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of neurological syndromes

e Features of Caspr2-Abs can be attributed to distinct clinical
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e Caspr2-limbic encephalitis tracks with a pro-inflammatory
IgG1 Fc-driven biosignature

e Occurrence of Caspr2-lgG1, in addition to IgG4, predicts
poorer clinical outcome
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strong pro-inflammatory Ab signature
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poorer outcomes.
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CONTEXT AND SIGNIFICANCE Antibodies (Abs) against contactin-associated protein-like 2 (Caspr2), ex-
pressed in neurons of the central and peripheral nervous system, are found in patients with a broad spectrum
of neurological symptoms. How Caspr2-Ab functions translate into clinical syndromes is incompletely under-
stood. By combining systems immunology with high-dimensional characterization of physical and functional
Ab features, Terroba-Navajas et al. identify biosignatures that track with distinct clinical presentations of
Caspr2-Ab-associated disorders and the potential of Caspr2-Abs to induce limbic encephalitis, a severe
autoimmune brain disease with subacute onset, memory and cognitive deficits, and seizures. Therapeutic
approaches targeting these pro-inflammatory Ab functions might potentially restrain Caspr2-Ab-induced pa-
thology and improve clinical outcomes.

SUMMARY

Background: Immunoglobulin (Ig) G4 auto-antibodies (Abs) against contactin-associated protein-like 2
(Caspr2), a transmembrane cell adhesion protein expressed in the central and peripheral nervous system,
are found in patients with a broad spectrum of neurological symptoms. While the adoptive transfer of
Caspr2-specific IgG induces brain pathology in susceptible rodents, the mechanisms by which Caspr2-
Abs mediate neuronal dysfunction and translate into clinical syndromes are incompletely understood.
Methods: We use a systems-level approach combined with high-dimensional characterization of Ab-asso-
ciated immune features to deeply profile humoral biosignatures in patients with Caspr2-Ab-associated
neurological syndromes.

Findings: We identify two signatures strongly associated with two major clinical phenotypes, limbic enceph-
alitis (LE) and predominant peripheral nerve hyperexcitability without LE (non-LE). Caspr2-lgG Fc-driven pro-
inflammatory features, characterized by increased binding affinities for activating Fcy receptors (FcyRs) and
C1q, along with a higher prevalence of IgG1-class Abs, in addition to IgG4, are strongly associated with LE.
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Both the occurrence of Caspr2-specific IgG1 and higher serum levels of interleukin (IL)-6 and IL-15, along
with increased concentrations of biomarkers reflecting neuronal damage and glial cell activation, are asso-
ciated with poorer clinical outcomes at 1-year follow-up.

Conclusions: The presence of IgG1 isotypes and Fc-mediated effector functions control the pathogenicity of
Caspr2-specific Abs to induce LE. Biologics targeting FcR function might potentially restrain Caspr2-Ab-
induced pathology and improve clinical outcomes.

Funding: This study was funded by a German-French joint research program supported by the German
Research Foundation (DFG) and the Agence Nationale de la Recherche (ANR) and by the Interdisciplinary

Centre for Clinical Research (IZKF) Munster.

INTRODUCTION

Contactin-associated protein-like 2 (Caspr2) is a transmem-
brane cell adhesion protein of the neurexin family that is ex-
pressed in neurons of the central and peripheral nervous system.
It is required for the proper localization of voltage-gated potas-
sium channels (VGKCs) at the juxtaparanodes of myelinated
axons."® Antibodies (Abs) to VGKC were initially reported in pa-
tients with limbic encephalitis (LE), neuromyotonia, and Morvan
syndrome.®“ As the clinical spectrum emerged, it became clear
that the Abs were not directed against VGKC subunits but rather
to associated proteins: either leucine-rich glioma-inactivatedi
(LGI) or Caspr2.%° The occurrence of Abs directed to Caspr2
is associated with a broad spectrum of neurological symptoms
and signs, such as cognitive disturbance, seizures, cerebellar
dysfunction, peripheral nerve hyperexcitability (PNH), and dys-
autonomia. While patients can suffer from signs and symptoms
related to the full spectrum of a disease, symptoms can be allo-
cated to two leading clinical core syndromes: (1) LE, affecting the
central nervous system with memory disorders and temporal
lobe seizures, or (2) PNH syndrome, characterized by muscular
hyperactivity, being either restricted to the peripheral nervous
system or presenting with additional encephalopathic and dys-
autonomic symptoms as Morvan’s syndrome.”®

Patients’ Caspr2-Abs, which target the extracellular domain
(ECD) of the protein,® are detectable in the peripheral blood
and frequently in the cerebrospinal fluid (CSF). Caspr2-Abs are
usually immunoglobulin (Ig) G4 isotypes, although Caspr2-spe-
cific IgG1 can additionally be detected in up to two-thirds of pa-
tients.'® Caspr2-Abs have been demonstrated to be directly
pathogenic in both in vitro and in vivo models. Pathogenic effects
of Caspr2-specific Abs include blockade of Caspr2-related cell-
to-cell interactions,’" internalization of Caspr2 following auto-
Ab-mediated crosslinking,'® and induction of clinical disease
features in rodents infused intracerebrally with patients’
Abs."®7'° Apart from these direct effects of the Abs on their tar-
gets, Abs also have the capacity to activate several effector
functions by innate immune cells. Recent studies suggested a
role for innate immune activation, including microglia and com-
plement activation at the postsynaptic membrane,'® potentially
resulting in the loss of Caspr2 and neuronal dysfunction.17 Over-
all, the mechanisms by which Caspr2-Ab-mediated immune
functions contribute to the evolution of clinical syndromes and
the heterogeneity of clinical phenotypes remain poorly under-
stood. Furthermore, no biomarkers are available to predict or
define clinical severity and disease course. The goal of the pre-
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sent study was to systematically profile the biophysical and func-
tional landscape of Caspr2-specific Abs using an unbiased,
high-throughput systems serology platform and identify humoral
correlates for human Caspr2-Ab-associated clinical disease fea-
tures and outcomes.

RESULTS

Biosignatures of Caspr2-specific Abs can be attributed
to clinical phenotypes

In this multicenter retrospective study, we included 88 individ-
uals with Caspr2-Ab spectrum disorder presenting with LE or
predominant PNH without LE (hereafter referred to as non-LE
phenotype [non-LE]) as clinical core syndromes (Figure 1A;
Table S1). The prevalence of clinical phenotypes and the distri-
bution of sex, age, and tumor association are representative of
reported real-world cohorts.®'®

Using a systems serology approach, we first comprehensively
assessed biophysical and functional features of Caspr2-specific
Abs in patients with LE vs. non-LE, such as IgG effector functions
(antibody-dependent complement deposition [ADCD], cellular
phagocytosis [ADCP], and natural killer cell activation [ADNKA]),
Fc gamma receptor (FcyR) binding affinities (FcyR 2A, 2B, 3A,
3B, and C1g components), and the presence of IgG1-Caspr2
isotypes in addition to Caspr2-specific 1IgG4. Features were
analyzed independently of Ab titers. Since the sugar moiety
attached to the IgG constant heavy 2 (C2) domain (Figure 1B)
is critical to determine the capacity of IgG molecules to execute
effector functions,'® we additionally determined IgG-Fc glyco-
sylation profiles.

We observed striking differences in Ab-associated bio-
signatures, specifically related to the capacity for eliciting Fc-
mediated effector functions (Figures 1C and 1D). To fully capture
the differences between LE and non-LE Ab profiles, we applied
least absolute shrinkage and selection operator (LASSO) feature
selection with partial least squares discriminant analysis (PLS-
DA) (model validation p < 0.001 by permutated test, accuracy:
84% by cross-validation; Figure 1E). This approach effectively
condensed the initial 19 Ab features into a minimal subset neces-
sary to distinguish between the two groups. The model used
seven key features to resolve the two groups. These features
included binding capacity to FcyR3A and FcyR2A, ADCP, and
the presence of Caspr2-IgG1 isotypes (in addition to IgG4) that
were enriched in patients with LE, while features related to termi-
nal IgG-Fc glycosylation, such as the presence of S2, G2, and S1
sugar moieties, were enriched in non-LE patients (Figure 1E).



Please cite this article in press as: Terroba-Navajas et al., Humoral signatures of Caspr2-antibody spectrum disorder track with clinical phenotypes and
outcomes, Med (2024), https://doi.org/10.1016/j.med].2024.09.004

Med ¢? CellP’ress

OPEN ACCESS

A B c non-LE LE
©® ¥/(s0,s1,82
- - ( ) C1q Caspr2 -1gG1 C1q Caspr2-lgG1
(GO, G1, G2) FeRn DC FcRn ADCD
ADCP FcyR3B ADCP
88 [ ] Bisection CD107a  FcyR3A CD107a
| IFN-y  FcyR2B IFN-y
B GIcNAc MIP1-B FcyR2A MIP1-B
<« Fucose
m=LE -« ® Mannose G0 B GO
1 aNMT }non-LE Galactose E G1
= Morvan & Neu5Ac
(sialic acid) $1 S0 S2 51 so @
D non-LE LE E W non-lE m LE
I
Caspr2-1gG1 Accuracy 84%
ADCD —_
ADeD 1§ SR I S FoyRaA
Q2 FcyR2A
cpiora | | | < ADCP
IFN-y 2
- 01 Caspr2-lgG1
MIP1-B | 5 o .
GO | 3
5 -2 G2 [ |
o1 3 st N
25 | -04-02 0.0 02
1 I | I I | Scores on LV1 (42%) LV1 Loadings
S2
F || I! F LASSO selected
B | O LE
FevR2A (Il ] |1 © non-LE
FcyR2B o No
FeyR3A B || | |
FcyR3B | | | | )
FcRn 1.0
P 05
Clg Wil HiRs
-0.5
— o2 1
-2 0 2

Figure 1. Caspr2-specific Ab features discriminate between LE and non-LE phenotypes

(A) Clinical syndromes in patients with Caspr2-Abs-associated spectrum disease in our cohort. LE, limbic encephalitis; aNMT, acquired neuromyotonia; Morvan,
Morvan syndrome.

(B) Scheme of the IgG N-linked glycan structure. The base glycan structure is pictured, and the main variable sugar residues are presented inside the boxes.
(C) Flower plots summarizing the data from Caspr2-Ab-mediated effector functions (antibody-dependent complement deposition: ADCD; phagocytosis: ADCP;
and NK activation [ADNKA]: CD107a, interferon [IFN]-y, MIP-1B), Fc-glycosylation (GO, G1, S1, S2, F, B), and capacity to bind Fc gamma receptors (FcyRs;
FcyR2A, FcyR2B, FcyR3A, FcyR3B, FcRn) and complement component (C1q) in LE serum (n = 65) compared to non-LE (n = 23). The length of the petal rep-
resents the mean percentile rank for the indicated feature.

(D) Heatmap of Z scored values of Caspr2-Ab-mediated effector functions (antibody-dependent complement deposition: ADCD; phagocytosis: ADCP; and NK
activation [ADNKA]: CD107a, IFN-vy, MIP-1), Fc-glycosylation (GO, G1, S1, S2, F, B), and capacity to bind FcyRs (FcyR2A, FcyR2B, FcyR3A, FcyR3B, FcRn) and
complement component (C1q) in all LE (n = 65) and non-LE (n = 23).

(E) Partial least squares discriminant analysis (PLS-DA) in LASSO-selected features was used to resolved LE and non-LE based on Ab features. Dots represent
individual samples (orange: LE; blue: non-LE). Model accuracy of 84% by cross-validation, model validation p < 0.001 by permutation test. The LASSO-selected
features were ranked based on their variable importance in projection (VIP). Bars represent Ab features enriched in non-LE (blue) vs. LE (orange).

(F) Correlation network between LASSO-selected features in LE (orange dots), non-LE (blue dots), and other features (gray dots). Spearman r test was performed
with Benjamini-Hochberg correction for multiple comparisons. Only correlations with r > 0.5 and p < 0.05 are shown. The color and width of edges are pro-
portional to the correlation coefficient (r). G, galactose; S, sialic acid; F, fucose; B, bisecting GlcNc.
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Figure 2. Caspr2-specific Ab features discriminate between LE and non-LE syndromes associated with signs of CNS involvement

(A) Frequency of encephalitic symptoms (anterograde amnesia, behavioral problems, episodic or permanent ataxia, cognitive disturbance, hyperkinetic
movement disorders, nocturnal hallucinations) in Caspr2-Ab* patients not diagnosed with LE.

(B) Partial least squares discriminant analysis (PLS-DA) in LASSO-selected features was used to resolve LE and non-LE with encephalitic symptoms based on Ab
features. Dots represent individual samples (orange: LE; blue: non-LE). Model accuracy of 86% by cross-validation, model validation p < 0.001 by permutation
test. The LASSO selected features were ranked based on their variable importance in projection (VIP). Bars represent Ab features enriched in non-LE (blue) vs. LE

(orange).

To assess the features that were biologically related to the
LASSO-selected profiles, we built correlation networks based
on Spearman correlation coefficients (Figure 1F). We observed
that the LASSO-selected features enriched in LE positively corre-
lated with binding to other FcyRs, as well as with ADCD and C1q
binding. Importantly, the presence of Caspr2-IgG1 (in addition to
1gG4) also positively correlated with FcyR binding and Ab effector
functions (ADCP and ADCD), indicating an overall higher function-
ality of Abs in the LE phenotype. On the other hand, glycan fea-
tures enriched in non-LE only correlated with other glycan profiles,
not with FcR binding or functions (Figure 1F).

Encephalitic symptoms in Caspr2-Ab-positive (Caspr2-Ab™*)
patients can also occur in the absence of LE. In our cohort, 14/
23 patients not diagnosed with LE showed symptoms compat-
ible with CNS involvement (anterograde amnesia, behavioral
problems, episodic or permanent ataxia, cognitive disturbance,
hyperkinetic movement disorders, nocturnal hallucinations) (Fig-
ure 2A). The LASSO/PLS-DA-selected key features that distin-
guish patients with LE from non-LE patients with encephalitic
symptoms were similar to those identified for LE vs. non-LE,
namely binding affinities to FcyR3A and FcyR2A, the presence
of Caspr2-lgG1 isotypes (in addition to 1gG4), enriched in pa-
tients with LE patients, while IgG-Fc glycosylation feature GO
was enriched in non-LE patients with encephalitic symptoms
(model validation p < 0.001 by permutation test, accuracy:
86% by cross-validation; Figure 2B). These data support the
notion that the identified pro-inflammatory Ab signature is asso-
ciated with LE.

In agreement with the multivariate analysis, univariate analysis
confirmed the higher capacity of Caspr2-Abs to induce Fc-medi-
ated effector functions, such as ADCP and ADCD, and bind
FcyRs and C1q in LE samples compared to non-LE samples (Fig-
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ure 3A). Correlation among Ab features, in particular between
FcyR binding capacities and Ab-mediated functions, was higher
in patients with LE (Figure 3B), indicating a more coordinated hu-
moral response in LE compared to non-LE. Frequencies of glyco-
variants carrying terminal sialic acid and galactose sugar moieties
tended to be higher in non-LE patients, while frequencies of IgG
glycovariants lacking terminal galactosylation, i.e., GO, were
significantly increased in patients with Caspr2-Ab™ LE (Figure 3C).

We next developed receiver operating characteristic (ROC)
curves to explore the performance, in terms of sensitivity and
specificity, of the seven LASSO-selected immune features to
discriminate between LE and non-LE. Importantly, the seven Ab
features depicted in Figure 1E (presence of Caspr2-IgG1, higher
binding capacity to FcyR3A and FcyR2A, higher ADCP, G2, S1
and S2 glycoforms frequency) showed an outstanding discrimi-
nating performance (area under the curve [AUC] = 0.911) between
the two dominant clinical phenotypes (Figure 3D).

IgG-Fc and IgG-Fab glycosylation profiles in Caspr2-Ab
spectrum disorder

We additionally compared IgG-Fc-glycan profiles in patients
with Caspr2-Ab* disorder with demographically matched
healthy controls. Frequencies of Fc N-glycans carrying one or
two galactose and two sialic acid residues were significantly
reduced in Caspr2-Ab* patients (Figure 4A).

We extended our analysis to include the IgG-Fab glycan pro-
files. Although the biological significance of IgG-Fab glycan
profiles remains uncertain, we observed similar differences in
IgG-Fc and IgG-Fab glycoprofiles between the abovementioned
Caspr2 phenotypes (Figure S1) and a higher coordination of
IgG Fc- and Fab-glycosylation features in patients with LE
(Figure 4B).
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Figure 3. Pro-inflammatory signature of Caspr2-Abs in LE

(A) Univariate comparison Caspr2-Ab-mediated effector functions (antibody-dependent complement deposition: ADCD; phagocytosis: ADCP; and NK activation
[ADNKA]: CD107a, IFNy, MIP-1B) and capacity to bind Fc receptors (FcyRs; FcyR2A, FcyR2B, FcyR3A, FcyR3B, FcRn) and complement component (C1q) in
non-LE (n = 23) vs. LE (n = 65) phenotypes. The dashed line in the violin plots indicate the median per group, and solid lines indicate quartiles. Each dot represents
an individual patient. Mann-Whitney test was used for statistical comparisons between groups; p values indicate statistical significance (*p < 0.05, **p < 0.001,
***p < 0.001, and ***p < 0.0001).

(B) Correlation matrix across features showed in (A) according to phenotype (non-LE vs. LE). Correlation strength is proportional to color intensity. Spearman r
correlation was used with Benjamini-Hochberg correction for multiple comparisons; p values indicate statistical significance (o < 0.05, *p < 0.001, **p <
0.001).

(C) Univariate comparison of Fc glycosylation levels between non-LE and LE phenotypes within the Caspr2-Abs-associated disease cohort. The dashed line
indicates median per group, and solid lines indicate quartiles. Each dot represents an individual patient. Mann-Whitney test was used for statistical comparisons
between groups; p values indicate statistical significance (o < 0.05, *p < 0.001, **p < 0.001, and ***p < 0.0001).

(D) ROC curve was used to evaluate the accuracy of LASSO-selected Ab-associated immune features to discern between non-LE and LE phenotypes. AUC, area
under the curve.

Overall, these data suggest that Caspr2-Abs signatures track
with clinical phenotypes and point to unique Ab features in pa-
tients with LE, characterized by highly coordinated humoral
response with increased FcR binding affinities, Fc-mediated
effector functions, and presence of the IgG1 subclass (in addi-
tion to IgG4), along with pro-inflammatory IgG-Fc glycoforms
lacking terminal galactosylation.

Presence of Caspr2-lgG1 tracks with stronger Fc-
mediated effector functions

Caspr2-Ab-associated neurological syndromes are traditionally
thought to be IgG4 mediated, although some patients also har-
bor IgG1 Caspr2-specific Abs."' Caspr2-lgG1 Abs, in addition
to Caspr2-1gG4, could be detected in about two-thirds of the pa-
tients included in our study (Table S1; Figure 5A). To further
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Figure 4. IgG glycan composition
(A) Univariate comparison of Fc glycosylation levels between healthy donors (HDs) and Caspr2 sera. The dashed line indicates the mean per group, and solid lines
indicate SD. Each dot represents an individual patient. Mann-Whitney test was used for statistical comparisons between groups; p values indicate statistical
significance (‘o < 0.05, *p < 0.001, **p < 0.001).
(B) Correlation matrix across levels of Fc and Fab glycan composition in non-LE (top) and LE (bottom). Correlation strength is proportional to color intensity.
Spearman r correlation was used with Benjamini-Hochberg correction for multiple comparisons; p values indicate statistical significance (*p < 0.05, **p < 0.001,
***p < 0.001). G, galactose; S, sialic acid; F, fucose; B, bisecting GlcNc.
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Figure 5. Caspr2-lgG1 Fc-driven pro-inflammatory features

(A) Frequency of Caspr2-specific IgG1 in sera (in addition to IgG4 isotype).

(B) Partial least squares discriminant analysis (PLS-DA) in LASSO-selected features showing the differences on Ab signatures depending on the presence of
Caspr2-specific IgG1 Abs. Dots represent individual samples (yellow: Caspr2-lgG1~; blue: Caspr2-IgG1*). Model accuracy of 81% by cross-validation, model
validation p < 0.001 by permutation test. The LASSO-selected features were ranked based on their variable importance in projection (VIP). Bars represent Ab
features enriched in Caspr2-IgG1™* (purple).

(C) Flower plots showing Caspr2-Ab-mediated effector functions (complement deposition: ADCD; phagocytosis: ADCP; and NK activation [ADNKA]: CD107a,
IFNYy, MIP-1p), Fc-glycosylation (GO, G1, S1, S2, F, B), and capacity to bind Fc receptors (FcyRs; FcyR2A, FcyR2B, FcyR3A, FcyR3B, FcRn) and complement
component (C1q) in Caspr2-IgG1 negative (n = 38) and positive (n = 54) sera. The length of the petal represents the mean percentile rank for the indicated feature.
(D) Univariate analysis of Ab effector functions (antibody-dependent complement deposition: ADCD; phagocytosis: ADCP; and NK activation [ADNKA]: CD107a,
IFNYy) and capacity to bind FcyRs (FcyR2A, FcyR2B, FcyR3A, FcyR3B, FcRn) and complement component (C1q) in the presence or absence of IgG1 Caspr2-Ab
isotypes. The bar plot indicate the median per group, and solid lines indicate quartiles. Each dot represents an individual patient. Mann-Whitney test was used for
statistical comparisons between groups, p values indicate statistical significance (*p < 0.05, **p < 0.001, **p < 0.001, and ***p < 0.0001).

explore the potential effects of Caspr2-IgG1 isotypes, we per-
formed a multivariate analysis to study the Ab features that are
mainly associated with the presence or absence of additional
Caspr2-IgG1. Using a PLS-DA/LASSO approach, we observed
a good separation between the IgG1* and IgG1~ groups (model
validation p < 0.001 by permutation test, model accuracy: 82%;
Figure 5B). This model identified FcRy3A, FcRy3B, ADCP, and
ADCD, all enriched in the Caspr2-IgG1 Ab* group as the main
drivers of the separation (Figure 5B). In accordance with these

results, we observed, at a univariate level, a higher capacity to
activate innate immune functions (in particular ADCD and
ADNKA) and bind to Fc receptors in the presence of Caspr2-
IgG1 Abs (Figures 5C and 5D).

Serological signatures defining clinical outcomes

Disease severity and functional outcomes in autoimmune enceph-
alitides and Caspr2-Ab* spectrum disorder are mainly assessed
using the modified Rankin scale (mRS), a 7-point disability scale
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Figure 6. Presence of Caspr2-lgG1 is associated with poorer clinical outcomes
(A) Summary of matched mRS scores at sampling date and after 1-year follow-up in Caspr2-IgG1~ and Caspr2-lgG1*sera.
(B) Percentage of patients with different mRS scores at sampling and after 1-year follow-up based on the presence or absence of Caspr2-specific IgG1 (in

addition to IgG4 isotype).

measuring the degree of disability or dependence in the daily ac-
tivities with possible scores ranging from 0 (no symptoms) to 6
(death). Most patients with Caspr2-Ab* spectrum disorder benefit
from immunotherapy, but the clinical outcome is variable. We
therefore investigated whether serological features in patients
with Caspr2-lgG* syndromes are associated with clinical out-
comes 1 year upon onset of disease. The majority of the patients
had a decrease in their MRS from onset to 1 year (Table S1). How-
ever, improvement was less strong in Caspr2-lgG1* patients (Fig-
ure 6A). An mRS score of one or less indicates full clinical remis-
sion (i.e., no disability, able to carry out all usual activities as
before onset of disease). The proportion of subjects reaching full
disease remission 1 year after onset was significantly increased
in patients negative for Caspr2-IgG1 (82% vs. 48%; Figure 5B).
These differences were not significant for patients who tested
positive for Caspr2-IgG1 (79% vs. 64%; Figure 6B).

We additionally evaluated whether inflammation- and CNS-
damage-associated serological features not directly related to
IgG function correlate with clinical outcomes. To this end, we
determined serum concentrations of canonical biomarkers re-
flecting neuroaxonal damage, such as the soluble neurofilament
light chain (NfL), microglial and astroglial activation such as
Chitinase-3-like 1 (CHI3L1/YKL-40), and soluble triggering re-
ceptor expressed on myeloid cells 2 (TREM2), as well as pro-in-
flammatory cytokines previously described to be elevated in
autoimmune CNS diseases.?®?" Serum levels of NfL, CHI3L1,
interleukin (IL)-6, and IL-15 were strongly associated with poorer
clinical outcomes as assessed by mRS scores 1 year after onset
(Figures 7A and 7B). Thus, functional Caspr2-lgG1 responses, in
addition to IgG4, track with Caspr2-LE and, along with high IL-6
and IL-15 serum levels, with poorer disease outcomes.

DISCUSSION
High-dimensional characterization of Caspr2-Ab-associated im-

mune features identified two distinct biological signatures that
were strongly associated with the two main clinical phenotypes

8 Med 6, 1-12, February 14, 2025

of Caspr2-Abs-associated spectrum disease: LE and non-LE.
Caspr2-IgG Fc-driven pro-inflammatory features, such as affin-
ities for activating FcyRs, FcR-mediated phagocytosis, and
complement deposition, were strongly increased in patients
with LE. In line with these findings, both microglial activation
and complement deposition are prominent neuropathological
features in Caspr2-LE.""*? Activation of microglia and reactive
astrocytes, which up-regulate C3 expression and mediate com-
plement-mediated neuronal and synaptic loss, has additionally
been observed upon injection of Caspr2-IgG into rodent brains,
notably in the absence of overt B and T cell infiltration,'*® sup-
porting the concept that FcR-mediated functions of Caspr2-IgG
critically contribute to the pathology of Caspr2-LE.

IgG is the classic Ab isotype involved in T cell-dependent B cell
responses, and each IgG subclass has unique properties and
effector functions, with IgG1 being superior to IgG4 complexes
in binding FcyRs and C1q.2>72° Caspr2-Ab-associated autoim-
mune syndromes are traditionally categorized as IgG4 mediated
due to IgG4 being the predominant subclass. However, Caspr2-
IgG1 species are additionally observed in up to two-third of
cases, as confirmed in our cohort.'°

Polarization of IgG subclasses is determined by cytokine
milieu and upstream signals from the encounter of T helper cells
with antigen-presenting cells across the immunological syn-
apse.”® Notably, the presence of HLA-DRB1*11:01 is strongly
associated with Caspr2-LE?” while carrier frequencies for this
allele are reported to be similar in non-LE patients compared
to healthy volunteers.® Such immunogenetic features might
inform T cell specificities and functions at disease initiation and
contribute to the polarization of Caspr2-specific IgG responses
toward an IgG1 or IgG4 response and subsequent evolution of
clinical phenotypes. In patients with co-occurrence of both iso-
types, Caspr2-lgG1-mediated pathogenic functions likely act
in concert with IgG4-mediated effects'’*'? in contributing to
neuronal dysfunction and increased neuropathology.

Apart from Ab isotypes, the sugar moiety attached to the C,;2
domain is critical for maintaining both the pro-inflammatory and
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protein levels, reflecting neuronal damage,
as well as with markers of astroglial activa-
tion, such as CHI3L1. Increased levels of
IL-6 and IL-15 after onset were additionally
associated with higher disability at 1-year
anti-inflammatory effector functions of IgG molecules.’”® A  follow-up examinations. While increased serum levels of neuronal
decrease in the level of IgG galactosylation, and hence an in-  and glial biomarkers are frequently detected in many CNS inflam-
crease in the abundance of agalactosylated GO glycoforms, is matory and neurodegenerative diseases,***° a prominent role for
one of the most prominent and established changes in IgG  IL-6 with elevated serum and CSF levels and therapeutic benefits
glycosylation at the level of total-serum and antigen-specific ~ of blocking IL-6 function has specifically been described for the
IgGs in a broad spectrum of chronic inflammatory and autoim-  two most frequent IgG-mediated CNS autoimmune diseases,

mRS 1 year after onset
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i.e., aguaporin-4 (AQP4)-Ab*, neuromyelitis optica spectrum dis-
order (NMOSD), and myelin oligodendrocyte glycoprotein
(MOG)-Ab-associated disorder (MOGAD).?>?" IL-6 is thought to
contribute to both aforementioned diseases by promoting Ab-
secreting cell (plasmablasts) survival,>” enhancing pro-inflamma-
tory T cell differentiation and activation,*® and reducing the integ-
rity and functionality of the blood-brain barrier.>® IL-15 stimulates
the generation and function of natural killer (NK) and memory
CD8* T cells, among other immune cells, and is constitutively
up-regulated in several autoimmune diseases, including multiple
sclerosis (MS).“°*° In patients with Caspr2-Ab* LE, a role for
CDB8"* T cells inaggravating disease pathology has been suggested
based on case series describing the enrichment of CD8" T cells in
the CSF*® and in temporal lobe biopsies,*” but the exact contribu-
tion of T cells or NK cells in Caspr2-Ab* spectrum disorder remains
incompletely understood.

Taken together, our results provide a framework for correlating
biosignatures of Caspr2-specific Abs with clinical disease
phenotypes. Functional Caspr2-IgG1 responses, in addition to
IgG4, track with Caspr2-LE and, along with high IL-6 and IL-15
serum levels, with poorer disease outcomes, suggesting a previ-
ously unexplored role for this isotype in Caspr2-Ab-associated
disease pathogenesis. Follow-up studies are required to further
evaluate the predictive value of Caspr2-lgG1 responses for
disability outcomes and in guiding treatment decisions.

Limitations of the study

Our study has limitations. While most patients with Caspr2-Ab
spectrum disorder mainly suffer either from LE or peripheral
symptoms (non-LE), a 2-fold division into these clinical pheno-
types might be an oversimplification, as some patients are also
affected by milder symptoms related to the full spectrum of dis-
ease. However, distinct clinical, immunogenetic,7'8 and serolog-
ical characteristics, as outlined in our study, support the concept
that the evolution of the two core syndromes is driven by different
immunologic mechanisms.

Given the relatively low number of samples, our exploratory
study requires validation in larger cohorts of patients, ideally re-
cruited before the start of immunotherapy and with longer-term
follow-up. In addition to mRS scores, more granular clinical scales
need to be developed and validated to profile disease burden and
outcome for patients with Caspr2-Ab-associated syndromes.

Cellular mechanisms beyond those that are directly elicited by
Caspr2-Abs and potentially shape the Ab signatures identified,
such as T cell repertoire and functional analyses, were not
addressed in this study. Whether clinically effective immuno-
therapy may overcome Fc-driven functional signatures of
Caspr2-Abs also remains unclear. Thus, future systems immu-
nology studies capturing both cellular and humoral immune fea-
tures may provide further critical insights into the pathobiology of
Caspr2 autoimmunity and for the design of targeted therapeutic
approaches.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Study design and participants

Patients diagnosed with Caspr2-Ab spectrum disorder were recruited retrospectively from Université Claude Bernard Lyon1, France
(n =61), Erasmus University Medical Center, Rotterdam, the Netherlands (n = 13), Charité-Universitdtsmedizin Berlin, Germany (n = 7)
and University Hospital Munster, Germany (n = 11) with informed consent and under IRB-approved protocols. Participants informa-
tion on sex and age was self-reported. Information on gender, race/ancestry, ethnicity, and socioeconomic status was not collected.
Our study examined samples from male and female subjects. However, as this disease is known to be exceedingly prevalent in
males, sex as a biological variable was not considered as there was not sufficient statistical power due to the low number of females.
Diagnosis of Caspr2-Ab disease was established by clinical criteria and identification, at disease onset, of Caspr2 antibodies in
serum and/or CSF samples by cell-based assays using in-house tests or commercial kits as reported.’’ Hospital Ethics Committee
approval was obtained at each center, according to the Declaration of Helsinki in its current version. Clinical information (including
age, sex, tumor association, type of immunotherapy, main clinical syndrome, severity and outcome) was retrieved from medical re-
cords. Disease severity was assessed by modified Rankin Scale (mRS) at sampling date and at one-year follow-up. Caspr-2 Abs
were identified in all serum samples and 60 CSF samples (not determined in CSF samples from 16 patients). Caspr2-Abs were
more frequently positive in the CSF of LE compared to non-LE (96% vs. 33%, p < 0.001) (Table S1). To avoid potential bias induced
by immunotherapies, we included only immunotherapy-naive patients and patients after a prolonged wash-out period of at least eight
weeks following discontinuous pulse steroid, intravenous immunoglobulin or plasma exchange therapy. Patients receiving oral ste-
roids or any other immunosuppressive therapies (like Rituximab) were excluded. For three Caspr2-Ab™ patients the clinical data is not
available and one presents with propriospinal myoclonus. Serum samples at disease onset were available for antibody analyses,
were stored at —80°C until use and thawed on ice prior to experiments. Each sample was run in duplicate, and results were obtained
by averaging duplicates. Serum samples from age- and sex-matched healthy donors (HD) from University Hospital Munster, Ger-
many (n = 10) were used as negative controls.

METHOD DETAILS

Biotinylation and coupling of the beads

Biotinylation of recombinant Human Caspr2 (rhCaspr2) Protein (#8207-CR, R&D Systems) was carried out using EZ-link Sulfo-NHS-
LC-LC-Biotin (#21338, Thermo Fisher Scientific) following the manufacturer’s instructions, and removal of excessive biotin was per-
formed with Zeba Spin Desalting Columns (7 kDa cut-off, # PI-89883, Thermo Fisher Scientific). Biotinylated Caspr2 protein was
coupled with fluorescent neutravidin-labeled beads (ADCD: #F8775; ADCP: #F8776, Thermo Fisher Scientific) at a ratio of 10 ng pro-
tein per 10 pL of beads.

Antibody-dependent complement deposition (ADCD)

ADCD was performed following previously established protocol.*® In brief, patients’ sera were heat-inactivated for 30 min at 56°C,
diluted 1:20 in 0.1% BSA and then incubated with the coupled antigen beads at 37°C for 2 h. After incubation, unbound antibodies
were removed by centrifugation. Guinea pig complement (#CL4051, Cedarlane) was added and incubated at 37°C for 15 min. Next,
C3 deposition on the beads was detected using 1:100 diluted FITC conjugated anti-guinea pig C3 polyclonal antibody (#0855385, MP
Biomedical) and relative C3 deposition was analyzed by flow cytometry using CytoFLEX (Beckman Coulter). Complement deposition
scores were calculated by multiplying the %C3* beads by the C3* median fluorescence intensity (MedFl) and dividing by 10*. A
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threshold was set at two times the Standard Error of the Mean (SEM) over the mean of healthy donors (HD) complement deposition
scores, and values under this threshold were considered as background and excluded.

Antibody-dependent cellular phagocytosis (ADCP)

ADCP was performed as previously described.*® In summary, patients’ sera were diluted 1:500 and then incubated with the antigen-
coupled beads for 2 h at 37°C. After incubation, unbound antibodies were removed by centrifugation and THP-1 monocytes (2x10*
THP-1 cell/well) were added. Following a 4-h incubation period at 37°C, relative phagocytosis was assessed using flow cytometry
with CytoFLEX (Beckman Coulter). Phagocytic scores were calculated as the product of the %bead* THP-1 cells and the median
fluorescence intensity (MedFl) of bead® THP-1 cells, divided by 10°. A threshold was set at two times the Standard Error of the
Mean (SEM) over the mean of healthy donors phagocytic scores, and values under this threshold were considered as background
and excluded.

Antibody-dependent NK cell activation (ADNKA)

ADNKA was performed as previously described.>* ELISA plates were initially coated with 4 pg/mL rhCaspr2 and then blocked with
5% PBS-BSA. Patient’s sera, diluted in 1:60, were added to the plates and incubated for 2 h at 37°C. NK cells were isolated from buffy
coats of two healthy individuals using the NK isolation Kit (#130-092657, Miltenyi). These cells were cultured in RPMI media supple-
mented with 1 ng/mL IL-15 at 37°C overnight. Subsequently, NK cells were added to ELISA plates and incubated for 5 h at 37°C with
the immunocomplexes, as well as with mouse anti-CD107a (#555802, BD Biosciences), GolgiStop (#554724, BD Biosciences) and
brefeldin A (#420601, Biolegend). After incubation, NK cells were surface stained with mouse anti-CD16 (#557758, BD Biosciences),
anti-CD56 (#557747, BD Biosciences) and anti-CD3 (#557943, BD Biosciences) antibodies. Cells were fixed and permeabilized using
Fix/Perm kit (#00-5523-00, Thermo Fisher Scientific), and subsequently intracellularly stained with mouse anti-MIP-1p (#550078, BD
Biosciences), mouse anti-IFN-y (#554702, BD Biosciences). The NK cells were identified as CD3~CD16*CD56™ cells, and their acti-
vation (MIP-18*, IFN-y*, CD107a"*) was analyzed through flow cytometry with CytoFLEX (Beckman Coulter). Each serum sample was
analyzed in parallel using NK cells from both healthy donors. Values from each donor were averaged, and a threshold was set on 2
times the Standard Error of the Mean (SEM) over the mean of the NK activation by serum from HD. Values falling below this threshold
were considered background and excluded from analysis.

Fc receptors (FcR) and complement C1q binding

Binding capacity to Fc receptors and C1g complement-binding capacity were measured using a customized singleplex Luminex
assay. Briefly, Caspr2 was coupled to fluorescent carboxyl-modified Luminex microspheres. Antigen-coupled microspheres were
incubated with serum (dilution 1:80) overnight at 4°C. Immunocomplexes were then washed. Recombinant human FcaR, FcYR2AR,
FcyR2AH, FcyR2B, FcyR3AF, FcyR3AV, FcyR3B, and C1q (Duke Protein Production facility) were biotinylated, conjugated to strep-
tavidin-PE, and incubated with the immunocomplexes for 1 h at room temperature. Binding was detected using a Luminex 200 Sys-
tem (R&D system), and Median Fluorescence Intensity (MFI) was reported. Threshold value was set on 2 times the Standard Error of
the Mean (SEM) over the mean of the PBS. Values falling below this threshold were considered background and excluded from
analysis.

Glycan analyses

Antibody Fc and Fab glycans were analyzed from IgG purified from patients’ sera, as follow: IgG Purification. The IgG was isolated
using a protein G monolithic (50 uL) plate (BIA Separations). 25 uL of serum was diluted in a ratio 1:7 with 1 x PBS, pH 7.4 and filtered
through a 0.45um AcroPrep wwPTFE filter plate (Pall Corporation). After filtration, serum samples were applied to the protein G plate
and washed with 1 x PBS pH 7.4, to remove unbound proteins. IgGs were eluted with 250 pL of 0.1M formic acid (Honeywell) and
neutralized with 1M ammonium bicarbonate (Sigma-Aldrich).

Generation of Fc and F(ab’), fragments

20 pL of CaptureSelect IgG-Fc (Multispecies) beads (Invitrogen, Waltham, MA, USA) were placed in each well of an Orochem filter
plate (10 um pore size, Orochem Technologies) and washed 3 times with 200 pL PBS pH 7.4 on a vacuum manifold. Then, 69.7 uL IgG
eluate from most of the samples was applied on the beads. This volume of eluate was calculated based on the average concentration
of IgG of the entire cohort which is needed for 50 pg of IgG. However, the eluates of 4 samples had lower IgG concentrations, so
instead of 69.7 uL, a larger volume corresponding to 25 pg IgG was applied on the beads. IgG and beads were incubated for 1 h
at room temperature on a plate shaker at medium speed. After removal of the ammonium formate, the beads were washed tree times
with PBS pH 7.4 and IgG was cleaved into Fc and Fab fragments by the enzyme IdeS (Promega). To each sample, 35 uL PBS pH 6.6
containing 50 U IdeS was added. IgG digestion was performed for 20 h at 37°C in a humidified environment. Fab fragments were
collected in a PCR plate after centrifugation at 50 x g for 2 min. Beads were washed 3 times with 200 uL PBS pH 7.4 and 3 times
with 200 pL mgH,0. The Fc fragments were eluted from the beads using 100 pL formic acid and collected in a PCR plate containing
17 pL ammonium bicarbonate after centrifugation at 50 x g for 2 min. Fc and Fab fragments were then dried by vacuum centrifugation.
CGE-LIF analysis of IgG, Fc and Fab glycans

The dried samples were resuspended in 3 uL of 1.66 x PBS and 4 uL 0.5% SDS (Carl Roth, Karlsruhe) and denatured by incubation at
65°C for 10 min. Afterward, 2 uL of 4% Igepal-CA630 (Sigma-Aldrich) was added to each sample and placed on a plate shaker at
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medium speed for 5 min. N-glycans were released by adding 1.2 U of PNGase F (Promega) in 1 uL 5 x PBS to each sample and
incubated for 3 h at 37°C. Samples were then dried by vacuum centrifugation for 1 h. Dried samples were labeled with
8-aminopyrene-1,3,6-trisulfonic acid (APTS, Synchem) and cleaned by HILIC-SPE on BioGel P10 (Bio-Rad) as described
previously.>®

3 uL of N-glycan post-clean-up eluate and 7 pL Hi-Di Formamide (Applied Biosystems) were pipetted into a MicroAmp Optical 96-
well Reaction Plate (Applied Biosystemsand sealed with 96-well plate septa (Applied Biosystems). The xCGE-LIF measurement was
performed in a 3500 Genetic Analyzer (Applied Biosystems), equipped with a 50 cm 8-capillary array filled with POP-7 polymer
(Applied Biosystems). All samples were run with an oven temperature of 60°C, running voltage of 15 kV and run time of 1000 s.
Fab samples were injected for 20 s, and Fc samples were injected for 6 s. Fsa data files were converted to.txt file format using an
in-house-developed script and the Empower software (Waters) was used for the integration of the 30 peaks based on previously pub-
lished data.®’ The abundance of each peak was expressed as a percentage of total integrated area. The composition of N glycan
structures in each electrophoretic peak had been assigned previously.*”

Serologic biomarker assessment

The levels of CD21, CHI3L1, TREM2, CXCL13, IL-15, IL-6 and NfL (pg/mL) in patients’ sera were quantified using commercial ELISA
assays by Single Plex Assays on Ella Platform (CHISL1+TREM2: #SPCKC-PS-005492, CD21: #SPCKC-PS-000370, BLA+I-
L15+IL6+NFL: #SPCKC-PS-008574, R&D Systems), in accordance with the manufacturer’s instructions.

Determination of Caspr2 antibody isotypes

ELISA plates were initially coated with 4 ng/mL rhCaspr2 and then blocked with a solution containing 3% BSA and 0.05% Tween in
PBS. Samples’ dilutions at 1:100 were added in washing buffer and incubated overnight. After that, mouse biotin-conjugated detec-
tion antibodies, targeting human IgG1 (#555869, BD Bioscience, stock: 0.5 mg/mL) and human IgG4 (#555879, BD Bioscience,
stock: 0.5 mg/mL), were added at a concentration of 1 ng/mL. After 1h incubation at RT, streptavidin HRP-Conjugate (#18-152, Milli-
pore, 1 ng/mL) was added and incubated for 1h. Finally, TMB substrate was added, and its reaction was stopped with chloric acid.
The results were measured at 450 nm, with a reference measurement at 650 nm.

QUANTIFICATION AND STATISTICAL ANALYSIS

Univariate comparisons of antibody features between different groups were conducted using Mann-Whitney U test on GraphPad
Prism 9.0.0. Fisher’s exact test was applied to analyze differences in clinical features and mRS proportions between groups. Corre-
lations were calculated with Spearman correlation coefficients; p-values <0.05 after Benjamini-Hochberg correction for multiple
comparisons were regarded as statistically significant. For multivariate analyses, R software version 4.1.0 was used. Luminex
data was logarithmically transformed (log10) and all the features were z-scored. Missing values were imputed using the R package
‘missForest’. A partial least squares discriminant analysis (PLSDA) with Least Absolute Shrinkage Selection Operator (LASSO) was
applied to select antibody characteristics that most effectively discriminated between the selected groups. The model performance
was assessed in a 5-fold cross-validation framework, and the average cross-validation accuracy was reported for 100 repetitions of
cross-validation. The model was validated using permutation tests. Control models with “permuted labels” were generated, for
which the model was trained and applied to data with shuffled group labels in the same cross-validation framework. This procedure
was done for 100 permutations for each of 10 cross-validation replicates. The p-values were obtained from the tail probability of the
generated null distribution. Receiver operating characteristic (ROC) curves and area under the ROC curve [AUC] were calculated us-
ing R to establish sensitivity and specificity of LASSO-selected features in distinguishing LE from non-LE and mild versus severe
disease.
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