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Summary
Background Understanding how SARS-CoV-2 affects respiratory centres in the brainstem may help to preclude
assisted ventilation for patients in intensive care setting. Viral invasion appears unlikely, although autoimmunity
has been implicated, the responsible antigens remain unknown. We previously predicted the involvement of three
epitopes within distinct brainstem proteins: disabled homolog 1 (DAB1), apoptosis-inducing-factor-1 (AIFM1), and
surfeit-locus-protein-1 (SURF1).

Methods Here, we used microarrays to screen serum from COVID-19 patients admitted to intensive care and com-
pared those with controls who experienced mild course of the disease.

Findings The results confirm the occurrence of IgG and IgM antibodies against the hypothesised epitopes in
COVID-19 patients. Importantly, while IgM levels were similar in both groups, IgG levels were significantly elevated
in severely ill patients compared to controls, suggesting a pathogenic role of IgG.

Interpretation The newly discovered anti-neuronal antibodies might be promising markers of severe disease and
the targeted peptide epitopes might be used for targeted immunomodulation. Further work is needed to determine
whether these antibodies may play a role in long-COVID.
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Introduction
The severe-acute-respiratory-syndrome-coronavirus-2
(SARS-CoV-2) disease (COVID-19) causes respiratory
failure with reduced response to hypoxemia and dissoci-
ation between lung damage and respiratory function.1�3

These observations and the loss-of-taste and smell sug-
gested early on during the pandemic that brainstem-
allocated respiratory centres might be affected.4
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Research in context

Evidence before this study

The intense research effort into COVID-19 made clear
that SARS-CoV-2 affects the nervous system and that
immune-mediated mechanisms may be involved.
Indeed, anti-neuronal autoantibodies have been found
in cerebrospinal fluid from severely ill COVID-19
patients.

In addition, autoimmune mechanisms are thought
to be involved in the long-lasting disabling cognitive
impairment that might be associated with COVID-19, as
an aspect of the so called Long-COVID.

Importantly, the neuronal proteins involved as auto-
antigens in COVID-19 and their epitopes are still
unknown.

Added value of this study

Here, we show autoantibodies against three neuronal
antigens that are known to play a role in central respira-
tory drive and reflex responses when lung function is
impaired. We previously formulated and published
exact predictions regarding these antigens and the epit-
opes involved, and the present data now confirm these
hypotheses. Crucially, the IgG binding to the epitopes
differentiate severely ill patients from mildly affected
ones, indicating potential clinical relevance of the auto-
immune response. In sum, autoimmune responses to
these neuronal antigens appears to be a contributing
factor in severe COVID-19. In addition, the three neuro-
nal antigens that we identified are required for synaptic
plasticity and higher cognition, and their involvement
might also provide insights into long-hauling neurologi-
cal consequences of the infection.

Implications of all the available evidence

In the present study, we identified both the neuronal
proteins that are targeted by IgG autoantibodies in
COVID-19 and their exact epitopic sequences. The pres-
ent data not only suggest a potential mechanism for
the damage to the brain structures mediating vital and
cognitive functions, but they also provide a potential
therapeutic approach. Further studies are needed to
determine whether the epitopic peptides may be used
as immunomodulators to restore tolerance for the auto-
antigens targeted by COVID-19 autoimmunity.
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Brainstem injury in COVID-19 is now documented with
a variety of clinical manifestations including disorders
of eye-movements, coordination, consciousness, as well
as involuntary movements.5,6 Concomitant imaging
findings range from normal, through isolated lesions,
to extensive tissue loss and have been described as
brainstem encephalitis, rhombencephalitis, or acute
necrotising encephalopathy.5�8

Causally, a direct cytopathic effect of SARS-CoV-2
appears unlikely because viral invasion is infrequent
and does not elicit local reactive inflammation.9,10

Rather, evidence points to autoimmune mechanisms.
First, immunomodulation is usually at least partially
effective.5�8,11,12 Second, cerebrospinal fluid (CSF) from
patients with neurological manifestations contains high
pro-inflammatory cytokine levels.13 Third, CSF-immu-
nohystochemistry shows brainstem-binding antibodies
(Abs).11,12,14 Nevertheless, diagnostic anti-neuronal Ab-
panels are consistently negative.6,7,12,13 In summary,
brainstem damage in COVID-19 is likely associated
with auto-Abs but the antigens are unknown.

We previously identified three brainstem-related
proteins (disabled-homolog-1, DAB1; mitochondrial
apoptosis inducing factor 1, AIFM1; surfeit-locus-pro-
tein-1, SURF1) sharing three potentially immuno-
genic sequences of 6 amino-acids (aa), namely
GSQASS, LNEVAK, and SAAEAS (Table 1; Figure 1,
Panel a) with SARS-CoV-2.15 Therefore, we hypothes-
ised the following: (1) COVID-19 patients with respi-
ratory failure and/or acute neurologic manifestations
have auto-Abs against these three proteins in serum
and CSF. (2) The three shared hexapeptides are the
immune dominant epitopes.15,16 Here, we show
results from 23 critically ill COVID-19-patients (14
serum samples and 23 CSF-samples) all requiring
intensive care and manifesting neurologic deficits
(Table 2), and from 16 serum samples from mildly
affected patients.
Methods

Ethics
Approval was obtained by the Ethics Committee of
Charit�e (Number: EA2/066/20) Charit�e - University
Medicine Berlin and by the Ethics Committee, Uni-
versit�a di Brescia, Italy (Number: NP 4463). Informed
consent was obtained from all patients.
Patients and Samples
Serum and CSF samples were obtained from 24
severely-ill hospitalised patients (14 serum samples, 22
CSF samples) who were admitted between April and
December 2020 to the intensive care unit of the Charit�e
University Hospital Berlin (Campus Benjamin Frank-
lin), manifesting neurological deficits. Samples from
one patient were lost in transit and not analysed. Mild
disease serum samples were obtained from 16 COVID-
19 patients who did not require hospitalisation, did not
show respiratory distress or neurologic signs or symp-
toms, and did not present any respiratory or neurologic
co-morbidities. Mildly affected patients were prospec-
tively included between October 2020 and February
2021 at the University Hospital of Bari. Clinical charac-
teristics of the participating patients can be found in
Table 2. Samples were stored at -80°C until analyses
www.thelancet.com Vol 83 September, 2022



Predicted epitope Human brainstem protein (epitope position)
[UniProt link; Gene]

SARS-CoV2 protein (epitope position)
[UniProt link; Gene]

GSQASS Disabled homolog 1

(560-565)

[https://www.uniprot.org/uniprotkb/O75553; DAB1]

Nucleoprotein

(179-184)

[https://www.uniprot.org/uniprotkb/P0DTC9; N]

LNEVAK Apoptosis-inducing factor 1, mitochondrial (601-606)

[https://www.uniprot.org/uniprotkb/O95831; AIFM1]

Spike glycoprotein*

(1186-1191, S2-domain)

[https://www.uniprot.org/uniprotkb/P0DTC2/entry; S]

SAAEAS Surfeit locus protein 1

(47-52)

[https://www.uniprot.org/uniprotkb/Q15526; SURF1]

Nucleoprotein

(250-255)

[https://www.uniprot.org/uniprotkb/P0DTC9; N]

Table 1: Hexapeptides shared between brainstem proteins and SARS-CoV-2. Alongside the 6-mers, the human and viral proteins in which they
are contained are indicated. The hexapeptides have been previously identified as potential epitopes targeted by cross-reactive Abs following the
immune response against the virus. (15). (UniProt: Universal Protein database. www.uniprot.org, accessed on 01/24/2022). *Including variants of
concern B.1.617.2 (Protein Data Bank ID: 7W92. https://www.rcsb.org/structure/7W92 accessed on 01/24/2022) and B.1.1.529 (Protein Data Bank ID:
7QO7. https://www.rcsb.org/structure/7QO7 accessed on 01/24/2022).
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and were heat-inactivated at 56°C for 30 min immedi-
ately before microarray assay.17
Peptide microarray screening
The amino-acid sequence of DAB1, AIFM1, and SURF1
containing the three immunological determinants
(GSQAASS, LNEVAK, and SAAEAS, respectively) pre-
dicted in Lucchese & Fl€oel, 2020, and the 9 aa flanking
the three 6-mer in both directions were elongated with
GSGSGSG linkers and translated into overlapping pep-
tides of 15 aa length with an overlap of 14 aa (Supple-
mentary Table 2). Additionally the 3 predicted 6-mer
were elongated with neutral GSGSGSG linkers at the
C- and N-terminus and translated into overlapping pep-
tides of 15 aa length with an overlap of 14 aa (Supple-
mentary Table 3). The total number of peptides was 88.
All of them were analysed in duplicates. 8 spots of HA
control (YPYDVPDYAG) and 7 spots of Polio control
(KEVPALTAVETGAT) were included on the array. CSF
was applied undiluted (1:10 and 1:3 for two patients
respectively due to lack of material)

The custom peptide microarray was pre-stained
with the secondary and control Abs to investigate
background interactions with the 88 different pepti-
des that could interfere with the main assays. Sec-
ondary Abs: Goat anti-human IgG (Fc) DyLight680
(0.1 µg/ml) (Catalog Nr. SA5-10138; lot SC2357783)
and goat anti-human IgM (µ chain) DyLight800
(0.2 µg/ml) (Item No. 609-145-007; lot 37641);
45 min staining in incubation buffer at RT.
Control -Ab: Mouse monoclonal anti-HA (12CA5)
DyLight800 (0.5 µg/ml) (PEPperPRINT Nr.
PPC.038.003; Batch 02.10.2020); 45 min staining in
incubation buffer at room temperature (RT).

Subsequent incubation of further custom peptide
microarray copies with human cerebrospinal fluid
(CSF) samples at dilutions of 1:10 (Patient 21 of the CSF
www.thelancet.com Vol 83 September, 2022
Analysis, Figure 2) and 1:3 (Patient 22 of the CSF Analy-
sis, Figure 2) in incubation buffer or neat was followed
by staining with the secondary and control Abs as well
as microarray read-out. The additional HA control pepti-
des framing the peptide microarrays were simulta-
neously stained with the control -Ab as internal quality
control to confirm the assay performance and the pep-
tide microarray integrity.

After 15 min pre-swelling in washing buffer (PBS, pH
7.4 with 0.05% Tween 20; 3 £ 10 s after each assay) and
30 min incubation in blocking buffer (Rockland blocking
buffer MB-070, item Nr. MB-070; 30 min before the first
assay), the custom peptide microarray copy was initially
incubated with the secondary and control Abs for 45 min
at room temperature to analyse background interactions
with the 88 different custom peptides that could interfere
with the main assays (incubation buffer: washing buffer
with 10% blocking buffer).

At scanning (Innopsys InnoScan 710-IR Microar-
ray Scanner; scanning resolution of 20 µm; scanning
gain of 50 at low laser power (680 nm, red) and 40
at high laser power (800 nm, green))gains of 50/40
(red/green), we did not observe any background
interaction of the secondary or control Abs with the
88 different peptides of the microarray (see adjusted
scan). Simultaneous staining with the control -Ab
gave rise to the expected well-defined HA control
spot pattern framing the peptide microarray, validat-
ing the overall peptide microarray integrity and assay
performance.

Quantification of spot intensities and peptide annota-
tion were based on 16-bit grey scale tiff files that exhibit a
higher dynamic range than the 24-bit colorised tiff files
included here. Microarray image analysis was done with
PepSlide� Analyser. A software algorithm breaks down
fluorescence intensities of each spot into raw, foreground
and background signal, and calculates averaged median
foreground intensities and spot-to-spot deviations of spot
3
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Figure 1. Auto-Abs against DAB1, AIFM1, and SURF1 in sera of 14 severely affected COVID-19 patients. a) crystallography and modelled structures showing the predicted and con-
firmed epitopic sites exposed in known conformational states of the three target proteins. The sites are therefore freely accessible to auto-Abs for recognition and binding. AIFM1 is pre-
sented in its dimeric form. The 3D-illustrations were produced with The Protein Imager with crystallography data and structure predictions.58-60 b) Heatmaps showing in the serum IgG
response (top heatmap) of 14 severely ill COVID-19 patients against proteins of SARS-CoV-2 and, as control for cross-reactivity, common cold coronaviruses (OC43, 229E, HKU1, NL63), and
the IgM binding to the human epitopes from the autoantigens DAB1, AIFM1, and SURF1.15 c) immunofluorescence intensity averaged across the 14 patients and plotted against the pre-
dicted epitopes from DAB1, AIFM1, and SURF1. (FI=fluorescence intensity).
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Critically ill patients Mildly affected patients

General characteristics N Mean§DS Range N Mean§DS Range

Age 23 69.8§10.9 48-88 16 51.8§10.1 29-64

Gender

Man

Women

18(78.2%)

5(21.7%)

9(56.25%)

7(43.75%)

Chronicdiseases

- Heart disease

- Hypertension

- Diabetes

- Asthma

- COPD

- Hypothyroidism

- Renalfailure

7 (30.4%)

18(78.3%)

8 (34.8%)

3 (13.6%)

2(8.7%)

2 (8.7%)

4 (17.4%)

0

3(18%)

0

0

0

0

0

Neurological symptoms

- Delirium

- Myoclonus

- Seizures

- Nystagmus

- Dystonia

- Ataxia

- Apraxia

- Aphasia

16(100%)

7(30%)

6(26%)

3(13%)

1(4%)

1(4%)

1(4%)

1(4%)

_

Days onset COVID-19/onset neurological symptoms 23 18.6§12.9 0�43 _

Other COVID19 symptoms

- Fever

- Cough

- Dyspnoea

23(100%)

23(100%)

23(100%)

7(44%)

5(31%)

0

Days onset COVID-19/discharge/negativisation 23 45.0§30.8 13�160 16 17.0§10.1 6�43

Days onset COVID-19/admission to the hospital 23 6.3§3.7

0�16

_

Days onset COVID-19/admission to ICU 23 7.2§3.5

2�16

_

Days on ICU 23 34.1§21.4

5�77

_

PCO2 ICU admission 23 37.9§13.1 28�74.6

PO2 ICU admission 23 87.9§36.4

49.6�212

_

Table 2: Demographical and clinical characteristics of patients and control population.

Articles
duplicates. Based on averaged median foreground intensi-
ties, intensity maps were generated and interactions in the
peptide maps highlighted by an intensity colour code with
red (IgG) or green (IgM) for high and white for low spot
intensities. We tolerated a maximum spot-to-spot deviation
of 40%, otherwise the corresponding intensity value was
zeroed.

We further plotted averaged spot intensities of the
assays to visualise overall spot intensities and signal-
to-noise ratios. The intensity plots were correlated
with peptide and intensity maps as well as with
visual inspection of the microarray scans to identify
IgG and IgM responses of the human CSF samples.
www.thelancet.com Vol 83 September, 2022
Anti-SARS-CoV-2 Abs screening: Corona Array � a
bead-based multiplexed immunoassay
The Corona Array is based on the xMAP� technology
(Luminex�),18 and is an in-house bead-based suspen-
sion array for simultaneous analysis of antibodies in
a sample against different recombinant corona virus
antigens.

Recombinant proteins
Ten recombinant His-tagged proteins were commer-
cially purchased and used in this study, including 6
SARS-CoV-2 proteins, as well as 4 proteins from
endemic human coronaviruses (Table S3).
5



Figure 2. Severely vs. mildly affected COVID-19 patients significantly differ in serum IgG binding against DAB1, AIFM1, and SURF1. a) Heatmaps showing on the top the serum IgG
binding against the epitopes of the three neuronal autoantigens characterising severely affected COVID-19 patients (S-COVID), on the bottom the absence of IgG binding to same auto anti-
gens in the majority of the mildly affected patients (M-COVID). b) The immunofluorescence intensity values presented in the heatmaps in panel a were averaged across patients within the
two groups and plotted against the predicted epitopes from DAB1, AIFM1, and SURF1 in order to allow for direct comparison between severely and mildly affected patients. (FI=fluorescence
intensity).
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Coupling of recombinant proteins to magnetic
microspheres
Each recombinant protein was covalently coupled to
MagPlex� magnetic microspheres (Luminex Corp.,
Austin, TX; beads) of unique color-codes (100 µg/
1.25 £ 107 beads). The coupling was carried out at RT
following a standard carbodiimide coupling procedure
described before.19,20 In brief, uncoupled beads from
the bead-stock solution were resuspended (30 sec vortex-
ing, 3 min ultrasonic bath, 30 sec vortexing) and trans-
ferred to a microcentrifuge tube (Protein LoBind;
Eppendorf AG, Hamburg, Germany). After discarding
the storage solution, the beads were washed three times
with activation buffer (100 mM NaH2PO4, pH 6.2) to
adjust the pH value for the activation reaction, and then
incubated in the dark (900 rpm, 20 min, RT) with
1-Ethyl-3-[3-dimethylaminopropyl] carbodiimide hydro-
chloride (EDC; ThermoFisher Scientific, Karlsruhe,
Germany; final concentration 50 mg/mL) and
N-hydroxysulfosuccinimide (sulfo-NHS; ThermoFisher
Scientific; final concentration: 50 mg/mL). The carboxyl
groups of the beads were activated by EDC and form a
sulfo-NHS-ester intermediate in the presence of sulfo-
NHS. This is replaced in the next step by the primary
amines of the recombinant proteins and a covalent
amide bond is formed with the beads.19 To prepare for
protein coupling, the activated beads were washed three
times with coupling buffer (50 mM MES; 2-(N-morpho-
lino) ethanesulfonic acid; pH 5.0; Sigma-Aldrich
Chemie GmbH, Taufkirchen). Finally, the lyophilised
recombinant proteins were dissolved in coupling buffer
to a final concentration of 0.1 mg/mL, and then coupled
to the beads by incubating them together in the dark
(900 rpm, 2 h, RT). Protein-coupled beads were then
washed six times with wash buffer (0.05% Tween20 in
DPBS), resuspended in block store buffer (1% w/v
bovine serum albumin (BSA)/0.05% v/v ProClinTM 300
in DPBS; Sigma), transferred into 15 mL reaction tubes
(Protein LoBind), and stored in the dark overnight at
4 °C, where any remaining free carboxyl groups on the
beads were blocked with BSA in the buffer.

The individual antigen-coupled bead populations
were combined into the bead master mix later used in
the Corona Array (10-plex assay). For that purpose, the
antigen-coupled beads were resuspended again (30 s
vortex, 3 min ultrasonic bath, 30 s vortex) and the bead
solutions were combined and adjusted to 1250 beads/50
µL with bead buffer (50% LowCross-Buffer� (Candor
Bioscience GmbH, Wangen)/50% block store buffer
(1% BSA in DPBS). The aliquoted master mix was
stored at 4 °C.
Efficiency assessment of coupling reaction (coupling
control)
Before proceeding to the Corona Array, we assessed the
coupling efficiency of the proteins to the beads. Since
www.thelancet.com Vol 83 September, 2022
the recombinant proteins are all His-tagged, the cou-
pling control was done by incubating the protein-cou-
pled bead master mix with anti-His5 antibody (mouse
anti-(H)5 antibody; Qiagen, Hilden, Germany; Cat. No.
34660; final concentration: 10 µg/mL) (900 rpm,
45 min, RT), while the bead buffer served as blank. After
washing the beads with wash buffer to remove unbound
antibodies, the beads were incubated (900 rpm, 30 min,
RT) with a secondary anti-mouse RPE-conjugated detec-
tion antibody (Goat F(ab’)2 anti-Mouse IgG (H+L)-RPE;
Dianova, Hamburg, Germany; Cat. No. 115-116-146;
final concentration: 5 µg/mL). Finally, the beads were
washed three times with wash buffer, and resuspended
in sheath fluid (xMap Sheath Fluid, Luminex Corpora-
tion). The fluorescence signals were measured on a Bio-
Plex� 200 system (Bio-Rad Laboratories) using the
following measurement settings: Bead type: MagPlex�

beads; beads: 100 beads/region; sample timeout: 60 s;
sample volume: 80 mL; gate settings: 7,500�15,000
(BioPlex� ManagerTM 5.0, Bio-Rad Laboratories).
Multiplex screening for IgG antibodies to SARS-CoV2
and endemic corona viruses in serum and liquor
(Corona Array)
To exactly determine IgG titres against the different
antigens tested, different seven-step dilution series were
prepared for serum and liquor samples in bead buffer,
based on the expected range of signals. The dilutions
used were 1:20�1:312,500 (serum) and 1:1�1:12,500
(liquor). A plasma pool (prepared from plasma samples
of corona vaccines at day 14 after the second vaccination;
AICOVI; NCT04826770) was included on each plate
for subsequent normalisation of data. After thoroughly
re-suspending the bead master mix, it was added to the
wells of half-well 96-well plates (Greiner Bio-One
GmbH, Frickenhausen, Germany) at a final count of
1250 beads/50 µL/well. The bead storage solution was
removed, and the diluted samples/plasma pool were
transferred to the beads (50 µL/well). The plates were
sealed with aluminium foil and incubated in the dark
on a shaker (4 °C, 18 h, 900 rpm) to allow the binding
of plasma/serum/liquor antibodies to protein-coupled
beads.

Unbound antibodies were removed through three
washing steps with 100 µL wash buffer/well. Bound
IgG antibodies were detected by incubation with goat
anti-human IgG RPE-conjugated detection antibody (R-
PE AffiniPure F(ab')₂ Fragment Goat Anti-Human IgG,
Fcg fragment specific; Jackson ImmunoResearch; Cat.
No.: 109-116-098; 50 µL/cavity, diluted in bead buffer
to a final concentration of 5 µg/mL) in the dark
(900 rpm, 90 min, RT).

After three additional washing steps with wash
buffer to remove unbound detection antibodies, beads
were resuspended in sheath fluid in the dark on a plate
shaker (900 rpm, at least 1 min, RT) until
7
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measurement. The antigen-antibody reactions were
read on the BioPlex� 200 system as described above.
Signal detection on the BioPlex� 200 System includes
determination of the autofluorescence of the beads and
the fluorescence intensity of the bound detection anti-
bodies. This allows the differentiation of the individual
recombinant proteins, as well as quantification of anti-
body levels. The level of antibody response is given as
median fluorescence intensity (MFI) of at least 100
beads per bead region measured.
Corona array data analysis
The xMAPr analysis tool (xMAPr 1.0; https://michalik.
shinyapps.io/xMAPr_app/) was used to derive a relative
antibody concentration from the multiple data points of
the serum and CSF titrations. The relative antibody con-
centration was calculated using the signal intensity
(MFI) and the dilution factor in a non-linear regression
model. Only data sets with R2

> 0.98 were used for fur-
ther analysis. Response values obtained for samples on
different plates were normalised using the plasma pool.
An imputation was performed for all samples that failed
the curve fitting algorithm based on a LOESS fit over all
measurement of a single dilution. A limit of detection
(LOD) for each antigen was determined by using the
blank measurements and the LOD was set as mean
MFI+3 £ SD.
Statistics
All the microarray fluorescence intensity values below
500 for serum samples and below 100 for CSF samples
were set to zero.21 The thresholded serum immunofluo-
rescence data on the peptides in the supplementary
table one entered as binary variable two identical (one
for IgG data and one for IgM data) linear mixed models
with the 4-level factor DETERMINANT (GSQASS, LNE-
VAK, SAAEAS, NONE) and the demographic covariate
GENDER and AGE as fixed effect predictors, SUBJECT
as random effect, and a logit link function. Fixed coeffi-
cients were used as post-hoc measure of single con-
trasts. The correlations were computed as one-tailed
Kendall’s tau. The immunofluorescence intensity indi-
cating autoantibody binding to the predicted antigens in
severely ill and control patients was compared with a
Wilcoxon signed-rank test. The hypothesis of bivariate
normality for the correlation analysis was rejected by
way of the Kolmogorov-Smirnov test. Similarly, normal-
ity was rejected for the immunofluorescence intensity
indicating autoantibody binding to the predicted anti-
gens in severely ill and control patients, again with a
KS-test. Given the very specific and novel research ques-
tion of the present study an exact estimate of the
expected effect size was not possible. Previous research
found up autoantibodies in serum of up to 80% of hos-
pitalised COVID-19 patients as compared to 5�10% in
various type of controls.22 Since we were hypothesising
a specific pathogenic role for the anti neuronal antibod-
ies in severe COVID we adopted the high 80% estimate.
A power analysis conducted with Gpower.23 showed that
a significant difference for such proportions and
alpha=0.05 could be found comparing two samples of
minimum size n=13, which we adopted as minimum
sample size for each group.
Role of funders
Funders did not have any role in study design, data col-
lection, data analyses, interpretation, or writing of
report.
Results
Figure 1 shows the binding of serum IgMs from 14/23
critically ill patients along three 24-aa-long regions of
DAB1, AIFM1, SURF1, respectively, each dissected into
15-aa-peptides with an overlap of 14 aa. Each region is
centred on GSQASS, LNEVAK, and SAAEAS, respec-
tively, with the addition of the 9 aa flanking the three 6-
mers in both directions on the sequence of the human
proteins and of GSGSGSG linkers (see Methods and
Supplementary Table 1).

Of the 14 sera from critically ill patients, thirteen
showed IgM binding to at least one of the 15-mers con-
taining one of the three predicted epitopes (i.e.
GSQASS, LNEVAK, and SAAEAS) and only in 2/14
patients auto-Abs exclusively against one single epitope
were detectable.

The serum Ab-binding was higher for the peptides
containing the whole 6-mers, independent of the posi-
tion of the hexapeptide within the 15-mer for GSQASS
and LNEVAK and, in the case of SAAEAS, mainly when
it was at the N-terminus of the 15-mer (Figure 1, panel
C). Indeed, containing one of the three determinants as
compared with none was a significant predictor of IgM
(generalised linear mixed model; F(3, 976)=25;
p<0.001) binding. The effect was driven by LNEVAK,
which was associated with higher IgM (fixed coefficient;
t=�7; p<0.001) than the peptides containing none of
the three 6-mers. The same analysis on IgG binding
from serum of the severely affected patients (Figure 2,
panel a, top heatmap) confirmed the immunogenicity
of the predicted determinants as compared to the other
peptides tested (generalised linear mixed model; F(3,
976)=11.2; p<0.001). It also confirmed that LNEVAK
was driving the effect also for the IgG binding (fixed
coefficient; t=�5.2 p<0.001). Moreover, the critically ill
patient not showing IgM against any of the predicted
epitopes showed significant IgG binding against two of
them. Gender and age did not significantly affect the
IgM or the IgG response.

When compared with the 16 sera from mildly
affected COVID patients, the IgM binding was similar
www.thelancet.com Vol 83 September, 2022
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(data not shown), but the levels of IgG binding to the
three predicted epitopes significantly differed (Figure 2)
between the two groups (Wilcoxon signed-rank test;
z=2.633; p=0.008) and 14 of the 16 mildly affected con-
trols did not show any detectable IgG against the neuro-
nal autoantigens.

Overall, the Ab binding to the three antigens was
higher for serum than CSF samples. Figure 3 shows
the binding of CSF IgM and IgG from 22 patients,
Figure 3. Auto-Abs against DAB1, AIFM1, and SURF1 in CSF of 2
the upper panel the CSF IgG response against virus proteins of the d
nofluorescence CSF IgG binding to human peptides containing the
panel the CSF IgM binding to the same sequences. (FI=fluorescence

www.thelancet.com Vol 83 September, 2022
including patients 1�13 from the serum analysis.
CSF from 11/22 patients contained either IgG (n=4),
IgM (n=3), or both (n=3) binding at least one peptide
containing one of the three predicted immune deter-
minants (i.e. GSQAASS, LNEVAK, and SAAEAS) in
its entirety. Only in 4 out of the 11 patients, auto-
Abs bound to one single epitope; IgM and IgG in
one case, only IgG in two, and only IgM in one.
Among the remaining patients, one showed Abs
2 severely affected COVID-19 patients. Heatmaps showing in
ifferent patients, in the middle panel the microarray CSF immu-
sequences predicted by Lucchese and Fl€oel15 and in the lower
intensity).
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against all three hexapeptides, and 6 patients against
two. Of the 11 patients showing the predicted CSF-
Abs, 4 were not included in the serologic analysis
and therefore the total number of patients showing
either systemic or intrathecal detectable Abs against
the predicted epitopes was 18/23 (78%).

Additionally, the microarrays containing the three
predicted 6-mers elongated with neutral aa linkers
(GSGSGSG, Table S1) showed serum IgG- and IgM-
binding to all the three determinants in one patient
(data not shown) and CSF IgG-binding to all the three,
to two, and to one determinant in 1, 2, and 1 patient
respectively (Figure S1). IgM was not detectable in the
CSF in this analysis.

The levels of anti-neuronal Abs correlated with the
immunity against SARS-CoV-2 confirming the associa-
tion between autoimmunity and the infection in criti-
cally-ill patients. In particular, intrathecal IgM-binding
to DAB1-peptides containing LNEVAK showed direct
correlation with intrathecal humoral response against
the spike S2 (Kendall’s tau =0.398; p=0.007), RBD
domain (Kendall’s tau=0.345; p=0.017) and the full-
length Spike (Kendall’s tau=0.292; p=0.037) of the
SARS-COV-2. Of note, the predicted immune determi-
nant LNEVAK is part of the sequence of both DAB1 and
the spike S2 domain (Table 1). Moreover, the serum
IgG binding to SAAEAS-containing SURF1 peptides
correlated positively with the serum response to the viral
nucleoprotein (Kendall’s tau=0.388, p=0.032). The
nucleoprotein sequence contains SAAEAS (Table 1).
The correlations are illustrated in Figure 4.
Discussion
Our study revealed Abs against novel brainstem neuro-
nal antigens that may underlie the severe respiratory
failure in COVID 19 patients with neurological compli-
cations. The results show that the newly discovered anti-
bodies target the predicted shared epitopes of three
proteins DAB1, AIFM1, and SURF1 that are shared with
SARS-CoV2.15 These new auto-Abs show a correlation
with anti-viral immune response and clinical severity.

DAB1 is required in the Reelin pathway and the two
proteins need to be co-expressed.24 Reelin, and there-
fore DAB1 as well, is a specific marker of brainstem
neurons regulating the response to hypoxemia.25 Such
response is impaired in Reelin deficiency remarkably
mirroring respiratory failure in COVID-19.1,25 More-
over, the neurons expressing Reelin and DAB1 also
express the progesterone-receptor-membrane-compo-
nent-1 (PRMC1), which promotes neurogenesis and
neuroprotection.25,26 PRMC1-mediated neuroprotection
of respiratory neurons damaged by autoimmunity
might contribute to the sex disparity in COVID-19
mortality.27

AIFM1 and SURF1 mutations cause Leigh syn-
drome, which is characterised by a subacute necrotising
encephalopathy mainly affecting specifically the brain-
stem and closely resembling the COVID-19 acute
necrotising encephalopathy.8,28,29 Of relevance, death
in Leigh syndrome often results from respiratory failure
and mouse models show selective impairment of the
respiratory centres in the brainstem.30 Peripheral neu-
ropathy is also associated both with COVID-19 and with
altered SURF1 and AIFM1.31,32 Additionally, AIFM1-dys-
function is associated with olfactory impairment.33 In
summary, physiological functions and pathologic rele-
vance of the proteins targeted by the newly discovered
auto-Abs are consistent with the features of COVID-19.
Autoimmune damage to these three proteins is also
consistent with reports of COVID-19-severity correlating
with anti-SARS-CoV-2-Ab and auto-Ab titres.34,35

The three epitopes (GSQASS from DAB1, LNEVAK
from AIFM1, and SAAEAS from SURF1) are located in
exposed regions of the respective protein and therefore
available for antibody binding (Figure 1, Panel A). The
Auto-Abs against the three proteins have high specific-
ity, as indicated by the statistically significant stronger
binding to the peptides containing the three 6-mers
(see Figure 1, Panel B and Results) and by the IgG bind-
ing to 15-aa long peptides containing the 6-mer epitopes
flanked by irrelevant GS repeats (Figure S1). Addition-
ally, LNEVAK is present in the brain specific neuronal
isoform of AIFM1 and absent from the isoform not
expressed in normal brain tissue.36,37 This supports the
idea that the auto-Abs selectively target the central ner-
vous system.

The primary objective of the study was to demon-
strate the occurrence of the hypothesised Abs in severe
COVID-19. In addition, we showed significantly higher
levels of IgG against the predicted neuronal antigens in
severely affected COVID-19 patients in comparison
with the mildly affected ones, who showed in the vast
majority almost no detectable IgG binding (Figure 2).
Remarkably, the two groups of patients showed a simi-
lar IgM profile. Indeed, IgM typically shows low-affinity
for the antigen and auto-Abs of this class are usually
considered not pathogenic.38 Conversely, high-affinity
IgG auto-Abs typically result in pathologic processes
functionally affecting the target antigens.39 Moreover,
the three neuronal antigens DAB1, AIFM1, and SURF1
are intracellular proteins and the main mechanism of
AB internalisation mediating intracellular immunity
shows higher affinity for IgG.40 These data suggest that
in critically ill COVID patients immature B-cells recog-
nise the three predicted auto antigens with subsequent
class-switch and affinity maturation resulting in poten-
tially pathogenic high affinity IgG. The latter may then
affect the three neuronal antigens DAB1, AIFM1, and
SURF1 and associated brainstem and cognitive func-
tions.

In the present work, we also identified the epitopes
bound by the auto-Abs. These oligopeptides might be
used for targeted immunomodulation instead of general
www.thelancet.com Vol 83 September, 2022



Figure 4. Significant correlations between the immune response to SARS-CoV-2 proteins (S2 and RBD domains of the spike protein, full length spike protein, FLS, and nucleoprotein) and the
epitopes of the human brainstem proteins DAB1 (epitope LNEVAK) and SURF1 (epitope SAAEAS), as detailed in the Results.
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immunosuppression in patients positive for the respec-
tive Auto-Abs, thus preserving anti-viral immunocom-
petence.41 To this purpose, replication of our findings
and animal studies needs to confirm the pathogenic
role of the novel Auto-Abs. Of note, previous research
showing that pre-existing autoantibodies predispose
patients to severe COVID-19 infection is coherent with
our hypothesis and results, implicating a loss of self-tol-
erance as one of the mechanisms associated with severe
disease.42,43

From a clinical point of view, the majority of our
severely ill patients presented alteration of conscious-
ness, mainly in form of delirium, and myoclonus
(Table 2). Both clinical manifestations are indeed
associated with brainstem damage, especially myoclo-
nus in COVID-19, thus providing convincing clinical
correlates for possible damage mediated by the auto-
antibodies targeting the brainstem that we present
here.44�46

Interestingly, our results may also bear relevance for
neurological sequelae of COVID, including memory
and attention deficits, dysautonomia, delusion and psy-
chosis. Specifically, both brainstem damage and auto-
immunity have been implicated in long-COVID.9,47

Accordingly, DAB1 and the Reelin pathway are neces-
sary for synaptic plasticity and they are altered in
schizophrenia.48,49 Alteration of AIMF1 and SURF1
impairs neurogenesis and cognition.50,51 This suggests
involvement of auto-Abs against DAB1, AIFM1, and
SURF1 and potential benefits of immunomodulation in
long-COVID. In such a scenario of autoimmune neuro-
logical long-COVID, severely affected patients would
present a more intense autoantibody production
whereas a more moderate, chronic autoimmune
response might underlie long-COVID and minimal to
no response might characterise patients without respira-
tory symptoms, like the mild cases reported here. Such
model would be in accordance with previous research
showing correlation of cognitive deficits in long-COVID
with severity of respiratory symptoms in mildly affected
patients.52 Further studies specifically focussing on
long-COVID are now warranted. Moreover, the intense
neuroinflammatory response associated to both severe
COVID and long-COVID might promote autoimmunity
given that inflammatory cascades can promote an
increase of specificity of the autoimmune adaptive
response.53�56

This study tested a precise hypothesis and showed
the occurrence of autoantibodies binding exactly to
the predicted epitopes that are shared between neu-
ronal antigens and SARS-CoV-2. However, there are
some limitations. The small sample size did not
allow for subgroup analysis and future studies
should examine specific demographic and clinical
risk factors for the occurrence of the autoantibodies
we showed here. Severely and moderately affected
Patients were recruited over an overlapping period of
time across 2020�21 although with a certain offset.
Although such an offset might be thought as a
potential temporal confounder, the two main factors
influencing the immune response against SARS-CoV
in the general population, namely variant circulation
and vaccination, could not possibly affect the com-
parison presented here. First, the epitopes we pres-
ent here are highly conserved among variants
(Table 1) and, second, the vaccination campaign
began at the very end of the recruitment period of
the present study.57 Finally, the cross-sectional
nature of the present study, that focussed primarily
on severe disease, cannot reveal the dynamics of the
autoimmune response. Longitudinal studies are
needed in this direction, especially focussing on
long-COVID.

In conclusion, this study showed that critically ill
patients present higher levels of IgG against the three
neuronal proteins DAB1, AIFM1, and SURF1 as com-
pared to mild disease. These auto-Abs appear to be
promising biomarkers of severe COVID and thus might
allow for early treatment of high-risk patients before
intensive care is needed. Finally, future research on
newly discovered auto-Abs in long-COVID may open
the door to effective and safe treatment of long-hauling
neuropsychiatric consequences of the SARS-CoV-2 pan-
demic, given the role that the newly identified auto anti-
gens play in cognitive processes.
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