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Introduction
Inbornerrors ofimmunity (IEIs) are monogenic disorders of theimmune
system causing immunodeficiency, autoinflammation, autoimmunity,
allergy and neoplasms. IEIs were traditionally considered to be rare
diseases. However, new genetic defects underlying IEls are being discov-
ered atanunprecedented rate, and their associated clinical phenotypes
arebeing ever more clearly defined, whichis revealing the major health
burden collectively posed by these diseases. The prevalence of IEls is
now estimated to be between 1in 1,000 and 1in 5,000 individuals'.
However, these frequencies are probably an underestimate, and we
speculate that the true prevalence may be as high as1in 500. Here, we
consider four factors that may contribute to this underestimation of IEI
prevalence, namely, the underutilization of next-generation sequenc-
ing (NGS); the ubiquitous but understudied concept of incomplete
penetrance, which means that some mutation carriers have only partial
disease or nodisease at all; the increasing number of patients with IEls
presenting with clinical symptoms affecting distal organ systems (here
defined as all organ systems excluding the blood and lymphatic system)
but apparently not theimmune system, who are therefore managed by
neither immunologists nor geneticists; and the role of somatic muta-
tions, which are probably the cause of many immune disorders with
adult onset and about which our current knowledge is limited?.
Adetailed summary of all monogenic defectsis comprehensively
reported by the International Union of Immunological Societies (IUIS)
Inborn Errors of Immunity Committee**, and advances in gene therapy
for IEIs have been well discussed inanother recent review’ and are not
covered here. In this Review, we provide ashort historical overview of
IEIsand then discuss the current state of technological advancements
inthefield, followed by progressin our understanding of disease pen-
etrance in IEls and the expanding universe of IEls, including those
affecting distal organ systems. Finally, we consider the future avenues
of scientific exploration for the coming decade.

Brief history of the discovery of IEls

In this section, we briefly recall the events that led to the discovery of
genetically determined immune disorders (Fig. 1) and highlight key
technological innovations, before the advent of NGS, that enabled an
understanding of the genetic and molecular basis of IEls.

Early history
The notion of arelationship between genes and the immune system
had already emerged in the first two decades of the twentieth century
in the genetic theory of infectious disease, but this concept was not
widely accepted at the time. In1939, Karl Diehl and Otmar von Verschuer
studied 205 pairs of twins in which one twin in each pair was a con-
firmed index case of tuberculosis®. They found that the probability of
the twin of the index case developing manifest tuberculosis was 65%
for monozygotic twins but 25% for dizygotic twins®, which suggested
that genetic factors could contribute to the tuberculosis risk. Indeed,
we now know not only of genetic disorders that underlie tuberculosis
in some patients’ but also of many genetic variations that increase
susceptibility to other infections, autoinflammation, severe allergy,
autoimmunity and malignancy, which are collectively known as IEls.
In 1952, Colonel Ogden Bruton, a paediatrician at the Walter
Reed Army Hospital in the United States, saw an 8-year-old boy who
had had 19 episodes of pneumonia over a period of 4 years®. Bruton
suspected that any patient with such an extensive history of infec-
tions would have high antibody levels. However, to the surprise of
both Bruton and his laboratory technician, who assumed their newly

acquired electrophoretic apparatus was faulty, the fractionated serum
from this patient was devoid of antibody-containing y-globulin’. This
discovery of agammaglobulinemia was confirmed later the same year,
by Charles Janeway and colleagues in their report of two additional
patients with the same condition’. This paved the way for the identi-
fication of genetic lesions, such as mutationsin the BTK gene, causing
agammaglobulinemia and, arguably, was the starting point for the
study of monogenic disorders of the immune system.

Probably the best-known casein medicine of amonogenicimmune
disorder is that of David Vetter (1971-1983), the so-called ‘boy in the
bubble’, who had severe combined immunodeficiency (SCID) and
livedinasterileisolator frombirth until his death at the age of 12 years;
subsequent studies haveidentified 19 different causal gene defects for
this condition®.

Historical approaches to characterization

Primary immune deficiencies, which together with monogenic
autoinflammatory diseases comprise IEls, were initially genetically
characterized mainly by the Sanger sequencing of DNA. This technique®
has since been used in combination with several other genetic
approaches — such as cytogenetics, linkage mapping, somatic cell
fusion complementation™™, positional cloning and candidate gene
investigations — to identify the causal genes underlying IEls. Several
examples of the use of these methods to identify IEI-associated genes
in early studies are provided below.

In1996, fluorescence insitu hybridization was used to investigate
patients with Di George syndrome, leading to the discovery of a micro-
deletion on chromosome 22q11.2 that results in the failure of various
organs, including the thymus, to develop normally'®. Another genetic
approach of linkage mapping with microsatellite markers was used to
map X-linked SCID to the proximal long arm of the X chromosome' ™",
Linkage analysis has often been coupled with positional cloning; for
example, the identification of an interstitial deletion on Xp21 as the
genetic lesion causing X-linked chronic granulomatous disease resulted
from the combined use of cytogenetic tools, linkage mapping and
positional cloning®®*. Positional cloning also led to the discovery of
genetic defects in BTK as the cause of X-linked agammaglobulinemia”
and in WAS as the driver of Wiskott-Aldrich syndrome?®.

Many mutations responsible for IEls have also been identified
using a candidate gene approach. This was the case for the identifi-
cation of RAGI and RAG2 mutations in patients with SCID who were
B cell-deficient? and the discovery of GATA2 mutation in patients with
asyndrome consisting of monocytopenia, B cell and naturalkiller cell
lymphopenia, and mycobacterial, fungal and viral infections®.

Many ofthese early approachesto characterizing IEIs remaininuse
todayinarefined form. For example, comparative genome hybridiza-
tion, a competitive adaptation of fluorescence in situ hybridization,
has been used in the diagnosis of genetic deficiencies involving large
deletions (such as DOCKS deficiency?® or chronic granulomatous
disease’®”). Similarly, the earlier use of microsatellite markers for
autozygosity mapping®*%, involving the detection of runs of homozy-
gosity in the offspring of consanguineous unions, has been modified
with the development of single-nucleotide polymorphism microar-
rays. Thus, these technologically innovative approaches of their time
continue to aid our progress in understanding IEls.

Next-generation sequencing for IEls
The now widespread availability of NGS methods, including exome
sequencing, whole-genome sequencing (WGS) and targeted gene
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panels, hasrapidly increased the identification of monogenic defects
underlying IEIsinrecent years. Inthe past 3 years alone, 55 novel mono-
genic defects have been documented®*. Exome sequencing was first
used in this context to identify STIM1 deficiency in a child with Kaposi
sarcomain 2010 (ref.30). Although exome sequencing alone is the main
tool used for the discovery of genetic lesions in IEls, its combination
with genome-wide linkage analysis has also often been used to discover
novel causative variants. For example, this combination was used to
characterize deficiency of the interferon-stimulated gene /SG15as a
geneticaetiology of type | interferonopathy and Mendelian susceptibil-
ity to mycobacterial disease (MSMD)**?, and heterozygous deletions
of PLCG2, which encodes a signalling molecule regulating cytosolic
calciumlevels, in 27 patients with cold-induced urticaria,immunode-
ficiency and autoimmunity®. Exome sequencing can also be coupled
with the genome-wide analysis of copy number variations to identify
structural abnormalities. Two patients with afatal disorder character-
ized by immunodeficiency, autoinflammation and amylopectinosis
were found to be compound heterozygous for a large deletion and a
nonsense mutation in HOILI (ref. 34), which encodes a protein that is
involved in conjugating cytokine receptor signalling complexes with
components of the IKK complex to activate NF-kB signalling.

Notably, the diagnosis of IEIs can also be improved by reanalysing
NGS data. This approach is particularly powerful when additional
relatives are added to a case, the proband of interest has an evolving
phenotype that merits reinvestigation and/or there isimproved knowl-
edge of disease-gene associations that allows for the re-classification
of variants®?°, Increasingly, NGS is leading to the identification of
many variants of unknown significance. Most of these have not been
functionally evaluated, owing to the effort, time and cost of carrying
out such assessments. Thus, although the increasing amount of data
from NGS studies provides greater statistical power to discerning
genotype-phenotype relationships, it will only be possible to docu-
ment true causality with concerted funding and dedicated effort for
functional investigations.

Advances in NGS are also providing us with the basis for
re-evaluating the prevalence of IEIs and are revealing that IEls do not
necessarily result from rare genetic variants. Typically, the causal
genetic lesions of IEIs range from private to ultra-rare (<1in10,000) to
rare (<1in1,000) infrequency (Fig.2). However, more common genetic
variants (-1in100) have beenreported to cause IEls. For example, the
P1104A variant of TYK2, whichis arisk allele for tuberculosisand MSMD
inhomozygosity, is presentin the heterozygous statein-1in 20 individ-
uals of European ancestries”. High-frequency null alleles of the inter-
feronreceptor subunits IFNAR1 and IFNAR2, which confer susceptibility
tolife-threatening viral infection or disease caused by live-attenuated
viral vaccines, have been reported in two isolated populations from
the Pacific and Arctic regions, respectively***. The ¢.1156G>T variant
of IFNARI has an estimated frequency of 1in 80 individuals from West-
ern Polynesia®®, and the c.157T>C variant of IFNAR2 is present in -1in
30 Inuit®. Notably, the susceptibility phenotype conferred by these
variants of IFNARI and IFNAR2is only apparent inindividuals who are
exposed toviralinfections, despite theinborn nature of these defects
(seelater). These findings suggest that negative selection against the
¢.1156G>T variant of IFNARI and the ¢.157T>C variant of IFNAR2 by
endemic viralinfections has notoccurredin theseisolated geographic
regions in recent millennia. Taking these findings into account, the
conceptof IEIsasrare disorders must now be expanded to encompass
these and other common genetic variants, particularly when assessing
variant frequencies in specific ancestral groups.

@ ——1910-1920s: Formulation of the
genetic theory of infectious disease

@ 1939: Karl Diehl and Otmar von Verschuer’s study of
tuberculosis in monozygotic and dizygotic twins suggested
that genetic factors could contribute to tuberculosis risk

@ 1952: Ogden Bruton discovered
agammaglobulinemia

@ 1958: Two groups in Switzerland identified patients with
combined deficiency of cellular and antibody-mediated
immune responses (now known as SCID)

@ ——1959: Robert Good discovered chronic
granulomatous disease as a fatal disease
of childhood

@ ——1971-1983: The life of David Vetter, the
‘boy in the bubble’, brought renewed
attention to SCID

@ ——1972: Eloise Giblett and Hilaire Meuwissen identified lack of
adenosine deaminase expression as the first gene defect to
be associated with a primary immunodeficiency (ADA-SCID)

@ 1977: Frederick Sanger developed a method of sequencing
DNA that empowered the effort to map genes underlying
various primary immunodeficiencies

@ 2003: Completion of the Human
Genome Project

@ ——2010: Exome sequencing was first used to
identify a novel inborn error of immunity
Fig.1| Tenkey historical events that advanced the study ofinborn errors
ofimmunity. ADA-SCID, adenosine deaminase-deficient severe combined
immunodeficiency; SCID, severe combined immunodeficiency.

The discovery of more common genetic variants underlying IEls
canbeaccelerated by building and increasing access to biobanks cov-
ering large and diverse cohorts. For example, the UK Biobank, which
contains genetic and linked healthinformation for half a million partici-
pantsinthe United Kingdom, has proved valuable in studies of genetic
aetiology for common diseases and traits. However, this database,
similar to other large geneticinformation repositories, contains mainly
datafromindividuals of European ancestries***2 Thislack of diversity
in genomic research data is hampering efforts to learn more about
the genetic variants underlying IEls in global populations. It is cru-
cial that non-white, non-European populations should be adequately
represented in the curation of large genetic databases to ensure that
these groups can partake of the known and unknown future benefits
of research. To this aim, the Mount Sinai Million Health Discoveries
Programaims to use the diverse population of patients managedin the
New York City health system for the genetic sequencing of one million
individuals over the next 5 years. Similar efforts elsewhere to promote
theinclusion of non-white, non-European populationsin the expansion
of biobanks need to be unwaveringly pursued.

Advances in next-generation sequencing

Common single-nucleotide polymorphisms with weak phenotypic
effects can berevealed by genome-wide association studies, whereas
rare genetic variants with highly penetrant and deleterious pheno-
types can be characterized by NGS and Sanger sequencing. However,
there remains a little explored zone between the two, corresponding
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USPI8 and IRF7) cause severe disease, whereas common
gene variants (such as variants of TYK2) cause mild disease.
The notion that less rare variants may cause inborn errors
of immunity (IEls) remains relatively unexplored, and
advances in next-generation sequencing (NGS) are likely to
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which could giverise to the discovery of additional IEls or to differen-
tial diagnoses for genes underlying IEls through genetic lesions with
different properties. However, for this to become areality, many more
individuals with milder disease will need tobe sequenced owing to the
anticipated reduced penetrance of these conditions. WGSis superior to
exome sequencing for the identification of abroader range of variant
types, including copy number variants, and provides more uniform
coverage of exons and increased coverage of intronic and intergenic
regions*. However, WGS is still markedly more expensive than exome
sequencing and requires more complex data analysis. Importantly, the
inclusion of non-coding regions of the genome in WGS will markedly
increase the number of variants of unknown significance that areiden-
tified. Thus, determining the causal effects of candidate variants will
require rigorous experimental testing for functional validation. More
detailed discussions of the advantages and disadvantages of the various
NGSapproachesthatare currently in use are presented in other recent
reviews* %, As NGS becomes increasingly commonplace in research,
diagnostic and commercial settings, we anticipate its application to
the general population and that data sharing to facilitate personalized
healthcare and to improve public health will become more common.
This would have many advantages in terms of the preventive focus
of modern medicine and for the early detection of diseases, but also
raises many ethical and privacy-related issues that will require careful
consideration and legislative frameworks.

Penetrance and expressivity of IEls

Itis challenging to match the clinical presentations of a disease with
aspecific genetic lesion, as genetic mutations frequently segregate
imperfectly with disease traits. Individuals with disease-associated
genotypes may have no clinical manifestations of disease, aphenom-
enon known as incomplete penetrance. Moreover, individuals with
disease symptoms may have heterogeneous phenotypes of varying
severity, a phenomenon known as variable expressivity. The factors
accounting for disease penetrance and expressivity may be external
(environmental) or internal ((epi)genetic)*°.

Some of the best-known examples of environmental modifiers of the
penetrance of IEls are seenin the context of susceptibility to infection.
Asusceptibility phenotypeisonly apparentifanindividual encounters
the specific pathogen against which the patient’simmune defences have
been compromised ssince birth. Patients presenting with mycobacterial
disease after Mycobacterium bovisbacillus Calmette-Guérin (BCG) vac-
cination characteristically have impaired interferon-y-dependent
immunity*. These individuals often do not develop disease if they
arenotvaccinated with BCG or are not naturally exposed to mycobac-
teria, providing clear evidence that microbial exposure triggers the
manifestations of the immune defect.

Another example of an environmental trigger that modulates
IEI penetrance is exposure to DNA damage-inducing radiotherapy
or chemotherapy, as documented in patients with deficiency of
DNA ligase 4 (LIG4)*®*. LIG4 is a component of the non-homologous
end-joining pathway of double-stranded DNA break repair that is
requiredin T cell and B cell development. Individuals with L/G4 muta-
tions are radiosensitive, resulting in alterations in T cell and B cell
counts and hypogammaglobulinemia, but are asymptomatic until
treated with chemotherapy or radiotherapy. In these contexts, the
genetic defectis necessary but not sufficient for disease manifestation.

Genetic penetrance

Differencesin penetrance and expressivity of IEIs canalso result from
the severity of the genetic alteration, which determines the extent of the
molecular defect and, ultimately, the probability of disease. There is,
therefore, a sort of hierarchy of the variants of a given gene, and of
the different causal genes for a particular disease. Variant hierarchy
refers to the ranking of variationsin agene according to the degree of
molecular dysfunctionthatthey confer (which may or may not correlate
with the amount of gene product), which ultimately determines the
tendency for clinical manifestation of disease. The principle of variant
hierarchy is demonstrated in three groups of patients with mutations of
STATI1, an essential mediator of interferon signalling (Fig. 3a). Notably,
even variants of a similar nature — for example, missense variants
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corresponding to the coiled-coil domain of STAT1 — can underlie any
oneofthethreetypes of IEl affecting human STAT1-dependentimmune
responses’’. The first type of IEI consists of patients with autosomal
recessive complete STAT1deficiency® , leading to lethal intracellular
bacterial and viralinfections with full penetrance. The second type con-
sists of patients with autosomal recessive partial STAT1 deficiency**~°,
characterized by impaired, but not abolished, interferon signalling
that givesrise to less penetrant and milder forms of intracellular bac-
terial and viral disease. Individuals in the third group have autosomal
dominant STATI deficiency®”*°, leading to even milder mycobacterial
disease thatisincompletely penetrant. No overt susceptibility to viral
infections is observed in this group. A similar hierarchy of variants is
observed for IFNGR1 deficiency and the penetrance of mycobacterial
disease*"*2, Thus, different lesions in a single gene can have marked
differences not only in phenotype but also in disease penetrance.
The principle of gene hierarchy (differences between genes in
relation to the necessity of their function in a particular pathway) is
demonstrated by comparing the consequences of complete STAT1 defi-
ciency, whichis fully penetrant, with those of complete TYK2 deficiency
(Fig. 3b). TYK2 lies upstream of STAT1 in the signalling pathway
downstream of interferon receptors. It also signals downstream of
many other cytokine receptors, including the IL-6 receptor, where its
activity does notinduce activation of STAT1. The complete loss of TYK2
results in a disease with incomplete penetrance, as demonstrated by
reports of anabsence of viralinfections, despite documented exposure,
inthree of tenindividuals with TYK2 deficiency® °°. Similar gene hier-
archyis noted for ISG15 and USP18, which encode negative regulators

a Variant hierarchy

oftypelinterferon signalling. Whereas complete deficiency of USP18
results in fully penetrant, lethal severe interferonopathy®, complete
ISG15 deficiency leads to non-life-threatening interferonopathy involv-
ing infectious, neurological and dermatological features®***%, Gene
hierarchy is also evidenced in autosomal recessive complete IFNGR1
deficiency, which leads to completely penetrant MSMD by 5 years of
age, compared with autosomal recessive complete IL-12RB1 deficiency,
which results in MSMD in only 50% of individuals by 40 years of age®.
These findings suggest that the nature of the genetic lesion and the
identity of the gene within the affected biological pathway influence
disease penetrance.

Inaddition, the site of amutationina particular gene can predict,
on its own, the penetrance and severity of some IEls. For example,
among missense RPSA mutations underlying congenital asplenia, those
with incomplete penetrance were found to be located structurally
close together’. Evaluation of missense mutations in FAS, which are
a genetic aetiology of autoimmune lymphoproliferative syndrome,
showed that variations affecting the intracellular death domain were
highly penetrant” whereas mutations of the extracellular domain had
reduced penetrance. These examples demonstrate that penetrance
canbe afunction of the location of amutationinagene.

Epigenetic factors and genetic modifiers

Other putative mechanisms underlying the incomplete penetrance and
expressivity of IEIs are thought toinvolve epigenetic and genetic modi-
fiers. Theimpact of epigenetic modifications on disease penetrance can
beseenfromthestudy of asingle pair of monozygotic twins discordant
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Fig.3| A hierarchy of genetic alterations influences the penetrance and
expressivity ofinborn errors ofimmunity. a, Variant hierarchy demonstrated
by the consequences of various alterations in STAT1 as evidenced in three
groups of patients. Homozygous mutation leading to autosomal recessive
complete STAT1deficiency resultsin lethal viral and bacterial infections with
full penetrance. Biallelic mutation resulting in autosomal recessive partial
STAT1deficiency manifests asincompletely penetrant and milder intracellular

bacterial and viral disease. Autosomal dominant STAT1 deficiency, characterized
by normal STAT1 levels but hypomorphic function, does not lead to disease

or results in only mild mycobacterial disease. b, Gene hierarchy illustrated by
comparing complete loss of STAT1 protein with complete loss of TYK2 protein,
both of which function in the signalling pathway downstream of interferon
receptors. In contrast to complete STAT1 deficiency, the absence of TYK2 leads
to viral infections only in some exposed individuals.
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Fig. 4 | Epigenetic and genetic modifiers determine the penetrance and
expressivity ofinborn errors ofimmunity. a, The discordant phenotypes of
common variableimmunodeficiency (CVID) observed in patients with different
methylation status of B cell genes. Hypermethylation of B cell genes is associated
withamore penetrant and severe form of CVID. b, The effect of a gene variant
that modifies disease outcome in the presence of arisk allele on a different gene
in CVID. Common mutations in TNFRSF13B are not causative of CVID. However,
the presence of acommon TNFRSFI3B mutationin anindividual with arare TCF3
mutation that causes CVID has been reported to drive amore severe form of the
disease.

for common variable immunodeficiency (CVID), which revealed marked
differences between the twins in terms of the hypermethylation of
crucial Bcellgenes, suchas PIK3CD, BCL2L1,RPS6KB2, TCF3and KCNN4
(ref.72) (Fig.4a). Aninability to demethylate, and therefore upregulate
the expression of, key genes during the transition of naive B cells to
memory B cells is also well documented in larger cohorts of patients
with CVID">7,

Theimpact of genetic modifiers on disease penetrance canalsobe
seeninthe context of CVID (Fig.4b). TNFRSF13Bvariants do not cause
disease themselves but are identified as risk factors in 10% of patients
with CVID; they are also found in1-2% of the general population™. In one
family carryinga TNFRSF13B mutation, the proband also had ade novo
TCF3 mutation and presented with severe CVID and the autoimmune
disease systemic lupus erythematosus”. The proband’s brother, who
was homozygous for the TNFRSF13B mutation but negative for the
TCF3mutation, was in good health and had only a mildimmune pheno-
type, whereas the proband’s son, who inherited the TCF3 mutation
but not the TNFRSF13B mutation, had a partial clinical phenotype”.

The mechanism by which this probable gene modifier (TNFRSF13B
mutation) affects disease outcome is not yet well understood and
the concept of gene modifiers in general merits more thorough
investigation.

Mosaicism

Another possible cause of incomplete clinical penetrance for IEls is
mosaicism, which occurs when amutation arises post-zygotically and
two or more cell populations with different genotypes are present
in the same individual. Mosaicism in patients with primary immune
deficiencies has been known since the 1990s’*”” but only recently has
started tobe documented in more detail. Inalarge, systematic analysis
of 128 families with primary immune deficiencies, the frequency of
mosaicism was estimated at 23.4%’®. In this study, ten families had
parental gonosomal mosaicism, of which eight families were clini-
cally asymptomatic. Inthe other two families, the parents were mildly
affected whereas their offspring with germline mutations were severely
affected’® (Fig. 5a). Interestingly, revertant mosaicism can also under-
lie mild presentations or an absence of IEI-related clinical disease’”
(Fig. 5b). The somatic reversion of mutations, in the form of either
geneticalterations that restore the wild-type sequence or second-site
mutations affecting another site within the protein, has been docu-
mented to underlieincompletely penetrant clinical disease in several
IEIs, including those caused by defects of WASP**®', ADA®, IL2RG®* and
LADI (ref.84). Another class of somatically caused disorders ofimmune
dysregulation, which can perhaps be referred to as genetic errors of
immunity rather thaninbornerrors, are lymphoproliferative disorders
such asnon-malignant forms of histiocytosis and VEXAS (vacuoles, E1
enzyme, X-linked, autoinflammatory, somatic syndrome)* Somatic
mosaicism of NLRP3 (refs. 85-90) and TLRS (ref. 91) have also been
documented as primary mechanisms of monogenic IEls.

Although sporadic gene mutations that lead to disease can occur
early in development, the likelihood of somatic mosaicism increases
with age and candrive adult-onset disease presentation. Adult humans
have an estimated 1 x 10’ somatic mutations®?, with every nucleo-
tide site, including those of IEI-associated genes, being mutated in
thousands of cells. The vast majority (~99%) of somatic variants are
tolerated”, but older individuals have an unavoidable accumulation
of somatic mutations with deleterious consequences. However, very
fewadult-onset IEIsthat are likely to be caused by mosaicism have been
reported as compared with IEIs of germline origin®*. This gap in our
understanding of the factors that set the threshold for non-deleterious
somatic mutations requires further investigation.

Other less widely studied factors

Several host-extrinsic and genome-intrinsic factors that might affect
the penetrance and expressivity of IEIs remain less well explored.
These factors include the microbiome, transcriptional adaptation,
non-coding modifier alleles and monoallelic expression. Infectious
microorganisms have been identified as drivers of disease in IEls,
but less effort has been devoted to understanding the relevance of
commensal microbial species to IEls. Notably, a few studies have
investigated the correlation between disturbances of the bacterial
microbiota and systemic inflammation in IgA deficiency®*, CVID?
and X-linked agammaglobulinemia®. For example, reduced bacterial
diversity andincreased dysbiosis were reported in patients with more
severe cases of CVID?¢, Nevertheless, a mechanistic link between
alterations in the gut microbiota and immunodeficiency is currently
lacking. It remains unclear whether specific members of the microbiota
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regulate the penetrance of IEIs or whether the observed changes in
the microbiota are a consequence of immune system dysregulation.
Alterations to the size and composition of the microbiota owing to
the use of antibiotics may reveal the otherwise masked impact of the
microbiotaon IEl penetrance.

Morethanacentury ago,~25% of the human population would have
died from aninfectious disease’®, whereas more than 99% of individu-
alswho areinfected now survive owing toimprovementsin sanitation,
vaccination and antibiotics. It could be argued that it is now possible
to study genetic susceptibility to infectious diseases only in the most
extreme cases, whereas intrinsically common variants probably influ-
enced ourimmune architecture in the pastin a way that isimpossible
to study today. The use of immunosuppressants in clinical practice
(in patients with inflammatory diseases and recipients of transplants)
may reveal genetic susceptibilities that can be detected only in this
immunosuppressed state. This could provide anideal contextin which
toidentify genetic susceptibilities to specific microorganisms, such as
the reactivation of human polyomavirus 2 in only some of the many
recipients of transplants who are seropositive for this virus.

Severe genetic mutations do not always lead to disease; indeed,
they may putatively be offset by a phenomenon known as transcrip-
tional adaptation. Transcriptional adaptation was first documented
as a compensatory response mechanism activated by frameshift and
nonsense mutations’”'°°, Two groups studying zebrafish embryos
and mouse cell lines showed that nonsense-mediated decay triggers the
upregulation of homologous genes for functional compensation®”°°,
This compensatory mechanism may account for incomplete pene-
trance of IEIsinasymptomatic carriers of nonsense mutations, although
it remains unknown whether such a mechanism of transcriptional
adaptation operatesin humans.

Non-coding modifier alleles are another factor that has been
relatively little explored but might account for the variability of IEI
penetrance. Exome sequencing hasaccelerated theidentification of rare
IEl-causing protein-coding variants. By contrast, only a small number
of non-coding variants have beenimplicated in IEIs'®". With continuing
improvements in WGS approaches, itis likely that increasing numbers
ofboth causal variants and modifier alleles — that regulate the expres-
sion of other pathogenic mutationsincisorin transand, thus, influence
disease penetrance — will be discovered in non-coding regions. One
study reported anindex patient who was compound heterozygous for

arare coding sequence variantand acommon variantinthe non-coding
regulatoryregion of PTPN2(ref.102). The index patient presented with
CVID, whereas his mother, who had only the rare variant in the coding
region, presented with autoimmunity but not immunodeficiency'*.
These observations have not been confirmed by biochemical studies,
but they suggest that future studies should investigate the possibility
that there are many more non-coding variants with epistatic effects on
pathogenic variants of protein-coding regionsin IEls.

Finally, some of the incomplete penetrance of IEIs may be
explained by monoallelic expression. In a similar manner to random
X chromosome inactivation, somatic cell lineages may be committed
to the expression of a single allele of certain autosomal genes. As a
result, even though the DNA sequence is the same in all the somatic
cellsoftheindividual, some cellsin heterozygous individuals express
predominantly either the reference allele or the alternative allele'® %,
leading to discrepancies between genotype and ‘transcriptotype’®®
thatremain fixed over time'**'””, Although they require further investi-
gation, findings suggest that stochasticallele choice can be a contribut-
ing factor in disease aetiology. Analysis of human clonal neural stem
cells derived from the central nervous system showed evidence for
autosomal monoallelic expression of 2% of genes'”, many of which are
known neurodevelopmental genes. The same genes were also reported
tobeover-represented among candidate risk genes for schizophrenia
and autism'%®, Careful testing is required to determine whether mono-
allelic expression accounts for some of the incomplete penetrance
of IEls, but one study has already provided the first demonstration of
allelic bias in a patient with a JAK1 gain-of-function mutation'*®. Con-
tinued improvements in single-cell RNA-sequencing technology and
lineage tracing will be required for detailed studies of the monoallelic
expression of IEI-associated genes.

Effects of IEls on distal organs

Early in their study, when only a small number of IEls had been identi-
fied, it was relatively simple to classify these as defects of specific com-
ponents of theimmune system — B cells, T cells, neutrophils, monocytes
or complement. Now that almost 500 IEIs have been discovered, includ-
inganincreasing number with multisystem manifestations, we need to
reconsider the best ways of detecting, naming and studying immune
gene dysfunctions that predominantly cause clinical manifestations
in distal organs (organ systems other than the blood and lymphatic
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Glossary

Agammaglobulinemia
Arare disorder characterized by
complete or near-complete lack

of serum antibodies and circulating
B cells owing to early termination
of B cell development.

Aicardi-Goutiéres syndrome
(AGS). Arare type | interferonopathy that
affects the brain, immune system and skin.

Monoallelic expression

The maintenance of expression of an
autosomal gene from asingle alleleina
somatic cell over time.

Nonsense-mediated decay

A mechanism to reduce errors in gene
expression by eliminating mRNA
transcripts that contain premature stop
codons.

Common variable
immunodeficiency

(CVID). The most common form

of primary immunodeficiency
characterized by antibody deficiency,
increased susceptibility to infection,
autoimmune manifestations and
impaired vaccine responses.

Chronic granulomatous
disease

A rare condition, mainly affecting
phagocytic cells of the immune system,
thatis characterized by an increased
susceptibility to bacterial and fungal
infections, as well as the development
of granulomas.

Di George syndrome

A primary immune deficiency associated
with susceptibility to infections, owing to
an absent or poorly developed thymus.

Primary immune deficiencies
A varied group of disorders that result
from genetic defects that impair

the development and/or function of the
immune system, mostly presenting

as severe recurrent infections and
occasionally with an increased
incidence of autoimmunity and
malignancies.

Type | interferonopathy

An inherited disorder involving a
central role for dysregulation of the
type linterferon pathway in disease
pathogenesis.

Severe combined
immunodeficiency

(SCID). A very rare life-threatening
genetic disorder in which there is
combined absence of T celland B cell
function.

Genetic theory of infectious
disease

Atheory proposing that the genetic
background of the host is a determinant
of resistance or susceptibility to a given
microorganism.

Incomplete penetrance

The occurrence of individuals having a
disease-causing mutation who develop
partial or no disease.

Wiskott-Aldrich syndrome

A rare X-linked recessive
immunodeficiency that is characterized
by abnormal bleeding resulting from
areduced number of platelets in the
blood.

system) rather than systemic effects on the immune system. Some
immune genes, such as those encoding the type linterferon recep-
tor, are expressed by most, if not all, cell types, which gives them the
ability to regulate the immune response. Immune genes expressed in
non-immune tissues could also mediate functions that are not typically
considered as immune activity but mutation of which could lead to
the activation of the immune system. For example, Aicardi-Goutieres
syndrome (AGS), an IEI that has primarily neurological manifestations,
canresult from mutationsin genes encoding nucleases. The defective

removal of endogenously produced nucleic acids by these nucleases
in AGS results in activation of the immune system'**"°,

Investigations of immune cell abnormalities have yielded many
discoveries in the context of IEls and will continue to do so. How-
ever, assuming that all IEIs will necessarily have clinically evident
immunological phenotypes impedes our ability to detect these
defects. Epidermodysplasia verruciformis provides a clear example
of this. In 1946, epidermodysplasia verruciformis was character-
ized as an autosomal recessive disease presenting as disseminated
warts""", In the absence of a detectable immunological phenotype,
the disease was considered to be a dermatological condition. It was
subsequently shown that patients with epidermodysplasia verruci-
formis have biallelic loss-of-function mutations of EVERI and EVER2
(ref.113) and that EVER1 and EVER2 form a complex that is essential
for keratinocyte-intrinsic immunity to B-papillomaviruses™, thus
categorizing the disease as an IEL. Similarly, there is evidence that
intestinal epithelial cells"* ™, pulmonary epithelial cells™* and cortical
neurons and oligodendrocytes'” have cell-autonomous mechanisms
to protect against enteric viruses, influenza virus and herpes simplex
virus, respectively, which suggests that genetic mutations could affect
immunity in specific, non-haematopoietic cell types. Although many
of the distal organ manifestations of IEIs can be linked to defects in
circulating and tissue-resident leukocytes, some IEls cannot readily be
explained by inborn variants of genes operating in these cells. Thus,
genetic studies should be expanded to ‘non-traditional’ IEls, of which
thetypelinterferonopathiesand very early-onsetinflammatory bowel
disease are classic examples.

Typelinterferonopathies

Many IEIs with primary features manifesting in distal organs, including
the skin and the central nervous system, have been described. Most
typelinterferonopathies fallinto this category, including AGS*. AGS is
aclinically heterogeneous disease caused by mutations of ten different
genes (ADAR, IFIH1, RNASEH2A, RNASEH2B, RNASEH2C, SAMHDI, TREX1,
DNASE2, L SM11and RNU7-1)*'??, AGS has phenotypic overlap withboth
thesequelae of congenital infectionand systemic lupus erythematosus.
Although they have noindication of viral infection, patients with AGS
develop early-onset encephalopathy with intracranial calcifications,
white matter changes, cerebral atrophy and bilateral striatal necrosis
thatare evident upon neuroimaging'?. Epileptic seizures occur with a
variable frequency but are also acommon feature of AGS. These central
nervous system symptoms require that patients are primarily under
the care of neurologists. Another main site of disease manifestation
is the skin (35% of cases)'?; patients have chilblain-like lesions on their
fingers, toes or auricles that worsen in cold weather'®,

Another interferonopathy with primary symptoms in distal
organs — in this case, the skin and lungs — is STING-associated
vasculopathy with infantile onset (SAVI). SAVI is caused by gain-of-
function mutations in STING1, which encodes a cytosolic sensor
of double-stranded DNA. STINGI gain-of-function mutations lead to
increased activation of the type linterferon pathway through JAK-STAT
signalling, and treatment of lymphocytes from patients with SAVI
with JAK1/JAK2 inhibitors has been shown to reduce the constitutive
phosphorylation of STAT1 (ref. 124). Children with SAVI typically have
dilation of cutaneous blood vessels on cold-sensitive areas such as
the nose and cheeks'?’. Respiratory symptoms in SAVI are generally
non-specific, such as chronic cough, exertional dyspnoea and cough-
ing up blood'”. More than 75% of patients eventually present with
interstitial lung disease'”®, and lung involvement leads to high levels of

Nature Reviews Genetics



Review article

morbidity and mortality in patients with SAVI'”’. One study reported
that 25 of the 53 patients evaluated had radiological or histological

evidence of lung fibrosis'*.

Gastrointestinal diseases

There are also several monogenic defects that predominantly affect
the gut, such as very early-onset inflammatory bowel disease result-
ing frommutation of genes including ILIORA, ILIORB"®, TTC7A, IL.21
(ref.130) and TRIM2 (ref. 131). Immune gene defects that disrupt the
sensing of bacteria — for example, biallelic loss-of-function mutations
of ALPI — can trigger very early-onset inflammatory bowel disease'.
Inresponse to the large amounts of lipopolysaccharide (LPS) released
by the microbiota in the intestinal lumen and to limit LPS-induced
inflammatory signalling, intestinal epithelial cells produce the alkaline
phosphatase ALPIfor the catalytic detoxification of LPS. Inthe absence
of ALPI, patients have early-onset severe diarrhoea, weight loss, recur-
rent abdominal pain and rectal bleeding™?. Patients generally have
normal serum immunoglobulin levels and no extra-gastrointestinal
manifestations have been reported. Initial screens of patients using
targeted panels of genes that are known to be associated with intes-
tinal disorders identified no potentially damaging variants'®>. As this
disorder primarily involves the gastrointestinal system, it can easily
be overlooked as an IEI during diagnosis.

Thus, in the absence of overt immunological symptoms or when
patients with multisystem manifestations are managed primarily by
non-immunologists, it may not be evident that an IEl is the cause of
disease. This is illustrated by the example of a patient with persis-
tent and severe renal, dermatological, gastrointestinal and growth
disturbance-related symptoms, but with a largely normal distri-
bution of immune cells and immunoglobulin levels within normal
limits, who was managed by a team of nephrologists, dermatologists
and gastroenterologists'°®. When she was eventually referred to an
Undiagnosed Disease Program (UDP), the genetic defect underlying
the patient’s symptoms was discovered to be a de novo JAKI mutation.
Furthermore, in an unpublished study carried out within the UDP at
Mount Sinai Hospital in New York, we investigated 100 patients who
were referred to the UDP irrespective of clinical presentation and for
whom genetic factors were suspected to contribute to symptoms.
Underlying defects ofimmune genes were detected in 21% of the cases
that were solved. Remarkably, none of these patients was initially seen
orreferred by a clinicalimmunologist or infectious disease specialist.
This finding and others suggest thatimmunogenetic approaches could
facilitate the recognition of IEls that may seem to have little to do
with immunology and could mitigate current diagnostic challenges
resulting from the fragmented practice of medical specialities.

Future directionsin IEl research

IEIs have traditionally been thought of as disorders of theimmune sys-
temresulting from germline mutations. These disorders were initially
assumed to follow a Mendelian pattern of inheritance with complete
penetrance. Today, the discovery and study of nearly 500 IEIs, mainly
facilitated by advances in NGS, has advanced our knowledge of the
factors external and internal to the host that influence disease pen-
etrance and expressivity. Furthermore, a growing subset of IEls that
manifest primarily in distal organ systems, without obvious symptoms
intheimmune system, has been documented. In this section, we con-
sider the future outlook for the field. We propose that use of reverse
genetics approaches and the study of somatic genetics will be major
new directions in the next decade.

Reverse genetics approaches

The cost of NGS is falling rapidly, and this is leading to an exponential
growth of genomic biobanks, which collectively contain sequencing
information from millions of individuals. Typically, once an affected
individual presents with clinical symptoms of disease suspected to be
owing to agenetic defect, NGS is used to identify the genetic variants
presentinthatindividual and large reference databases are consulted to
assess the frequency of theidentified variantsin the general population.
This phenotype-first, forward genetics approach is likely to remain
crucialtotheinvestigation of undiagnosedrarelEls, but the growthin
genomic biobanks also provides an opportunity to achieve diagnosis
throughthe use of reverse genetics, an approach that remains relatively
rarein the field of IEI research (Fig. 6). In this approach, the genotype
isused to determine the disease-associated phenotype. Thisapproach
would be particularly useful for IEls associated with milder disease in
the population or those that have heterogeneous presentations that
make diagnosis more challenging. A reverse genetics approach can
potentially aid diagnosis and make it possible to propose interventions
in situations in which this was not previously possible, going beyond
the familial genetic counselling that is typically provided forindividu-
alswithrare diseases. For example, mutations in UBAI were previously
reported to underlie VEXAS?, an often fatal, treatment-refractory
inflammatory syndrome. In a retrospective observational study of
exome datafrom163,096 individualsinasingle regional health system
in Pennsylvania, USA, 11 individuals were identified to be carriers of
UBA1 variations'. Only six of these carrier individuals had previously
reported clinical features of VEXAS, and the others contributed to the
phenotypic expansion of VEXAS, a phenomenon that is often noted
in genetic disorders™. This study illustrates how reverse genetics

Genomic
database

Study cohort

- " ‘
(N €
N\

B Affected individuals
with disease symptoms

Genotype Phenotype
Forward
genetics /
[N

Identification of IEls

Reverse
genetics

Fig. 6 | The promise of reverse genetics approaches for the identification of
undiagnosed inborn errors ofimmunity. The contrasting use of forward and
reverse genetics approaches in the identification of inborn errors of immunity
(IEls). Typically, when affected individuals who are suspected to have genetic
defects present with disease symptoms, next-generation sequencing and large
reference databases are used to identify underlying genetic variants, whichis
referred to as a phenotype-first, forward genetics approach. Genomic biobanks
also enable diagnosis through a genotype-first approach, termed reverse
genetics. Areverse genetics approachis likely to enable the identification of more
common IEIs with milder manifestations, define the true prevalence of IEIsin the
general population and broaden the phenotypic spectrums of known IEls.
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approaches can help to define the general population prevalence
and phenotypic spectrum of a given IEIL. A genotype-first approach
can also connect seemingly unrelated syndromes to lead to disease
diagnosis, thereby overcoming the limitations of recognizing discrete
phenotypes.

In addition to new ways of using existing databases, the study
of IEIs would also benefit from the construction of more ethnically
diverse genomic databases. Efforts are currently being made to coun-
teract the underrepresentation of non-white ethnic groups in genomic
databases —suchasthe All of Us Research Programin the United States
and the African Genome Variation Project —and we expect to see more
such initiatives launched in the next decade. Such efforts have the
potential to reveal the genes and variants contributing to disease in
the global population. We must continue moving in this direction to
build equity in the understanding of the genetic architecture of all for
the benefit of all.

Somatic genetics

The IUIS classification of primary monogenic disorders includes a
category for phenocopies of IEls, which includes seven conditions
resulting from somatic mutations*. As discussed above, there is growing
evidence that somatic mosaicismisaprimary cause of IEls. Testing for
some forms of somatic mosaicism can be difficult. In cases of suspected
mosaicism, in addition to exome sequencing and WGS, quantitative
PCRtechniques such as droplet digital PCR can efficiently detect and
quantify mosaicism. The limit of detection depends not only on the pro-
portionoftheallele present but also onthe type and breadth of tissues
analysed. Inefforts toidentify the genetic cause of anew IEl, it is often
unclear which cell type is affected by the variant, and several somatic
mutations have been shown to be detectable only in specificimmune
cell types®>**13, There are probably many more cell type-specific
mutations in both the haematopoietic and non-haematopoietic
compartments'’®. In the coming years, the field of IEI research could
adopt a similar approach to that of cancer biologists. Genetic testing
for variants driving carcinogenesis involves comparing tumour cells
with non-tumour samples fromthe sameindividual. Inthe case of indi-
viduals suspected of having genetic disorders of theimmune system,
DNA could be collected from the ectoderm (buccal swabs), mesoderm
(peripheral blood mononuclear cells) and endoderm (epithelial lining
of gastrointestinal tract) for acomparative analysis of mosaicism across
the different tissues. Furthermore, the likelihood of detecting cell
type-specific mutations can also beincreased by sorting cell subtypes,
such as different types of immune cell, before sequencing, to narrow
down the possible subsets having the variant allele.

We believe that the study of somatic mutations is likely to pro-
vide explanations for many adult-onset manifestations of IEls. If the
expected role of somatic mutationsis confirmed, then it might be more
appropriate to use the term genetic error of immunity rather than IEI
toencompass abroadening of the underlying concept. In that case, we
willneed toadapt ourlanguage and practices toreflect the expanding
scope of the field as we continue to make new biological discoveries.
Finally, we ought toincorporate artificial intelligence in the discovery
of novel causative variants. Only withincreased computational power
will we be able to study the compounding effects of two, three or four
distinct variants on human health.

Conclusions
Theimmune system s proving to have amuch more far-reachingrolein
disease than previously imagined. Increasing numbers of patients are

presenting with effects of disease on distal organ systems and are being
managed by non-immunologists despite the (often unknown) presence
of genetic defects of the immune system in these patients. There s,
therefore, likely to be asevere underdiagnosis of IEIs, and we must now
reach outand educate specialists from other disciplines, encouraging
them to use immunogenetic approaches to disease diagnosis, which
may partially unite the diverse clinical specialties.
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