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Abstract

Autism spectrum disorder (ASD) is a behaviorally defined syndrome affected by multiple genetic and
environmental factors. A wide variety of risk factors for ASD have been identified and many of these affect immune
functions. This may not be surprising, since the immune system and the nervous system share common signaling
mechanisms and affect each other as a part of the neuroimmune network. The ever-expanding scope of inborn
errors of immunity (IEls) has revealed multiple pathogenic gene variants that manifest overlapping clinical features
of common neuropsychiatric diseases, including ASD. These IEls often cause dysregulated immune activation and
resultant chronic inflammation affecting multiple organs. Some IEls also cause changes in morphogenesis and
plasticity of the central nervous system. Such patients often present with a puzzling array of clinical features and
some of them may be diagnosed with ASD or other neuropsychiatric conditions. The progress of our understanding
of disease mechanisms for IEls at the molecular levels has led to gene-specific treatment measures in some
diseases. In addition, some ASD patients are found to have laboratory findings of neuroinflammation that resemble
those seen in IEl patients. This may pave the way for applying specific treatment measures used for IEl patients in
such ASD patients. This review focuses on describing IEls that have overlapping features of ASD. Emphasis is also
on IEls that can be treated by targeting identified disease mechanisms. Such information may be helpful for
clinicians who are considering genetic/metabolic workup in ASD patients.
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INTRODUCTION

Various genetic analysis has indicated that there are multiple ASD risk variants. These variants are reported
in genes associated with both brain morphogenesis and neuronal plasticity affecting the signaling pathways,
including chromatin remodeling, and Wnt/Notch pathways". Genes involving regulating oxidative stress
and the associated metabolic pathways also affect neuronal growth. Therefore, variants of these genes are
implicated in ASD pathogenesis as well". Recent studies of gene-protein interactions and other regulatory
factors of transcription and translation, like microRNA (miRNA), are also implicated in the epigenetic basis
of ASD development”. In such changes, the immune system is thought to play a crucial role in the onset
and progress of ASD, partly through the generation of immune-mediated neuroinflammation®. The role of
neuroinflammation in ASD pathogenesis is best documented in the animal model of ASD called maternal
immune activation (MIA), in which maternal sterile inflammation induced by injection of endotoxin during

the 2nd trimester has been shown to cause impaired neuropsychiatric development in offspring™*..

Candidate genes for ASD risk are often those involved in the regulation of gene expression in epigenetic
pathways"”. Likewise, environmental factors that affect epigenetic regulation are also implicated in ASD risk.
For example, valproate, an anti-seizure medication and a well-known risk factor of ASD through fetal
exposure, is known to affect a histone modification enzyme and folic acid metabolism™. The resultant
epigenetic changes last for a prolonged time, as shown in animal models of MIA". In the MIA model,
maternal inflammation was triggered by endotoxin, causing sterile inflammation. Therefore, lasting effects
on the immune system and the brain are thought to be mediated by its effects on innate immunity. Apart
from the study of ASD pathogenesis, lasting changes in innate immunity following potent immune stimuli
are known to involve epigenetic changes and are often referred to as innate immune memory”®. In
summary, there may be underlying mechanisms involving gene variants that may cause immune activation
and resultant chronic inflammation in some ASD subjects, manifesting multi-organ phenotypes. In that
regard, research on IEIs provides valuable information.

The study of IEIs has revealed a genetic basis for autoinflammatory and immunodysregulatory conditions,
which often involve the central nervous system (CNS): this is partly due to the onset of inflammation during
the early stage of brain development. Mechanisms of neuroinflammation associated with IEIs often
involve dysregulated innate immune responses. Understanding such mechanisms has shed light on the role
of neuroinflammation in the pathogenesis of common neuropsychiatric conditions, including ASD. In this
review, IEIs that could present with ASD-like behavioral symptoms will be summarized along with
currently available treatment measures for each IEI condition. Such information may be helpful when
considering exploring advanced genetic testing for ASD subjects. In addition, treatment measures used for
specific IEI may be applicable for ASD subjects if they carry gene variants that can affect their clinical
manifestations.

IEI ASSOCIATED WITH NEURODEVELOPMENTAL CONDITIONS

IEl causing thymic defect and multiple pathways associated with the neuroimmune network
Syndromes that affect the morphogenesis of multiple organs and chromatin remodeling often present with a
puzzling array of clinical features. Both the immune and nervous systems are frequently affected. In
addition, these two systems have an intricate network of cells that are essential for both morphogenesis and
organ functions, by utilizing overlapping mechanisms of actions. In this section, we describe well-
recognized syndromes that could develop ASD-like clinical features and could be initially diagnosed with
ASD as a primary diagnosis. Since these patients are vulnerable to recurrent infection and
autoimmune/autoinflammatory complications, early diagnosis and proper management of these syndromes
will help minimize the hazardous effects of immune-mediated inflammation or other complications in the
brain.
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CATCH-22 syndrome

In 1993, based on studies of 44 subjects with the above-described clinical features, Wilson et al. proposed
the acronym of CATCH-22 (Cardiac disease, Abnormal facies, Thymic hypoplasia, Cleft palate, and
Hypocalcemia resulting from 22q11 deletions)". Prior to our understanding of the mechanisms of 22q11.2
microdeletion and CHARGE syndrome, these two conditions with overlapping clinical features were
included in CATCH-22 syndrome. These two syndromes often present with overlapping neuropsychiatric
features of ASD and will be discussed in this section.

(1) 22q11.2 microdeletion syndrome

The frequency of DiGeorge syndrome (DGS) is reported to be 1 in 3,000 to 1 in 6,000, making DGS one of
the most common chromosomal microdeletion syndromes"". However, its clinical manifestations are
markedly variable, affected by a range of genetic and environmental modifiers"”. The degree of thymic
hypoplasia varies considerably from aplasia of a thymus, which presents as the complete absence of T cells,
to partial or almost intact thymus. The only curative measure for complete DGS is thymic transplant".

Partial defect of the thymus may be compensated by oligoclonal expansion of T cells in the later years, as
shown in the improvement in responses to vaccinations with age. However, oligoclonal expansion is
associated with a decrease in T cell diversity that may increase the risk of autoimmune complications'.

Some DGS patients with partial thymic hypoplasia may present with predominant features of
developmental delay and neurocognitive and psychiatric disorders, making DGS diagnosis challenging to
clinicians. We have experienced a few DGS patients who were initially diagnosed with ASD and later found
to have the 22q11.2 microdeletion through chromosome microarray analysis. 22q11.2 region contains a
cluster of low copy repeats (LCRs) that mediate meiotic non-allelic homologous recombination between
LCRs and are susceptible to deletion or duplication"”. This region also codes long non-coding RNAs
(IncRNAs) and miRNAs that affect gene expression"”. Which part of this region is deleted also affects the
clinical features of DGS"”. For example, deletion of TBX1, which is essential for normal thymus formation,
leads to thymic aplasia or hypoplasia, greatly affecting T cell immunity, but not all DGS patients have
deletion of TBX1""*?. Low T cell numbers may be detected by newborn screening (NBS) of T lymphopenia.
However, many DGS patients with mild to moderate T lymphopenia will be missed. When thymus
formation is impaired but not completely absent, T cell tolerance is affected partly due to decreased
expression of AIRE (autoimmune regulator), and reduced generation of central regulatory T cells"”. In
older patients, the development of autoimmune complications may also cause puzzling clinical features.
Apart from the TBX1 gene, this 22q11.2 region contains genes coding proteins that affect mitochondrial
metabolism, such as DGCR8 and TXNRD2"". Deletion of these genes leads to an increase in the production
of reactive oxygen species (ROS), further affecting immune functions and neuronal development. Deletion
of these genes is thought to contribute to impaired morphogenesis of the CNS and neuronal functioning in
DGS patients*"”. The deleted lesion of 22q11.2 also contains genes implicated with the pathogenesis of
schizophrenia or other neurodevelopmental conditions. For example, COMT hemizygosity and the
resultant reduction of enzymatic activity of COMT (catechol-o-methyltransferase) are implicated with
psychosis risk in 22q11.2 deletion syndrome"® and ASD-like psychiatric phenotypes'”. It was proposed that
the 22q11.2 microdeletion syndrome is a genetic model of neurodevelopmental phenotypes". The 22q11.2
microdeletion is easily detectable with the use of chromosomal microarray analysis; thus, clinicians seeing
ASD subjects must keep this syndrome in the differential diagnoses when ASD subjects present with clinical
symptoms indicating DGS.
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(2) CHARGE syndrome

Impaired regulation of gene expression through chromatin remodeling affects numerous genes, resulting in
variable clinical manifestations involving multiple organs. CHARGE (coloboma, heart defect, atresia
choanae, retardation of growth and development, genital hypoplasia, and ear anomalies/deafness) syndrome
is one of such syndromes occurring 1:15,000 newborns and characterized by overlapping features of 22q11.2
microdeletion syndrome"'. Autosomal dominant pathogenic variants of CHD7 coding for the
chromodomain helicase DNA binding domain protein 7 (CHD7) cause this syndrome in up to 70% of
patients diagnosed with CHARGE syndrome'". Effects of CHD7 on gene expression during neural crest
development may cause overlapping features of 22q11.2 microdeletion, including impaired thymic
development"®. Patients with CHARGE syndrome often initially present with marked hypotonia and
resultant severe gastroesophageal reflux disease (GERD) accompanied by impaired growth""**’l. They often
require gastric tube feeding and Nissen fundoplication for controlling GERD. Developmental delay is also
highly prevalent, along with ASD-like behavioral symptoms in patients with CHARGE syndrome"*”.

Therefore, they are frequently diagnosed with ASD"'.. Secondary to thymic hypoplasia, T cell anomalies
resembling those seen in DGS patients are also found at high frequency in CHARGE syndrome patients””.

Clinicians are generally aware of feeding difficulty and developmental delay/behavioral symptoms in
patients with CHARGE syndrome. Aspects of possible immunodeficiency in CHARGE syndrome may be
overlooked. However, impaired T cell immunity and subsequent recurrent infection will further aggravate
behavioral symptoms in patients with CHARGE syndrome. An increase in autoimmune complications, as
seen in DGS patients, will also make clinical management challenging. Addressing a component of impaired
T cell immunity in CHARGE syndrome patients will be important for the best clinical outcomes.

Down syndrome (trisomy 21)

Down syndrome (DS) is the most common chromosomal abnormality, occurring in approximately 1:700
live births"*”. DS patients are well known for their characteristic dysmorphism, developmental delay, and
other complications affecting multiple organs. DS patients present with ASD-like behavioral symptoms;
diagnosis of ASD in DS patients is reported to be 16%-41%"*". DS patients are also characterized by
abnormal thymic epithelium development, resulting in progressive thymic hypoplasia with age!"”, and
further thymic abnormalities found in DGS patients. Their clinical features and progressive decline in
immune functions are mostly attributed to the presence of the 3rd chromosome 21. Excessive genes due to
trisomy 21 are associated with impaired regulation of redox state and a resultant increase in oxidative stress,
subsequently affecting the development of multiple organs®’. Such changes also contribute to premature
senescence and increased oxidative stress in thymus and other lymphoid organs, worsening progressively
with age**”. As a result, in DS patients, impaired T cell immunity gets worse with age, often manifested as a
decline in antibody titers generated by childhood vaccinations: in infants or young DS children, DS patients
generally exhibit normal lymphocyte count and reveal decent responses to infant vaccines, but such
responses progressively get worse with age in some DS patients””*". ikewise, cognitive functions may
decline with age in DS patients, indicating their need for more supportive measures for oxidative stress"*.
T cell depletion in DS patients is also partly attributed to hyperactivation of PI3K/AKT/mTOR pathways
due to gene dosage effects™’. Gene dosage effects also attenuate the activation of the NFAT (nuclear factor
of activated T cells) pathway, impairing signaling of TCR (T cell receptor)/NFAT signaling, which is also
important for brain functioning™. Although genetic diagnosis of DS is relatively easy, clinical management
of DS patients, especially those with features of ASD, may be challenging. The contribution of immune
defects, which may not be evident at a young age, is likely to be overlooked, resulting in further worsening
of behavioral symptoms and oxidative stress due to recurrent infection. In DS patients in their 10s and 20s
with worsening behavioral symptoms and recurrent infection, a possible decline of humoral immunity may
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need to be addressed for proper management.

Kabuki syndrome

Kabuki syndrome (KS) is another complex syndrome with overlapping features of CATCH-22 syndrome,
occurring approximately at 1 in 32,000°'". It is characterized by facial dysmorphism resembling kabuki
makeup, psychomotor developmental delay, growth retardation, and other highly variable clinical
features”. KS was first found to be associated with pathogenic variants of KMT2D, which codes histone
lysine methyltransferase that regulates chromatin remodeling and subsequently affects the expression of
numerous genes™. Up to 75% of KS patients express KMT2D gene variants, while about 5% of KS patients
reveal variants of KDM6A, which codes histone demethylase*. In addition to variable developmental
issues, KS patients manifest difficult behavioral symptoms with overlapping features of ASD">*.. In
addition, KS patients often present with functional neurological abnormalities including muscular
hypotonia, and dysarthria®'. Partial seizures are also found at high frequency (around 17%) in KS
patients”!. KS patients are also characterized by immunodeficiency (usually antibody deficiency) and
autoimmune complications. Hypogammaglobulinemia is reported to be seen in up to 58% of KS patients
and may become more apparent with age, as seen in patients with common variable immunodeficiency
(CVID) and so are autoimmune complications". Neuropsychiatric symptoms overlapping features of ASD
may lead to a diagnosis of ASD in KS patients, despite characteristic facial dysmorphism and other clinical
features. In our clinic, we encountered two KS patients who were originally diagnosed with ASD, but other
clinical manifestations led to Dx of KS with identified pathogenic variants of KMT2D. In both patients,
recurrent infection was a major trigger of worsening behavioral symptoms and seizure cluster: starting
supplemental Ig treatment dramatically improved recurrent respiratory infection and subsequent seizure
controls. Thus, clinicians are encouraged to be familiar with characteristic facial dysmorphism of KS§, since
genetic diagnosis is relatively easy through target gene sequencing offered by commercial laboratories.

The syndromes described above often develop impaired humoral immunity over time, as typically seen in
DS patients. Because of thymic hypoplasia, these patients may not show hypogammaglobulinemia®), but
specific antibody production may become more apparent with age, as typically shown by loss of response to
vaccine antigens, especially less immunocompetent polysaccharide antigens: PPV23 was typically used for
assessing such responses™. Anti-microbial therapy is important for the above-described syndrome, given
impaired T cell immunity. Typically, prophylaxis antibiosis is aimed to cover intracellular organisms that
are not well covered by supplemental immunoglobulin (Ig) treatment. Trimethoprim-sulfamethoxazole
(TMP-SMX) has been typically used for patients with impaired T cell immunity to cover PJP (pneumocystis
jirovecii pneumonia) and other intracellular organisms in patients with predominant T cell defects".
Partial DGS patients may only require TMP-SMX prophylaxis for the 1st few of life, while other patients
described in this section may continue to require such prophylaxis measures. Over time, many of these
patients with the above-described syndromes, especially KS patients, require supplemental Ig treatment"”.
When these patients also suffer from difficult behavioral symptoms, it may be challenging to administer Ig
intravenously. It is our experience that many patients with underlying primary immunodeficiency have
difficulty in tolerating a high dose of Ig for presumed autoimmune conditions, which may be attributed to
prior antigen load. In our clinic, one KS patient had a severe adverse reaction to high-dose (HD)
intravenous immunoglobulin (IVIg) administered by other providers who initially diagnosed the individual
with autoimmune diseases before confirming the KS diagnosis. This patient tolerates supplemental Ig
administered subcutaneously with improvement in recurrent respiratory infection and infection-induced
seizure clusters. The dose and route of administration may require consideration in these patients.
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IEls causing autoinflammatory conditions affecting the brain

Recent progress in clinical and molecular immunology has revealed that there are many genetic variants
causing monogenic autoinflammatory diseases. Primary autoinflammatory diseases are characterized by
dysregulated innate immune responses caused by variants of genes associated with the regulation of non-
specific inflammatory responses exerted by innate immunity as the 1st line of immune defense. Since such
genes are also often closely associated with morphogenesis and plasticity of the nervous system", it is not
surprising that patients with monogenic autoinflammatory diseases often exhibit neuropsychiatric
symptoms and developmental delay. It is beyond the scope of this review to describe each group of
monogenic autoinflammatory diseases. Therefore, in this review, we describe representative
autoinflammatory diseases that are relatively common and often present with predominant
neuropsychiatric symptoms that may mimic ASD behavioral symptoms or, if they co-exist, will be
challenging for clinical management.

Variants of genes regulating activation of inflammasomes
In this category, we will mainly discuss autoinflammatory diseases caused by MEFV variants that cause
familial Mediterranean fever (FMF) and NLRP3 variants that cause cryopyrinopathies.

(1) FMF: FMF is one of the most common systemic autoinflammatory diseases and its gene (MEFV) was
initially cloned in 1997"°. EMF affects populations of Mediterranean descent and its prevalence is reported
to be 1:500 to 1:1,000 in endemic countries. It was known to cause intermittent fever with serositis and
subsequent progressive amyloidosis, provided sterile inflammation is not managed properly*"’. Self-limited
fever attacks are thought to be a hallmark of FMF. However, it became more evident that some FMF
patients with pathogenic MEFV gene variants do not present with classical fever attacks and can present
with clinical features mimicking vasculitis and Behget disease'”. An atypical manifestation of FMF is now
well recognized and effects of genotypes and epigenetic regulations are implicated in its variable clinical
manifestations*”. One case report describes two heterozygous mutations of FMF in a high-functioning ASD
subject, and these genes may be contributing to muscle rigidity and other symptoms of the musculoskeletal
system in this patient'*’. The pathogenesis of FMF is attributed to a gain of function (GOF) variant of
MEFV, which causes persistent activation of pyrin. Severe phenotypes are associated with autosomal
recessive (AR) homozygous MEFV variants and/or compound heterozygous AR mutations of MEFV'*.
Autosomal dominant (AD) GOF MEFV variants manifest more distinct clinical phenotypes™*. It is now
recognized that the presence of pathogenic variants of the MEFV genes aggravates autoimmune
conditions*”. We have encountered one patient who was diagnosed with autoimmune encephalitis with the
presence of ovarian teratoma, but this patient’s neuropsychiatric symptoms appeared to be affected by
severe musculoskeletal (MSK) pain symptoms. This patient was later found to have an AD, GOF MEFV
pathogenic variant: her MSK pain was brought under control with daily intake of colchicine and resultant
improvement of her neuropsychiatric symptoms.

(2) Cryopyrinopathyies: Activation of the NLRP3 inflammasome is triggered by signaling from non-specific
triggers of innate immunity, including danger-associated molecular patterns (DAMPS) and pathogen-
associated molecular patterns (PAMPS). These stimuli activate NLRP3 through the NF-kB signaling
pathway, resulting in the up-regulation of IL-18 (interleukin-18) transcription, called priming, and
subsequent NLRP3 activation follows through multiple mechanisms"*?. Activation of NLRP3 results in the
release of oxidized mitochondrial DNA that can then directly activate NLRP3"**. AD, GOF mutations in
NLRP3 are known to manifest variable degrees of symptoms, called cryopyrin-associated periodic fever
syndrome (CAPS). CAPS is considered to be rare, occurring 1 to 3 per 1 million™, but patients with milder
phenotypes may be present at a higher frequency. Familial cold autoinflammatory syndrome (FACS) is
manifested as intermittent delayed onset cold induced urticaria, often with fever and joint ache, and patients
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with Muckle-Wells syndrome (MWS) present with urticaria and sensory hearing loss'*'. Neonatal-onset
multisystem inflammatory disease (NOMID) is characterized by an early onset of symptoms dominated by

41,45

neurological manifestations resembling serous meningitis***!. Interestingly, patients with multiple sclerosis
(MS) are reported to have pathogenic, low-penetrance variants of MEFV and NLRP3 genes at a high
frequency™.

Variants of NLRP and NLRC4 inflammasomes are also known to cause similar autoinflammatory diseases.
As seen in NOMID patients, severely affected patients with cryopyrinopathies are expected to develop
significant neurological symptoms mimicking serous meningitis that may result in significant
developmental delay and seizure disorders. Some patients with cryopyrinopathies develop behavioral
symptoms that overlap with ASD behavioral symptoms in our experience but respond dramatically to
treatment measures for cryopyrinopathies.

(3) Inflammasome blockers: The above-described pyrin and NLRP3-inflammatory disorders have been
treated with blockers of inflammasome activation with favorable clinical responses. Such treatment
measures may be applicable for ASD subjects in whom variants of these genes are found to have a role in
the regulation of underlying neuroinflammation. For FMF patients, colchicine has been the 1st line of
treatment for the past few decades. Colchicine inhibits the polymerization of microtubules, which is crucial
for chemotaxis and phagocytosis of innate immune cells***. Colchicine also inhibits NLRP3, subsequently
blocking IL-18 induced inflammasome activation, and production of TNF-a (tumor necrosis factor-a) and
IL-6"%. Actions of colchicine on microtubes also inhibit neutrophil-platelet interactions, preventing
thrombosis triggered by neutrophilic inflammation**!. These actions of colchicine indicate that colchicine
will be effective for controlling neutrophilic inflammation triggered by Th17 cells and/or other innate
immune cells. However, colchicine is a strong inhibitor of P450 3A4; thus, it will be necessary to evaluate
drug interactions with medications that patients are already taking. As for CAPS patients, IL-1 blockers are
the 1st line of treatment measures'*”. Humanized monoclonal antibodies against IL-18 (canakinumab) or
soluble IL-18 receptor conjugated with the Fc portion of human IgG1 (rilonacept) have been used for long-
acting IL-1B blockers"™. In contrast, anakinra, a IL-1 receptor antagonist (IL-1ra), is a recombinant protein
of naturally produced human IL-1ra that acts as a counter-regulatory mediator for controlling IL-1-induced
inflammation, blocking actions of both Il-18 and IL-1*". Anakinra is short-acting, requiring daily
subcutaneous injection. However, it can penetrate intact blood-brain barriers (BBB): this unique property of
anakinra may be handy when it is required to control acute cytokine storms or CNS inflammation
associated with seizures. We have reported one case of treatment-resistant seizures and the favorable effects
of anakinra when used with a mTOR (mammalian target of rapamycin) blocker®. Recent results of
randomized clinical trials of anakinra indicated attenuation of severe COVID-19 (coronavirus disease 2019)
in hospitalized patients”™, although a recent metanalysis reported negative results of anakinra for severe
COVID-19"". It is also of note that CAPS patients are expected to suffer from more potent adjuvant effects
from vaccinations, but such effects are well attenuated with concurrent use of IL-18 blockers'*..

As summarized, dysregulated activation of inflammasome pathways can present with a puzzling array of
clinical presentations, often including neuropsychiatric symptoms. Clinicians may need to pay attention to
possible genetic risk factors associated with inflammasome disorders in some ASD subjects if other clinical
features indicate autoinflammatory conditions, since blockers targeting inflammasome activation are readily
available and have good safety records'.
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Type 1 interferonopathies

Interferons (IFNs) are crucial for innate immune defense, interfering with viral replication and
dissemination. Any cells can produce IFNs upon the invasion of microbes. However, some innate immune
cells, such as plasmacytoid dendritic cells, produce large amounts of type 1 and type 3 IFNs, while type 2
IFN (IFN-y) is mainly produced by type 1 T-helper (Th1) cells'””. IFNs are potent activators of macrophage
and monocyte lineage cells, and dysregulated signaling through IFNs can lead to macrophage activation
syndrome, a potentially lethal condition affecting multiple organs'”’. The COVID-19 pandemic showed
what a crucial role that IFNs can play. It is now known that severe COVID-19 disease in elderly subjects is
partly attributed to the production of autoantibodies against type 1 IFNs"’. On the other hand,
uncontrolled production of type 1 IFNs or dysregulated signaling via IFNs in innate immune cells leads to
autoinflammatory conditions, now referred to as type 1 interferonopathies'®*.

(1) Clinical presentation: Various variants of multiple genes are now recognized to cause overproduction of
IFNs or dysregulated activation of type 1 IFN signaling pathways*.. This leads to uncontrolled activation of
the downstream innate immune signaling pathways, polyclonal B cell activation, and subsequent
autoinflammatory and autoimmune conditions®’. One of the striking features of interferonopathies is
neuroinflammation. Aicardi-Goutiéres syndrome, the prototype of interferonopathies, is known to present
with symptoms caused by severe neuroinflammation in early infancy, resembling clinical features of
congenital infectious encephalopathy and subsequent progressive loss of cognitive functioning!*".
Neuroinflammation in type 1 interferonopathies is, in part, attributed to uncontrolled activation of
microglial cells as seen in patients with macrophage activation syndrome (MAS) or hemophagocytic
lymphohistiocytosis (HLH)™". Type 1 IFNs also affect other neuronal cells, causing profound effects on the
CNS through multiple mechanisms*”. Although the number of subjects, with each of the gene variants
reported to cause type 1 interferonopathies, is not large, more and more genes are being reported to be
associated with interferonopathies and many of them are inherited in an AD manner'*”. Therefore, this
condition may be more likely to be frequently encountered as IEIs.

(2) Treatment measures: Since interferonopathies are caused by pathogenic variants of multiple genes,
therapeutic approaches will be influenced by which genes are affected and what effects are exerted by other
epigenetic factors'®?, as evidenced by the markedly variable clinical presentations seen. It has been reported
that patients with type 1 interferonopathies are generally resistant to the first-line treatment measures
typically used for autoimmune conditions like lupus; efficacies of high dose IV bolus of methylprednisolone
and/or IVIg for controlling the acute phase of symptoms are suboptimal at best***.,

Downstream signaling of type 1 IFNs involves Janus kinases (JAKs), which act as signal transducers, and
four mammalian members of JAKs are identified: JAK1, JAK2, JAK3, and TYK2""", All JAKs, except for
JAK3 that is expressed only in hematopoietic and lymphoid cells, are expressed ubiquitously and play a
crucial role in the JAK-STAT (signal transducers and activators of transcription) pathway"”". The JAK-
STAT pathway transduces signaling from multiple cytokine receptors. JAK3 mediates signals from type 1
cytokines and thus the deficiency of JAK3 leads to SCIDS"”. On the other hand, dysregulated activation of
the JAK-STAT pathway will lead to chronic inflammatory conditions, implicated in the pathogenesis of
autoimmune, allergic, and autoinflammatory conditions. In patients with type 1 interferonopathies, type 1
IFN signaling involving JAK1/JAK2 and TYK2 has been proposed as therapeutic targets for these
patients'*. In clinical trials of small numbers of monogenic type 1 interferonopathies, improvement of
clinical symptoms and inflammatory markers are reported with the use of JAK inhibitors, including
baricitinib and tafacitinib®*”*”*. Other types of treatment measures targeting the production and/or actions

66,77,78]

of type 1 IFNs have been proposed, but not widely used compared to JAK inhibitors' .
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JAK inhibitors have also become increasingly popular for treating various autoimmune conditions,
including rheumatoid arthritis (RA), inflammatory bowel diseases (IBD), atopic dermatitis, etc. The actions
of a new generation of JAK inhibitors are more selective for specific JAKs, as opposed to the 1st generation
JAK inhibitors. In ASD subjects in whom type 1 IFN-induced neuroinflammation plays a role in their
behavioral symptoms or cognitive dysfunctions, orally available JAK inhibitors may provide an additional
treatment option. Interestingly, multiple open-label studies have reported the beneficial effects of baricitinib
for severe COVID-19". With the increase in reports of the favorable effects of baricitinib, the FDA issued
an EUA (emergency use authorization) for its use as an adjunct treatment, with remdesivir, for hospitalized
COVID-19 patients older than 2 years of age. In ASD patients who have a risk of more significant
neuroinflammation following COVID-19, baricitinib may also offer another treatment option for
controlling post-COVID inflammation.

Immunodeficiency affecting PI3K/Akt/mTOR pathways

PI3k/Akt/mTOR pathways are crucial for immune functions, especially differentiation of Th17 vs. Treg cell
pathways, but these pathways are also crucial for neuronal cell activation and neuronal plasticity, as shown
in patients diagnosed with tuberous sclerosis (TS)™. Dysregulation of these signaling pathways caused by
multiple pathogenic gene variants including TS complex 1/2 are now categorized as activated PI3Kinase
delta syndrome with highly variable clinical features™. As expected, apart from the immune system, this
condition affects the nervous system, frequently exhibiting neurodevelopmental delay and learning

81-83]

disabilities along with autoimmune and autoinflammatory complications'™ *.

Class IA PIzkinase (PI3K) molecules consist of a p110 catalytic subunit and a regulatory subunit, and
catalyze phosphatidylinositol 4.5 bisphosphate to the phosphatidylinositol 2,3,4 trisphosphate (PIP3), which
serves as a secondary messenger for cell proliferation, activation, and differentiation™. Its catalytic unit
(p110) is coded by genes PIK3CA, PIK3CB, and PIK3CD. PIK3CD is predominantly expressed in
leukocytes"™. Its regulatory subunits are coded by PIK3R1, PIK3R2, and PIK3R3". AD, GOF mutations of
PIK3CD (Activated PI3Kinase delta syndrome (APDS) 1) or AD, LOF mutations of PIK3R1 (APDS2) can
cause overactivation of PI3K and downstream Akt/mTOR pathways in immune cells and other lineage cells.
This results in complex clinical features of immunodeficiency and autoimmune/autoinflammatory
symptoms, illustrating the importance of balanced activation in this signaling pathway in immune cells""*".

These patients present with clinical features overlapping with both type 1 interferonopathies and
CAPS"*#I Regulatory proteins for PI3K activation also affect this signaling pathway and pathogenic
variants coding for such regulatory molecules cause clinical features resembling APDS: such conditions are
often referred to as APDS-like syndrome. LOF PTEN pathogenic variants are best known for causing
APDS-like syndrome™.

(1) APDS1 and APDS2: As described above, the clinical features of APDS1/APDS2 are highly variable.
However, in general, these patients present with combined immunodeficiency with evidence of impaired
humoral and cellular immunity. Impaired humoral immunity is typically suspected when they suffer from
recurrent sinopulmonary infection caused by community-acquired organisms covered by infant vaccines
(Prevnar and Hib). Ocular infection is reported to be frequently seen in APDS patients'™. Impaired
immunity exerted by T cells and innate immune cells is also impaired, as evidenced by an increase in the
frequency of viral and opportunistic infection: asymptomatic viremia of CMV and EBV is common™, as is
persistent or recurrent herpes infection®”. Chronic viral infection may lead to benign lymphadenopathy and
hepatosplenomegaly®*. In addition to symptoms associated with immunodeficiency, APDS patients also
manifest autoimmune conditions typically after the first decade of life: cytopenia and glomerulonephritis
are common, along with an increase in the risk of malignant complications". Since both APDS1/APDS2
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are inherited in an AD pattern, despite the recent identification of APDS, the frequency of this condition is
expected to be fairly high; a total of 243 APDS patients were reported in the systemic review published in
2020, We already follow two APDS patients in our clinic and it is not unusual for these patients to be
found in other immunology clinics.

PI3K3$ coded by PIK3CD is upregulated in developing brains, and developmental delay and ASD-like
behavioral symptoms have been described in APDS patients, more commonly in APDS2 patients™".
Neurodevelopmental delay may manifest as mild cognitive impairment and/or learning disabilities'™”.

The variable clinical manifestations of APDS led to highly individualized treatments for controlling the
affected areas. Impaired humoral and cellular immunity are treated with Ig replacement therapy and
prophylactic antibiosis targeting intracellular organisms. When they develop autoimmune complications,
immunosuppressive treatment is often required. In addition to the 1st line of treatment measures such as
steroids, therapies targeting the PI3K3 signaling pathway have been tried. Sirolimus, a mTOR inhibitor, has
been used, because sirolimus blocks mTOR, a gatekeeper enzyme, downstream of PI3K§"". Oral agents that
directly inhibit enzymatic actions of PI3K$ are now available with promising results®**”. These PI3Ks
inhibitors have also been used for treating malignancies such as CLL (chronic lymphocytic leukemia).
However, it remains to be seen if these oral medications are applicable for controlling the CNS
inflammation associated with dysregulated activation of PI3Ka.

(2) PTEN hamartoma tumor syndrome (PHTS): PTEN (phosphatase and tensin homolog) coded by PTEN
serves as an antagonist of PI3K/Akt/mTOR pathway activation. PTEN suppresses activation of this pathway
by hydrolyzing PIP3 to PIP2, thereby inhibiting secondary messenger actions of PIP3 generated by
PI3K3§"*. With this action, PTEN serves as a tumor suppressor, and heterozygous germline mutations of
PTEN are associated with cancer syndromes™. Although PHTS is considered to be rare, previously
described under multiple names of syndromes, the development of comprehensive diagnostic guidelines
will provide better information on true prevalence”. Inherited LOF, AD, PTEN variants that result in over-
activation of the PI3K/Akt/mTOR pathway will cause clinical features resembling those seen in APDS,
which is referred to as APDS-like syndrome™**. As with APDS patients, impaired neurodevelopment is also
expected to occur in PHTS patients. In fact, a subset of PHTS patients are known to exhibit clinical features
overlapping with ASD (impaired speech/social skills, and repetitive behaviors) along with macrocephaly
and a high frequency of seizures®". It has been reported that PTEN mutations associated with ASD-like
clinical features are dominant negative mutations, causing unstable but functional protein products,
indicating the importance of PTEN in the early stage of neuronal development®". In MIA models in which
maternal inflammation is induced by a low dose of endotoxin during pregnancy, mice carrying LOF PTEN
variants revealed worsening macrocephalus and ASD-like behavioral symptoms in offspring"”. Several
PTEN animal models have also been shown to exhibit ASD-like clinical features™. Overactivation of PI3K/
Akt/mTOR pathways due to PETN mutations will cause dysregulated immune activation and subsequent
neuroinflammation and autoimmune conditions®. Therefore, PHTS subjects will be a good candidate for
blockers targeting PI3K/Akt/mTOR pathways.

Sirolimus, an inhibitor of mMTORCT1, has been shown to attenuate clinical symptoms of PHTS patients®**”).
A 6 month, randomized, double-blinded, placebo-controlled clinical trial of everolimus, another mTORC1
inhibitor, was recently conducted to evaluate its effects on neurocognitive symptoms in PHTS patients. The
results indicated that everolimus has modest effects, but the wide range of ages in the study subjects
(5-45 years) may have masked its therapeutic effects"*). As seen in APDS patients, inhibitors of AKT and
PIK3CA may also be applicable for treating PHTS, but these agents are not commercially available at this
time!.,
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Phenocopies of IEI

Recent progress in IEI research has revealed the conditions that mimic the IEIs summarized in previous
sections. For example, somatic mutations in NLRP3, TNSRSFs, KRAS, NRAS, and STAT5B revealed
clinical features of autoinflammatory syndromes resembling those caused by inherited or de novo germline
mutations of the above-described genes”. In patients with late-onset autoinflammatory syndrome without
identifiable germline pathogenic variants, the possibility of somatic mutation may need to be considered.
Likewise, the production of autoantibodies against key mediators of inflammation, usually cytokines, may
also create phenocopies of the IEIs described above®. In ASD subjects with late-onset deterioration, the
possibility of phenocopies of IEIs with the above-described mechanisms should be considered when
exploring treatment options.

VEXAS syndrome

Among autoinflammatory syndromes caused by somatic mutation, Vacuoles, E1 enzyme, X-linked,
Autoinflammatory, Somatic (VEXAS) syndrome is just recently described as an adult-onset monogenic
autoinflammatory disease caused by somatic mutations of the UBA1 gene. This condition is characterized
by severe adult-onset chronic inflammation associated with hematological disorders, most commonly
myelodysplasia syndrome'*". Despite the fact that this syndrome was only recently described, a fair number
of VEXAS syndrome patients have been described, indicating that this condition may not be

101

uncommon". UBA1 encodes one of the two E1 enzyme isoforms and E1 enzyme is crucial for
ubiquitylation, which is one of the cellular functions to terminate enzymatic actions. In the immune system,
this mutation results in uncontrolled activation of immune responses, resulting in autoinflammatory
syndrome*, Multiple organs are affected, as is seen in patients with autoinflammatory syndrome caused by
germline mutations. The nervous system is also affected, manifesting symptoms of headache,
cerebrovascular accidents, serous meningitis symptoms, and sensory neuropathy”. As for treatment,
biologics targeting IL-1, IL-6, and JAK have been used along with hematopoietic stem cell transplant
(HSCT) in severe cases"”). When dealing with difficult cases with negative genetic workup results in ASD

subjects, the possibility of somatic mutations may need to be considered, as illustrated in VEXAS syndrome.

Anti-cytokine autoantibodies

Anti-cytokine autoantibodies have also been recognized as phenocopies of IEIs”. These autoantibodies are
thought to differ from anti-idiotypic agonistic antibodies that regulate immune balance for the prevention
of autoimmune conditions"*”. For example, the production of antagonistic autoantibodies against IL-17 and
IL-22 has been implicated in the pathogenesis of chronic mucocutaneous candidiasis, since both IL-17 and
IL-22 are key cytokines produced by Th17 cells, exerting major defense against fungi"**'**. Antagonistic
autoantibodies against IL-6 predispose affected subjects to pyogenic infection, with clinical features
resembling STAT3 deficiency or AD hyper IgE syndrome!*. During the era of the COVID pandemic, the
production of antagonistic autoantibodies against type 1 IFNs has been shown to be associated with an
increased susceptibility to severe COVID-19 in the elderly'”. However, such anti-cytokine autoantibodies
are also detectable in asymptomatic individuals and clinical manifestations are highly variable"*. In severe
COVID-19 cases, the presence of anti-IFN autoantibodies is detrimental in the absence of immune
memory, which generally exerts other arms of immune defense against viral infection"*". In addition, the
presence of anti-IFN autoantibodies may cause dysregulated immune responses and could lead to long-term
sequelae of COVID-19, now often referred to as long COVID. We have treated several ASD subjects with
long COVID. It is our experience that pre-existing difficult ASD behaviors make it challenging to diagnose
and treat long COVID symptoms in a timely manner. ASD subjects with components of IEIs described in
this review are likely more prone to produce such autoantibodies following potent immune stimuli such as
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Defects of thymus (Examples)
- Impaired formation of thymus — DiGeorge syndrome, CHAGE syndrome, etc.
- Chromosomal abnormalities — trisomy 21

- Impaired chromatin remodeling affecting thymus — Kabuki syndrome

Increase in oxidative stress
Impaired morphogenesis and plasticity of the CNS

Autoimmune complication

Chronic Neuroinflammation
Neuropsychiatric symptoms

Increase in oxidative stress
Autoinflammation
Autoimmune complications
Impaired morphogenesis and plasticity of the CNS

Dysregulated immune activation (Examples)
1) Impaired activation of innate immunity -
- Dysregulated inflammasome activation — FMF, CAPS
- Interferonopathies
2) Dysregulated T cell activation
- APDSI1, APDS2 (activated PI-3K delta syndrome)
- APDS like syndrome including PHTS (PTEN hamartoma tumor syndrome)

Phenocopies of IEls — may also cause similar condition in later in life.

Figure 1. Possible mechanisms of neuropsychiatric symptoms in inborn errors of immunity. Examples of IEls shown in the figure are
known to exhibit neuropsychiatric symptoms overlapping with ASD behavioral symptoms.

COVID-19. In that regard, in older ASD subjects with sudden worsening behavioral symptoms, the
possibility of phenocopies of IEIs may be kept in mind as a possible pathogenesis.

CONCLUSION

In this review, we have summarized IEIs that present with predominant neuropsychiatric symptoms,
secondary to neuroinflammation and impaired neuronal development caused by pathogenic variants of
genes/deletion of genes as summarized in Figure 1. These conditions can be manifested by microdeletion,
genes affecting chromatin remodeling, and those affecting key signaling molecules shared by both the
immune and nervous systems. It should be noted that both the development of autoantibodies against key
mediators and/or somatic mutations of key genes may also cause clinical symptoms similar to those seen in
patients with IEIs, although these patients tend to present later in life. Some patients with IEIs may initially
be diagnosed with ASD, as we have experienced in our clinic. Clinicians need to be aware of the clinical
features of IEIs that may overlap with ASD clinical presentation. It is also important to make use of the
various genetic tests and treatment measures that are currently available for specific gene mutations.
Research in these areas is rapidly expanding, and it will be important to keep up to date on the latest
information. In addition, if ASD patients present with similar immune abnormalities as found in those with
IETs, immunomodulating agents targeting specific pathways affected by such gene mutations may be
applicable, expanding the scope of treatment options.
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