. ref., reference category. *Crude analyses; tModel 1, adjusted for age and sex and

years of school education. {Model 2, adjusted for propensity score (indicating the propensity for antibody serum presentation according to age, sex,

years of school education, current smoking, habitual alcohol consumption, history of hypertension, history of myocardial infarction, history of

diabetes mellitus, history of peripheral artery disease, history of atrial fibrillation; for sub-analyses a propensity score for titers < 1:100 and titers >

1:320 was build using the same variables, respectively). §Model 3, adjusted for propensity score, National Institutes of Health Stroke Scale

(NIHSS), Trial of Org 10172 in Acute Stoke Treatment (TOAST) categories.

13
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Results from sensitivity analyses:

1) Comparing patients with at least one TICS-m follow-up assessment to patients with no
follow-up TICS-m assessment at all, we observed that 14% of the patients with at least one
TICS-m were seropositive compared to only 7% of patients with no TICS-m follow-up data.
Some of the baseline characteristics indicated lower cardiovascular risk profile of patients
with at least one TICS-m measurement (Current smokers: 36% compared to 26%; median
MMSE: 29 [IQR:26 to 30] compared to 27 [IQR:25 to 29]). Full data are shown in
Supplemental Table II. 2) After applying multiple imputation for 10 complete datasets, the
pooled effect sizes appeared to be slightly attenuated but similar compared with the effect
sizes of our main analysis. Results are presented in Supplemental Table III of the online only
material. 3) Supplemental Table IV shows how many patients we excluded due to depression
in each year given a best-case and worst-case scenario stratified by titer level subgroups.
Effects for high titers of NMDAR 1-abs on TICS-m over time were strongly attenuated after
exclusion of observations from depressed patients in both, the best-case and worst-case
scenario (Model3: BC = -1.79; 95%CI: -4.64 to 1.06 / WC B=-1.12; 95%CI: -3.99 to 1.74).

We provide full data in Supplemental Table V.

Discussion
In our study of mild-to-moderately affected first-ever ischemic stroke patients, NMDAR1-abs
seropositivity in the acute phase, primarily IgM and IgA, was not associated with cognitive
function over three years after stroke. In subgroups, we also observed no differences between
seronegative patients and patients with low titers. However, our data indicate decreased
cognitive function over time after ischemic stroke in patients with high titers of NMDARI-

abs compared to seronegative patients, which is independent from several other risk factors.
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NMDARI-abs serum prevalence has been observed in about ~10% of the healthy population,
and in those with various diseases, including stroke.(9,10,20) Similar to our study results,
mainly IgM and IgA antibodies were observed.(10) The swift blood sampling in our study and
the similar proportion of seropositive patients in healthy individuals suggests that antibodies
were preexistent before the stroke and thus not a consequence of the acute event.(20) This is
further supported by findings from the study of Zerche et al. who measured NMDAR1-abs in
a more standardized time-window swiftly after the stroke (<36h) and measured a similar
serum prevalence, using the same determination technique like we used for our study.(7) The
high serum prevalence of IgM and IgA NMDAR1-abs in healthy elderly individuals questions
a pathological significance of these isotypes on their own. Cumulative evidence from disease
cohorts other than stroke patients link serum presentation particularly with cognitive
outcomes: for example was NMDAR1-abs IgA and IgM seropositivity associated with
cognitive impairment in melanoma patients, and others found serum IgA to be associated with
different types of slowly progressive cognitive impairment.(3—5) In stroke, however,

NMDAR -abs seropositivity was foremost linked with beneficial effects on infarct volumes,
which was explained by presumed effects of NMDAR1-abs on NMDA -receptor mediated
excitotoxicity.(7,8,21) In line with other studies mentioned earlier,(3—5) in our study of first-
ever stroke patients high titers were associated with decreased cognitive function, challenging
previous hypotheses of beneficial effects of these antibodies in stroke pathology.(7,8) This
current observation further coincides with our observation regarding NMDAR1-abs and other
outcomes in the PROSCIS study, i.e. increased vascular risk for overall seropositive patients
and unfavorable functional outcome in patients with high titers, after stroke respectively.(6)
Considering that NMDARs are highly expressed in the central nervous system and that the
blood brain barrier disruption in stroke allows serum NMDAR1-abs to access vulnerable
neuronal tissue, it appears reasonable to assume antigen binding of NMDAR1-abs to their

targeted receptor and that they subsequently exert functional effects. If binding results in
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NMDAR downregulation, as proposed previously,(10,22) this could hamper functional
recovery and lead to impaired tissue reorganization long-term after stroke.(23) This is because
NMDARSs are crucial for mechanisms of synaptic plasticity and normal neuronal
functioning.(11,21) Although different groups reported functional effects of IgA and IgM on
NMDARSs in terms of receptor internalization, the question whether these effects are sufficient
to have clinical implications remains a controversy.(4,9,10) NMDAR 1-abs may also be
markers of an underlying immunology which associates with vascular risk, functional and
neuropsychiatric impairment and may therefore be predictive biomarkers for outcomes after
stroke, irrespective of an underlying causal relationship. Either way our effect sizes combined
with the precision of estimation is not indicative for the quality of an underlying relationship.
For more clarification, our study would have benefitted from a deep immune-characterization
of study subjects. We could not observe any associations of NMDAR1-abs serum presentation
with low titers and cognitive outcome. If we take into account that only high titers associate
with unfavorable functional outcome after stroke, a higher cut-off for seropositivity should be

considered.(6)

We consider the effects observed for high NMDAR1-abs titers as clinically significant,
supported by its effect size, representing half of a SD of overall TICS-m result (SD of TICS-
m at the first year after stroke = 5.4 points).(24) If we further take a look at the crude effect
for stroke severity (NIHSS 5-15 vs. 0-4) on TICS-m, which was -2.12 points (95%CI: -3.19
to -1.05) in the PROSCIS-B study and thus essentially the same effect than the one we
observed for NMDAR 1-abs seropositivity with high titers on TICS-m, the importance may
become clearer. Overall, our Model2 may be the most reliable estimate because we
comprehensively adjusted for potential confounders while incorporating only a single
parameter, i.e. the propensity score, which prevented over-parametrization of the model. In a

sensitivity analysis, we excluded TICS-m observations of depressed patients and effects
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observed for seropositivity with high titers were extremely attenuated. This is explained by
the exclusion of a high proportion of seropositive participants with high titers (see
Supplemental Table IV) and raises the question whether those excluded patients suffered
both, i.e. cognitive impairment and depression, or whether pseudodementia due to depression
was present in these patients and cognitive decline played a minor role. Our cognitive
outcome scores were increasing over time indicated by a precise positive effect size for time
in our models (see Supplemental Table I), which we interpret as a learning effect for TICS-m
due to repeated measures.(25) Otherwise, our models seem to accurately pick up on the
effects, as demonstrated by single estimates for our prechosen explanatory variables: for
example, higher school education (>10 years) caused an increase of 3.57 TICS-m points
compared to lower school education (<= 10 years) (Supplemental Table I), which supports

that despite this learning effect our study remains representative.

Limitations:

Our study results may be biased towards the null due to a learning effect in the TICS-m
instrument. This consideration was previously reported for TICS-m in other studies.(25)
Furthermore, we were not able to conduct a detailed neuropsychological testing, which could
discriminate even minor disabilities in patients with only mild-to-moderate stroke events.

To reduce internal heterogeneity we excluded those six patients with a baseline NIHSS of
>16. However, differences in cognitive function may be more pronounced in severely affected
stroke patients. Furthermore, our study results cannot be generalized to patients with severe
stroke events. Selection bias may be present, as we recorded a total of ~ 40% of the
observations were missing TICS-m assessments. We addressed this short-coming in two
sensitivity analyses, one of which was a multiple imputation procedure for missing values.
However, as we cannot exclude that patients were missing an assessments not at random bias

may still be present or even worsened.(26) Our results need further validation, especially
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because our effect estimate did not appear robust in different sensitivity analyses. Besides
these limitations, this study followed an a priori analysis plan with prespecified confounder
adjustment and we benefit from highly standardized state-of-the-art antibody
measurements.(27) We revisited our study results with several sensitivity analyses, which

elucidated that our study results demand further validation.

To conclude, NMDAR -abs overall seropositivity and NMDAR1-abs was not associated with
cognitive function over time after first-ever ischemic mild-to-moderate stroke. Our data point
towards a relevance of high serum titers (>1:100) of IgA and I[gM NMDAR 1-abs as
biomarkers for unfavorable cognitive outcome after stroke. The causal nature of the
relationship between high titers of NMDAR1-abs and worse cognitive functioning should be

subject of future experimental and clinical investigations.
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Figure 1: Flowchart of PROSCIS-B Inclusion and Exclusion and Overview on

Follow-Up Data on Cognitive function
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Figure 2: Anti-NMDA-Receptor GIuN1 Antibody Seropositive and Seronegative Patients
and Cognitive Function (TICS-m Scores) over Time after First Stroke
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Figure 3: Cognitive Function (TICS—-m Scores) over Time in Patients after First Stroke
— stratified by Anti—-NMDA-Receptor GIuN1 Antibody Serum Titer Subgroups
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