Autoimmune Neurology

Therapeutic Advances in Neurological Disorders

Special Collection

Review

Pathophysiology of paraneoplastic and
autoimmune encephalitis: genes, infections,
and checkpoint inhibitors

Alberto Vogrig"*', Sergio Muniz-Castrillo, Virginie Desestret, Bastien Joubert
and Jérome Honnorat

Abstract: Paraneoplastic neurological syndromes (PNSs] are rare complications of systemic
cancers that can affect all parts of the central and/or peripheral nervous system. A body of
experimental and clinical data has demonstrated that the pathogenesis of PNSs is immune-
mediated. Nevertheless, the mechanisms leading to immune tolerance breakdown in these
conditions remain to be elucidated. Despite their rarity, PNSs offer a unique perspective to
understand the complex interplay between cancer immunity, effect of immune checkpoint
inhibitors (ICls), and mechanisms underlying the attack of neurons in antibody-mediated
neurological disorders, with potentially relevant therapeutic implications. In particular, it is
reported that ICl treatment can unleash PNSs and that the immunopathological features of
PNS-related tumors are distinctive, showing prominent tumor-infiltrating lymphocytes and
germinal center reactions. Intriguingly, similar pathological substrates have gained further
attention as potential biomarkers of ICl-sensitivity and oncological prognosis. Moreover,

the genetic analysis of PNS-associated tumors has revealed specific molecular signatures
and mutations in genes encoding onconeural proteins, leading to the production of highly
immunogenic neoantigens. Other than PNSs, autoimmune encephalitides (AEs) comprise

a recently described group of disorders characterized by prominent neuropsychiatric
symptoms, diverse antibody spectrum, and less tight association with cancer. Other triggering
factors seem to be involved in AEs. Recent data have shed light on the importance of
preceding infections (in particular, herpes simplex virus encephalitis) in inducing neurological
autoimmune disorders in susceptible individuals (those with a selective deficiency in the
innate immune system). In addition, in some AEs (e.g. LGI1-antibody encephalitis) an
association with specific host-related factors [e.g., human leukocyte antigen (HLA]] was
clearly demonstrated. We provide herein a comprehensive review of the most recent
findings in the field of PNSs and AEs, with particular focus on their triggering factors and
immunopathogenesis.
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Introduction

In recent years, a large number of antibody (Ab)-
associated neurological syndromes has been dis-
covered, including a group of disorders showing
tight association with cancer [paraneoplastic neu-
rological syndromes (PNSs)] and emerging enti-
ties manifesting as encephalitis that demonstrate a

less frequent pathogenic link with a tumor [auto-
immune encephalitides (AEs)].'#* In the latter
group, several other environmental (e.g. infec-
tions)>#® or host-related [e.g., human leukocyte
antigen (HLA)]%!! factors were shown to be rele-
vant in inducing the autoimmune response. Very
recently, it was shown that both PNSs and AEs
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can be triggered by cancer immunotherapy, in par-
ticular immune checkpoint inhibitor (ICI) treat-
ment.!%13 Despite many advances in clinical
characterization and Ab detection, the pathogene-
sis of immune tolerance breakdown in the setting
of PNSs and AEs remains largely unknown.!%15
The importance of studying PNSs stems from the
fact that they originate at the fulcrum between the
patient’s immune system and the tumor, thus pro-
viding an exceptional model to decipher tumor
immune surveillance and action of cancer immu-
notherapy, but also mechanisms underlying the
attack of neurons in Ab-mediated neurological dis-
orders, with potentially relevant therapeutic impli-
cations.!%15 In this regard, the analysis of triggering
and predisposing factors of PNSs and AEs (tumors,
cancer immunotherapy, genes, and infections) can
provide further clues into the immunopathogene-
sis of these neurological conditions.!>*

Table 1. Clinical features of PNS and AE.

We aimed herein to provide a comprehensive
overview of the most recent findings in the field of
PNSs and AEs, with particular focus on their trig-
gering factors and immunopathogenesis.

PNS: definition, epidemiological and clinical
aspects

PNSs are rare immune-related complications of a
systemic malignancy, the incidence of which
approximates 1/100,000 person-years and preva-
lence 4/100,000 persons (Table 1).16 Overall, 1 in
every 334 patients with cancer is affected (espe-
cially those with lung, breast, and ovarian can-
cer), and their medical burden is higher than
previously expected.!® In PNSs the target anti-
gens (onconeural antigens, i.e., Hu, Ma2, Ri,
CV2/CRMP5, Yo, Amphiphysin, Tr/DNER, and
SOX-1) are proteins normally expressed by

Syndromes

PNS AE

References

Incidence (person-years)

Prevalence

Onset

Multifocal involvement

0.89/100,000
4.37/100,000

Usually subacute

Frequent Rare

0.8/100,000

Acute or subacute

Vogrig et al.'¢; Dubey et al.4

13.7/100,000

Dalmau and Graus'; Honnorat
and Antoine'8

Dalmau and Graus'; McKeon
and Pittock!?

Most frequent associated
Abs
Role of Abs

Antigen location

Cancer association

Typical cancer

Immunopathology

Genetic features

Response to
immunotherapy

Hu, Yo (adults)

Non-pathogenic

Intracellular

Very strong

SCLC, NSCLC, breast, ovary,
lymphoma

T-cell infiltration, significant
neuronal loss

Somatic mutations within tumor

cells (e.g. Yo-PNS)

Usually unsatisfactory

NMDAR, LGI1 (adults)
MOG, NMDAR (children)

Pathogenic

Cell surface or synaptic

Low to mild (depends on
Ab-type)

Teratoma, thymoma, SCLC

Presence of B cells and
plasma cells

Distinctive HLA haplotypes

(e.g. LGI1 encephalitis)

Usually satisfactory

Vogrig et al.’é; Dalmau et al.%5;
Armangue et al.46

Dalmau and Graus'; Dalmau
et al.%s

Dalmau et al.45

Dalmau and Graus'; Dalmau
etal.%s

Vogrig et al.¢; Dalmau et al.*®

Bien et al.4”

Muniz-Castrillo et al.?; Small
et al.'%; de Pémille et al."®

Dalmau and Graus'; Dalmau
etal.%s

Ab, antibody; AE, autoimmune encephalitides; HLA, human leukocyte antigen; LGI1, leucine-rich glioma-inactivated 1; MOG, myelin oligodendrocyte
glycoprotein; NMDAR, N-methyl-D-aspartate receptor; NSCLC, non-small-cell lung cancer; PNS, paraneoplastic neurological syndrome; SCLC,

small-cell lung cancer.
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neurons, and ectopically by certain tumor
cells.13:17 In the periphery, these tumor-associated
antigens can be presented to T cells, generating a
robust immune response against both the tumor
and the nervous system.!:17:18 The direct conse-
quence is that cancer growth is usually well con-
trolled at the time the neurological syndrome
ensues.!® Hence, it is not surprising that these
patients are typically first seen by the neurologists
due to the onset of neurological disturbances.!-17:18
Only later, tumor screening might reveal the pres-
ence of an underlying cancer, prompting onco-
logical care. The only exception to this general
rule is probably anti-Yo paraneoplastic cerebellar
degeneration (PCD), in which the discovery of
the associated tumor (usually an ovarian or breast
cancer) often antedates the onset of PNS.20 In
general, a diagnostic algorithm based on whole-
body computed tomography (CT) followed, if
negative, by fluorodeoxyglucose-positron emission
tomography (FDG-PET) may reveal a tumor in
up to 96% of patients with PNS at first screening,
as in the case of small-cell lung cancer (SCLC)
and Lambert-Eaton myasthenic syndrome.21:22 In
other cases, the discovery of cancer can be more
challenging. For example, it was demonstrated
that young men with anti-Ma2 PNS and negative
paraclinical investigations (including tumor
markers, ultrasound, body CT, or FDG-PET)
can harbor microscopic germ-cell neoplasm of
the testis discovered only after orchiectomy.?3
Onset of PNSs is usually subacute,!® and it likely
reflects the time needed by the immune attack to
damage neurons. Sometimes, progression can be
very slow (i.e., chronic/progressive) and mimic
neurodegenerative conditions, including degen-
erative dementias,?* motor neuron syndromes,2>
and atypical Parkinsonisms or sporadic ataxias.2°
Conversely, rare cases with hyper-acute onset
have also been described, and almost 1/10 of
patients with PCD shows a “stroke-like” onset.2?
PNSs can involve all parts of the central or periph-
eral nervous system, and multifocal distribution
of symptoms and signs is frequent.16:1%:28 Qverall,
the most common syndromes in clinical practice
are limbic encephalitis (LE) and PCD, which
each account for approximately one-third of all
PNSs.16 Accordingly, the most frequently associ-
ated onconeural Abs are anti-Hu and anti-
Yo0.16:29:30  Diagnosis of PNSs is aided by
paraclinical tests, in particular brain and spine
magnetic resonance imaging (MRI) and cerebro-
spinal fluid (CSF) analysis.!®18 Typical brain
MRI alterations include hyperintensities restricted

to limbic regions on T2-weighted imaging in
cases of LE.1:16:17.31 Imaging can reveal normal/
nonspecific changes in the initial stage of PCD,
followed by cerebellar atrophy later over the course
of the disease.?’ Cases with isolated myelopathy
can demonstrate symmetric, tract-specific or gray
matter-specific, spinal cord abnormalities.3233
Contrast-enhancing lesions are rare but possible
in both brain (e.g., Ma2 encephalitis)?5:3%35 and
spinal cord PNS inflammatory lesions (e.g., CV2/
CRMP5 myelopathy).3¢ CSF inflammatory alter-
ations [including pleocytosis, increased protein
content, and the presence of CSF-restricted oli-
goclonal bands (OCBs)] are not specific for
PNSs, but are often present (particularly OCBs)
and can direct the clinician in considering an
autoimmune neurological disorder.?” However,
sometimes the CSF can be normal.3® Clinical cri-
teria for PNS diagnosis were provided in 2004.3°
Since then, many new Ab specificities were dis-
covered,*%-42 and new challenges in Ab detection
became apparent. In particular, we have recently
shown that the detection of onconeural Abs using
commercial immunoblots is limited by a high rate
of false positive results.¥> Therefore, clinical
expertise and confirmation with other techniques
in reference centers are required to avoid
misdiagnosis.43

Tumors as triggers of PNSs

In classical PNSs, Abs are produced mostly against
onconeural antigens located intracellularly (at the
level of the nucleus, nucleolus, or cytoplasm of the
neurons). This means that onconeural Abs have
no direct access to their targets, and there is no
evidence that they are able to inactivate or change
the protein function and lead to cell death.45:48:49
Nevertheless, in the few neuropathological studies
available on PNS patients, clear neuronal loss was
documented, signifying that alternative mecha-
nisms are responsible for the immune attack. In
particular, the most likely pathogenesis appears to
be T-cell-mediated. Accordingly, prominent infil-
trates of cytotoxic T cells surrounding neurons
were found in anti-Yo, Hu and Ma2 cases.19:47:49-51
In addition, cytotoxic T cells were shown to
express membranolytic enzymes such as perforin
or granzyme B, and they were found in close appo-
sition to neurons, providing clear clues on their
active role as final effectors in killing neurons.13:47-4
Conversely, in a mouse model of PCD, pathologi-
cal studies revealed neither immunoglobulin bind-
ing nor complement deposition on Purkinje cells,
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suggesting that humoral immune response does
not play a major role.!> Pathological findings in
PNSs may be confined to specific brain regions,
correlating with neurological symptoms. For exam-
ple, a selective loss of hypocretinergic neurons in the
hypothalamus is the pathological correlate of
anti-Ma2-associated narcolepsy-cataplexy,>? whereas
CD8+ T lymphocyte infiltration and gliosis in the
brainstem and descending spinal cord tract charac-
terizes jaw dystonia and laryngospasm in anti-Ri
PNS.>3

The clinical repercussions of the T-cell immuno-
pathology of PNSs are resistance to immunother-
apies aimed at removing Abs or Ab-producing
cells; the need of a combined approach with early
tumor treatment followed by a more aggressive
immunosuppression; and the gradual develop-
ment of irreversible neuronal loss and brain atro-
phy in the affected regions in treatment-resistant
cases.!%%5 Although onconeural Abs do not have a
pathogenic role in PNSs, they are excellent bio-
markers, and they should direct the search of the
underlying tumor, whose spectrum is different
according to the detected auto-Ab.17-%5

The immunological mechanisms of PNSs are
closely linked to those of anti-tumor immunity. In
particular, cancer-derived antigens — including
neoantigens resulting from mutations in the tumor
genes encoding onconeural proteins — are released
upon apoptosis from tumors under attack by
innate immune cells.!415:175¢ These peptides are
then processed and presented by antigen present-
ing cells (APCs) to CD4+ helper T cells via major
histocompatibility complex class II (MHC II),
which in turn will activate antigen-specific B cells
into Ab-producing plasma cells, leading to the
appearance of onconeural Abs in serum (first) and
in CSF (later); but also CD8+ cytotoxic T lym-
phocytes via MHC class I molecules, which will
cause the neurological dysfunction.17:5455

It should be considered that many tumors express
onconeural proteins (e.g., constant expression of
HuD by SCLC) but only a minority of patients
harboring such cancers develop PNS.17:56
Moreover, 10-15% of patients with SCLC harbor
low circulating anti-Hu Abs in the absence of neu-
rological symptoms.17:56 Intriguingly, patients with
PNS have a better prognosis than those with histo-
logically identical tumors not linked to PNS.57 The
latter observation is probably explained by the
higher number of tumor-infiltrating lymphocytes

and germinal centers in patients with PNS,1428
which are known oncological prognostic factors.>®

The first event in the pathogenesis of PNSs, which
leads to the immune tolerance break, is not well
understood yet. However, several lines of evidence
suggest that this is not related to a particular histo-
logical tumor type, but rather to a specific molecu-
lar signature of cancer cells. For instance, a
number of recent studies have reported that tumor
genetic alterations are the initial triggers.!%15
These abnormalities may result from somatic
mutations in genes encoding for onconeural anti-
gens: this is the case of somatic Yo-antigens
(CDR2L and CDR2) mutations in ovarian tumor
cells, which are present in two-thirds of patients
with Yo-PCD; they may also result from gene
amplification: for example, gains in CDR2,
CDR2L, or both are detectable in 70% of the
patients with Yo-PCD; and also protein overex-
pression: HER2 overexpression was reported in
96% of patients with breast cancer associated with
Yo-PCD as compared with 15-25% in breast can-
cer unrelated to PCD (Figure 1).14155° Other
PNS with the same clinical presentation (PCD)
and same cancer association (breast) but different
Ab specificity (Ri) did not show HER2 overex-
pression, pinpointing that this pathway can be rel-
evant for some, but not all, PNSs.2¢ Interestingly,
a prominent transcriptomic overrepresentation of
CD8+ and Treg cells was found in anti-Yo PCD
related to ovary cancer, as compared with a cohort
of patients with the same tumor type not associ-
ated with PCD.1> Additionally, an up-regulation
of the autoimmune-regulator (AIRE) gene,
responsible for the negative selection of self-recog-
nizing T cells, was found in the same study, thus
providing a clear link with development of auto-
immune diseases.!>

Like PNSs, AEs and other neurological syndromes
with Abs targeting neuronal surface and synaptic
receptors can be triggered by cancer, although the
frequency of this association is clearly lower.
Examples include the presence of SCLC in 66% of
patients with anti-gamma aminobutyric acid B
receptor (GABARR) limbic encephalitis,*! ovarian
teratoma in 36% of patients with anti-N-methyl-
D-aspartate receptor NMDAR) encephalitis,®® and
malignant thymoma in 15-20% of patients with
anti-contactin-associated protein-like 2 (CASPR2)-
syndromes.®1:62 In these settings, some clues can
suggest a higher risk of an underlying cancer. Older
age, history of smoking, and presence of additional
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Gene amplification

e.g. gains in CDR2 and/or
CDR2L in 70% of Yo-PCD
(Small et al, 2018)

Somatic mutations in
genes encoding for
onconeural antigens

e.g. CDR2 and/or CDR2L
mutations in 65% of
Yo-PCD
(Small et al, 2018)

Protein overexpression

e.g. HER2 overexpression
in 96% of breast cancers
associated with Yo-PCD

(Rojas-Marcos et al, 2012)

Immune
tolerance
breakdown
in PNS

Figure 1. Tumor genetic alterations leading to immune tolerance breakdown in PNS.

The model of PCD is shown since it is the only one in which genetic studies on PNS-related tumors have
been performed. Three main mechanisms are presented: somatic mutations, gene amplification, and protein
overexpression. These processes are not mutually exclusive.

HER2, human epidermal growth factor receptor 2; PCD, paraneoplastic cerebellar degeneration; PNS, paraneoplastic

neurological syndrome.

Abs [e.g., potassium channel tetramerization
domain-containing (KCTD)16-Abs] suggest that
anti-GABAgR encephalitis is associated with can-
cer.*l The same applies for the presence of distinc-
tive clinical phenotypes (e.g., Morvan’s syndrome,
characterized by peripheral nerve hyperexcitability,
autonomic instability, and encephalopathy) in anti-
CASPR2 syndromes.51:52 Female sex, black ethnic-
ity, and age between 12 and 45 years were associated
with the presence of ovarian teratoma in patients
with anti-NMDAR encephalitis.®%-63 The study of
ovarian teratomas in this setting is of significant
interest as it provides a model of PNS in which Abs
are directed towards synaptic antigens. As for
patients with SCLC and associated HuD protein,
the presence of a teratoma expressing NMDAR is
not sufficient per se to induce an AE, suggesting the
presence of other tumor specificities in anti-
NMDAR encephalitis patients.%* In particular, the
expression of GIuN1 (the subunit targeted by
NMDAR-Abs) by a particular cell type within the
teratoma (glial cell) seems to be involved in the out-
break of this AE.%* Moreover, ovarian teratomas in
patients with anti-NMDAR encephalitis contain

more frequently a nervous tissue component, and
the latter can demonstrate histological features of a
brain neuroglial tumor (resembling oligodendro-
glioma, ganglioma, or malignant glioma).6%5
Importantly, teratomas linked to AE also demon-
strate prominent infiltration by immune cells (T- and
B-cells, and dendritic cells), sometimes organized in
tertiary lymphoid structures (TLS).%46 The latter
are ectopic lymphoid organs that develop at sites of
chronic inflammation and are important to provide
a local source for Ab production (in this model,
NMDAR-Abs are initially produced in the
periphery, like classic PNSs).64

ICIs as triggers of PNSs

The activation of T cells requires a two-step pro-
cess. An antigen needs to be presented via MHC
class I or IT molecules to the T cell receptor and,
additionally, a co-stimulatory signal is needed to
up-regulate the immune response (e.g., binding
of CD80/86 on APC to the CD28 receptor on the
CD4+ T cell). Alternatively, it is also possible to
inhibit the immune response if certain receptors
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[such as the cytotoxic T-lymphocyte antigen 4
(CTLA4), or the programmed cell death protein
1 (PD-1)] bind to their specific ligands (CD80
and PD-L1, respectively).®7-%9 Tumor cells can
escape the immune control by over-expressing
checkpoint inhibitors ligands (e.g., PD-L1 recep-
tors), thus down-regulating the immune
response.®7-%9 Pharmacological blocking of these
interactions using monoclonal Abs represents the
major advance in clinical oncology over the last
30 years.’” These drugs (collectively known as
ICIs) are classified on the basis of their target:
anti-PD1 (nivolumab, pembrolizumab, cemipli-
mab), anti-PDL1 (atezolizumab, avelumab, dur-
valumab), and anti-CTLA4 (ipilimumab). Their
benefit in terms of increasing survival has been
demonstrated in many cancer types, including
melanoma, lung and kidney cancers, and their
use is increasing dramatically.5”

Immune-related adverse events (ir-AEs) can be
unleashed by the use of ICIs. Severe neurological ir-
AEs are rare (approximately 1% of patients) and
appear to be more common in cases treated with
anti-CTLA4, especially if in combination with anti-
PD1/PD-L1, where the frequency of neurological
complications approximates 3%.7%71 Most (90%) of
the neurological toxicities develop within the first six
cycles of ICI treatment, or even sooner (within four
cycles) after change of ICI.7! Hyperacute (fulminant)
presentation seems to correlate with combination
therapy, and these cases usually manifest a myasthe-
nia gravis-like phenotype.”? This disorder has several
similarities with its idiopathic counterpart, but it is
more often associated with myocarditis, myositis,
and myasthenic crisis.”> These factors explain the
high fatality rate of ICI-triggered myasthenia gravis
(20%).7%73 Importantly, class-specific associations in
the phenotypic spectrum were observed. Myasthenia
gravis and encephalitis were more frequently
observed in patients treated with anti-PD-1, whereas
Guillain-Barre syndrome and meningitis appear to
be more common after anti-CTILA4 therapy.”?

PNS:s tend to be worsened or revealed by ICIs, and
cases of limbic encephalitis are of particular concern,
given their severity.!27¢ We previously observed an
increased frequency of anti-Ma2 PNS in France
after the use of ICIs became widespread in clinical
practice.!? Most anti-Ma2 cases of this series devel-
oped in the context of a non-small-cell lung cancer,
whereas the absence of the typical germ cell tumor
was explained by the lack of indication for immuno-
therapy in this type of cancer.!? Following this

observation, we and others speculated an analogous
increase in anti-Hu and anti-CV2/CRMP5-
associated syndromes with ICI treatment of SCLC
[US Food and Drug Administration (FDA) approval
in 2018] or anti-Ri syndromes in breast cancer
(FDA approval in 2019).1%17 In agreement with this
hypothesis, the first reports of these associations
were recently described.”>:76

The mechanisms underlying neurological ir-AEs
still need to be fully elucidated. The first to be pro-
posed was an immune-response against an auto-
antigen shared between the tumor and neural
tissue (Figure 2A), as in classical PNSs.”” Proof of
concept was brought recently in an experimental
study that adopted a mouse model that expressed
a neo-self-antigen in both Purkinje cells and in
implanted breast cancer cells.!? In this model, ICI
treatment with anti-CTLA4 was essential to
develop significant cerebellar inflammation and
neuronal loss consistent with those observed in
PCD.13 Interestingly, some authors have suggested
that cases induced by ICIs respond better to ster-
oids and do not always require long-term treat-
ment as compared with classical PNSs.”! Our
experience is similar in seronegative cases, but we
observed a severe course and the need of prolonged
treatment (often with second-line immunosup-
pression) in cases of ICI-triggered anti-Ma2
PNS.12 The second possibility is that patients with
ICI-related toxicities have an underlying autoim-
mune predisposition or a latent autoimmune con-
dition present before the onset of immunotherapy.
In this context, treatment with IClIs is able to flare
the autoimmune disorder, which becomes then
clinically apparent (Figure 2B).”” An important
argument for this hypothesis is the presence of
neural Abs before the onset of cancer immuno-
therapy in the few cases in which a pre-treatment
sample was stored and analyzed.!278 Is it therefore
tempting to speculate that patients with pre-exist-
ing Abs are at increased risk of developing irAEs,
but further prospective studies are needed to verify
the existence of an increased susceptibility. A third
possibility is that the target molecules (PD-1,
PD-L1, or CTLA-4) are expressed on resident
cells of the nervous system and therefore direct
complement-dependent or cell-dependent cyto-
toxicity may take place in the presence of ICIs
(Figure 2C).77 This model seems to be particularly
adapted to explain ICI-triggered hypophysitis,
where histological analysis in one case revealed
local deposition of monoclonal Abs targeting
CTLA-4, as well as complement deposition.”® In
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(A) PNS-like mechanism

NK-cell CD8 T-cells
S
APC
Onconeural-Ag @
\goms T J
S 0 ~
o

Neuron

MHCT " Onconeural-Abs
¥ T-
TCR -
Ay 7

Tumor cells CD4 T-cell B-cell Plasma cell

ICl stimulate the immune breakdown

(B) Flare of a latent autoimmune condition

Latent autorreactive CD4-T cell Activated autorreactive CD4-T cell
o il
o O _ 7 B
2 N ¢ 2
% Pre-existing onconeural-Abs }/ A )’ P 4 2k AL

- Onconeural-Abs

5
aa OnconeuralAg z@

Tumor cells Plasma cell Plasma cell

Immune breakdown is already present, IC| stimulate brain immune reaction

(C) Direct complement- or (D) Interplay between previous viral
cell-dependent cytotoxicity infection and irAE

EBV-infected cell

Neuron

e e
CDA4-T cell

Clonal CD4-T cells

Pituitary cells NK-cell

Figure 2. Proposed mechanisms of neurological irAEs triggered by ICls. (A) PNS-like mechanism. An immune-response against a
shared auto-antigen between the tumor and neural tissue is triggered by ICls. In the periphery, tumor-related antigens (including
mutant forms of onconeural proteins) are released after immune attack by NK-cells. Onconeural antigens are then phagocytosed
and presented by APCs to cells of the adaptive immune system. CD4+ helper T cells play a key role in activating B cells, which are
then able to differentiate into antibody-producing plasma cells. Antigen-specific CD8+ cytotoxic T cells are also primed by APCs and
represent the main effectors of neuronal damage. (B) Flare of a latent autoimmune condition. In this hypothesis, immune breakdown
is already present and ICI stimulate the brain immune-reaction. (C) Direct complement-dependent or cell-dependent cytotoxicity.
CTLA-4 is expressed on pituitary cells and ICI treatment can trigger complement-mediated direct damage, explaining the high

rate (approximately 10%) of hypophysitis in patients treated with anti-CTLA4 Abs [ipililumab). (D) Interplay between previous viral
infection and irAE. Oligoclonal activation of CD4+ T cells specific for a viral pathogen (e.g., EBV] in the presence of ICls.

Abs, antibodies; Ag, antigen; APC, antigen-presenting cell; CTLA4, cytotoxic T-lymphocyte antigen 4; EBV, Epstein-Barr virus; ICI, immune checkpoint
inhibitor; irAE, immune-related adverse event; MHC, major histocompatibility complex; NK-cell, natural killer cell; PD-1, programmed cell death protein
1; PNS, paraneoplastic neurological syndrome; TCR, T-cell receptor.
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agreement with this model, hypophysitis is a fre-
quent complication of ipilimumab (10% of
patients), and does not increase in frequency if
anti-PD1/PD-L.1 are added, suggesting a drug-
specific effect.”7 Finally, activation of clonal
Epstein-Barr virus (EBV) positive T-cells was
demonstrated in a case of encephalitis developing
after melanoma treatment with ipilimumab and
pembrolizumab (Figure 2D).80 This finding seems
particularly interesting since EBV was shown to
have the ability to subvert host immune surveil-
lance by modulating PD-L1 expression in EBV-
associated tumors (e.g., diffuse large B-cell
lymphomas).8! Given that EBV is highly prevalent
worldwide, it is reasonable to think that its role in
PD-L1 expression extends to other cancer types,
including solid tumors.82

AE: definition, epidemiological and clinical
aspects

In adults, AE is clinically defined by the subacute
onset of memory deficits, altered mental status,
and psychiatric symptoms in association with one
or more of the following: new focal central nerv-
ous system findings, seizures, CSF pleocytosis, or
brain MRI features consistent with encephalitis.3?
In children, a new set of criteria have been pro-
posed recently, accounting for the differences in
the presentation of AE in the pediatric popula-
tion.83 Importantly, it was underlined that the
onset of AE in children can be acute or subacute,
many patients do not present with well-defined
syndromes, and the clinical picture can include
focal or diffuse neurological deficits, sometimes
in the form of a developmental regression.®3 In
addition, the Ab-spectrum is different between
adults and children (Table 1). In adults with AE,
the most common Ab detected is anti-NMDAR
(especially in young female cases), followed by
anti-leucine-rich glioma-inactivated 1 (LGI1;
typically in middle-aged/elderly males).:¥5 In
children, it was recently reported that the most
frequent specificity is myelin oligodendrocyte gly-
coprotein (MOG), followed by NMDAR.4® Anti-
MOG encephalitis should be considered in young
patients showing extensive cortical encephalitis,
isolated basal ganglia and/or thalamus involve-
ment, or with refractory status epilepticus and
mild MRI changes.#¢ Seizures are a cardinal
symptom in both adult and pediatric AE cases,
they are often resistant to anti-seizure medica-
tions, and have different semiology and outcome
according to the sex, age of the patient, and

Ab-association.8* Some patients with AE may
manifest prominent or isolated psychiatric fea-
tures (i.e., autoimmune psychosis).® In this con-
text, red flags pointing to an autoimmune etiology
include rapid progression, adverse response to
antipsychotics (including neuroleptic malignant
syndrome), appearance of aphasia/mutism, or
other additional neurological findings.8>

Very few epidemiological studies have been per-
formed in AE. The annual incidence per million
person-years has been estimated at 8 for AE (both
Ab-positive and negative) in Olmstead County,
MN, USA,# 2.2 for pediatric anti-NMDAR
encephalitis in Hong Kong,8® and 0.83 for anti-
LGI1 encephalitis in the Netherlands.8”

Most AEs are associated with Abs targeting
epitopes exposed to the neuronal cell surface.1:2:45
Differently from PNSs, the role of these auto-Abs
seems to be pathogenic, therefore AEs often
respond favourably to treatments aimed to
remove Abs or depleting Ab-producing cells.1:2:45
Brain pathology findings of cases with anti-
NMDAR encephalitis confirmed the absence of
dominant T cell infiltrate, whereas B cells and
plasma cells were detected frequently in the
perivascular spaces.4’%° Interestingly, comple-
ment activation and neuronal loss were absent in
anti-NMDAR encephalitis. Conversely, a modest
degree of complement-dependent cell loss was
observed in anti-LGI1 and anti-CASPR2-associ-
ated syndromes,*”-4% which could account for the
more prolonged clinical course of these patients,
and the frequent detection of hippocampal atro-
phy in the advanced stages of the disease.’! AEs
have a peculiar spectrum of disease triggers and
predisposing factors, including distinctive HLA
haplotypes,? infectious triggers,> and the recipro-
cal interactions between these two factors. In
addition, as with PNS, AE can also be induced by
ICI treatment (Figure 3).88

Infections as triggers of AEs

Patients with AEs often report an infectious pro-
drome antedating the development of the neuro-
logical symptoms by days or a few weeks>;
typically, these mild “flu-like” episodes are char-
acterized by upper respiratory tract infections or
self-resolving gastroenteritis. The same applies
for other autoimmune neurological syndromes
involving the peripheral (e.g., Guillain-Barré
syndrome after Campylobacter jejuni infection) as
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well as central nervous system (e.g., Sydenham
chorea associated with streptococcal infection).%>
In the case of AE, the most common associated
pathogen is herpes simplex virus (HSV) causing
viral encephalitis.*7 The resulting autoimmune
relapse usually manifests itself as anti-NMDAR
syndrome, which accounts for the pediatric dis-
order previously known as “choreoathetosis post-
HSV encephalitis”.57 The reasons why HSV
seems to be particularly prone to induce anti-
NMDAR encephalitis among all infectious path-
ogens are unknown. One possibility is linked to
the high destructive potential of HSV, which is
able to release antigens (including cell surface or
synaptic receptors) from the damaged brain tis-
sue, and subsequent self-immunization against
the GluN1 subunit of NMDAR.”45 The fact that
these patients commonly develop Abs against
multiple neuronal proteins (e.g., GABA,R) ren-
ders the possibility of molecular mimicry less
likely to explain the pathogenesis of this immune-
mediated complication.®57 Overall, 27% of
patients with HSV encephalitis subsequently
develop AE (mostly anti-NMDAR encephalitis,
but other auto-Abs have been detected in up to
36% of the cases).” The clinical presentation and
the outcome of the relapse differ according to the
age of onset. Patients younger than 4 years tend
to have shorter intervals between viral encephali-
tis and AE (typically less than 1 month) as com-
pared with adult cases, more frequently present
with choreoathetosis (whereas older patients
demonstrate more commonly psychosis), and
show a worse outcome (the response to immuno-
therapy is better in adult cases).” The interplay
between genetic factors and infective pathogens
is of paramount importance in this context, as it
was demonstrated that 5% of patients who
develop HSV encephalitis harbor a particular
deficiency in the gene encoding Toll-like recep-
tor 3 (TLR3), an important pathway for innate
immunity. Despite the rarity of this genetic defect
among patients with HSV encephalitis, it is very
interesting to note that 66% of those who harbor
TLR3 deficiency later develop AE.?9 A mouse
model of post-HSV anti-NMDAR encephalitis
has shown that intranasal inoculation of HSV-1
in mice was able to induce the production of
NMDAR-Abs in more than half of the animals,
along with reduced levels of hippocampal
NMDAR.8 Few other infectious pathogens have
been linked to NMDAR encephalitis, including
varicella zoster virus (VZV), mycoplasma, and
human immunodeficiency virus (HIV).5% In

DRB1*10:01) and GAD
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IgLON5 (DQB1*05:01-
encephalitis
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IgLONS, immunoglobulin-Llike cell adhesion molecule 5; LGI1, leucine-rich glioma-inactivated 1; NMDAR, N-methyl-D-aspartate receptor; NSCLC, non-small-cell lung cancer; PNS,

AE, autoimmune encephalitides; CASPR2, contactin-associated protein-like 2; GAD, glutamic-acid decarboxylase; HLA, human leukocyte antigen; HSV, herpes simplex virus;
paraneoplastic neurological syndromes; SCLC, small-cell lung cancer.

Figure 3. Schematic representation of the four known triggering factors in PNS and AE.
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contrast to NMDAR encephalitis, no infectious
prodrome was observed in anti-LGI1 and anti-
CASPR2 encephalitis,®! suggesting that other
factors may be relevant.

Association between HLA and AEs

HIA is the main genetic factor related to autoim-
munity, and several associations have been
described in autoimmune neurological diseases,
especially in those presenting with auto-Abs.°
Despite the modest associations initially reported
in classic PNSs,°1:92 the study of genetic predispo-
sition in AEs has recently led to highly interesting
and promising findings.

Patients with neurological syndromes with anti-
glutamic-acid decarboxylase (GAD) Abs and
their relatives usually present with other organ-
specific autoimmune diseases, suggesting a
strong genetic predisposition to autoimmunity.
In agreement with this observation, anti-GAD
neurological syndromes were the first to be asso-
ciated with HLA, although initial studies only
included patients with stiff-person syndrome and
genotyping was incomplete.®3:°¢ We have recently
confirmed the association with the extended hap-
lotype DQA1*05:01-DQB1*02:01-DRB1*03:01
in a large series.®> This haplotype was already
known to be linked to several organ-specific
autoimmune diseases, and, therefore, constitutes
a shared genetic predisposing factor between
them and anti-GAD neurological syndromes.
However, other HLLA may be involved in particu-
lar familial cases.%°

Encephalitis with anti-immunoglobulin-like cell
adhesion molecule 5 (IgLON5) Abs is strongly
associated with the «class II HLA allele
DRB1*10:01, which was carried by 86.6% of the
patients in one of the first large samples.®’
Moreover, n silico studies predicted strong bind-
ingbetween IgLONS5 peptidesand DRB1*10:01.98
Intriguingly, some clinical and immunological
differences were observed between DRB1*10:01
carriers and non-carriers. The detection of anti-
IgLLONS5 Abs in CSF, as well as the typical sleep
and bulbar disturbances, were more frequent
among the DRBI1*10:01 carriers. Conversely,
non-carriers had more commonly a negative CSF,
cognitive impairment, and PSP-like presenta-
tion.’”%8 It is therefore unclear whether anti-
IglLON5 encephalitis represents a heterogeneous
disease, or, alternatively, two different entities

with distinct genetic, immunological, and clinical
characteristics are associated with anti-IgLLON5
Abs.

Anti-LLGI1 encephalitis is strongly associated with
another class II allele, DRB1*07:01, which was
carried by nearly 90% of the patients in several
studies.!%11:99 So far, no significant clinical or
immunological difference has been reported between
DRB1*07:01 carriers and non-carriers.!0:11,99
Regarding its binding properties, i silico studies
identified several LGI1-derived peptides that may
potentially bind with high affinity DRB1*07:01,
but the binding specificity remains to be clarified.10:%°
The allele DRB1*11:01 was detected in approxi-
mately 50% of the patients presenting various
neurological diseases with CASPR2-Abs.?® In
addition, i silico studies also identified several
CASPR2-derived peptides as strong binders to
DRB1*11:01.9° Taken together, these findings
suggest that an altered peptide presentation by
the particular associated HLA for each AE may
be involved in their pathogenesis.

In contrast to the aforementioned diseases, no
consistent genetic predisposition has been
reported in anti-NMDAR encephalitis, with only
two weak and infrequent HLA associations
(DRB1*16:01 and B*07:02) described.100:101
Nevertheless, larger and more comprehensive
studies should investigate the possible role of
other non-HLA loci in the pathogenesis of this
disease.

Conclusion

The mechanisms underlying immune tolerance
breakdown in PNSs and AEs remain largely
unknown. Important clues come from the study
of triggering and predisposing factors, namely
tumors, cancer immunotherapy, infections and
specific HLA haplotypes. In PNSs, studies
addressing genetic and immunopathological
characterization of tumors, including those
treated with ICIs, have provided exceptional
models for understanding the pathophysiology of
these conditions. In AEs, the complex interplay
between genetic (HLA) and environmental
(infections) factors was found to be of crucial
importance. Despite the rarity of PNSs and AEs,
the repercussions of these findings will likely
extend far beyond the field of neuroimmunology,
with major impact in several other areas of
medicine.
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