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The study of monogenic autoimmune diseases has provided

key insights into molecular mechanisms involved in

development of autoimmunity and immune tolerance. It has

also become clear that such inborn errors of immunity (IEIs)

frequently present clinically not only with autoimmune

diseases, but also frequently have increased susceptibility to

infection. The genes associated with monogenic autoimmunity

influence diverse functional pathways, and the resulting

immune dysregulation also impacts the complex and

coordinated immune response to pathogens, for example type

I interferon and cytokine signaling, the complement pathway

and proper differentiation of the immune response. The SARS-

CoV-2 pandemic has highlighted how monogenic

autoimmunity can increase risk for serious infection with the

discovery of severe disease in patients with pre-existing

antibodies to Type I IFNs. This review discusses recent insight

into the relationship between monogenic autoimmunity and

infectious diseases.
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Introduction
The increased availability and utilization of high-through-

put DNA sequencing has brought about a rapid increase in

the identification of genes associated with monogenic

autoimmunity, which are classified as inborn errors of

immunity (IEI) by the International Union of Immunolog-

ical Sciences Expert Committee [1]. Indeed, the transition

in terminology from ‘primary immunodeficiency’ to ‘IEI’

reflects the understanding that these diseases are more

complex than simply susceptibility to infection. Immune

dysregulation with autoimmunity, autoinflammation, can-

cer susceptibility, and bone marrow failure can all be
Current Opinion in Immunology 2021, 72:230–238 
clinical features of IEIs. Identification of specific genes

associated with monogenic autoimmunity and observation

of the clinical consequences have accelerated our under-

standing of the balance between control of infections and

autoimmunity [2].

Autoimmune diseases are characterized by abnormal

activation of the innate and adaptive immune system

leading to self-reactive T and B cells and development

of autoantibodies, which lead to inflammation and tissue

damage. The genetic risk factors associated with many

monogenic autoimmune diseases can also result in

increased risk of infection, although there is significant

clinical diversity with regards to autoimmune manifesta-

tions and pathogen susceptibility [2]. This highlights the

diverse pathways that are important for control of both

immunologic tolerance and pathogen defense. In this

review we discuss recent discoveries in monogenic auto-

immunity, highlighting examples of defects in genes

involved in T cell tolerance, the complement pathways,

interferon signaling, and STAT signaling and their con-

tribution to autoimmunity and pathogen susceptibility

(Figure 1), including recent evidence for susceptibility to

SARS-CoV-2 associated with monogenic autoimmunity.

Monogenic autoimmunity and susceptibility to
infection
Genes associated with monogenic autoimmunity are

involved in diverse immunologic processes. Defects in

genes involved in monogenic autoimmunity result in

specific patterns of autoimmunity based on their role in

different aspects of the immune system. While many

patients with monogenic autoimmunity may be at

increased risk for infection due to immunomodulatory

treatment, we highlight recent discoveries that provide

mechanistic insight into how genes involved in mono-

genic autoimmunity also contribute to increased suscep-

tibility to infection (Figure 1).

Disorders of T cell tolerance

Both central and peripheral mechanisms of T cell toler-

ance are important for control of self-reactive T cell

responses and autoimmunity. Autoimmune endocrinopa-

thies are a common pattern of autoimmunity in disorders

of T cell tolerance [1]. Central tolerance of developing T

cells occurs in the thymus when thymocytes interact with

thymic antigen presenting cells (eg. medullary thymic

epithelial cells and thymic dendritic cells) that present a

wide array of antigens expressed through the body,

known as tissue-restricted antigens (TRAs) [3]. The
www.sciencedirect.com
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Mechanisms of pathogen susceptibility in different groups of monogenic autoimmune disorders highlighted here.
autoimmune regulator (AIRE) transcription factor stimu-

lates expression of TRAs [3]. Deficiency of AIRE is

associated with monogenic autoimmunity, autoimmune

polyendocrinopathy-candidiasis-ectodermal dystrophy

(APECED), also known as autoimmune polyendocrine

syndrome type 1 (APS-1), due to defects in negative

selection of T cells. In addition to autoimmunity due

to defects in T cell tolerance, patients with AIRE defi-

ciency suffer from chronic mucocutaneous candidiasis

(CMC). In humans, susceptibility to CMC is associated

with impaired Th17 immunity, as demonstrated by

patients with monogenic defects in IL17F and

IL17RA/C and in IEI with impaired Th17 immunity

(e.g. STAT1 GOF) [4]. Patients with AIRE deficiency

have a high rate of anti-cytokine autoantibodies, includ-

ing anti-IL-17A, IL17F, and IL22, thought to be due to

autoreactive T cell stimulation of B cells [5,6]. These

Th17-associated cytokines autoantibodies are associated

with susceptibility to CMC in APECED patients, pro-

viding a mechanistic link between T cell selection and

infectious susceptibility (Figure 2). A recent study in Aire
deficient mice suggested that there was an increased Th1

response to Candida infection, with similar responses seen

in oral mucosa from APECED patients [7�]. In this mouse

model, CMC was dependent on T cells and IFNg,
suggesting an additional mechanism that may contribute

to CMC susceptibility. There may also be non-T cell

effects of AIRE, with a direct role for AIRE in pathogen

response proposed through effects on Dectin-1 and Dec-

tin-2 in macrophages, which are important receptors for

recognition and phagocytosis of Candida (Figure 2) [8].

Peripheral tolerance occurs when autoreactive T and B

cells escape central tolerance but are inhibited from

inducing harm through tolerance checkpoints such as

quiescence, ignorance, anergy, exhaustion, senescence
www.sciencedirect.com 
and death (reviewed in detail in Ref. [9]). Several dis-

orders of peripheral tolerance have demonstrated overlap

with requirements for pathogen defense. Deficiencies in

the CTLA-4 pathway, including regulators of CTLA-4

trafficking, LRBA and DEF6, are associated with auto-

immune disease due to defects in T cell tolerance result-

ing from loss of inhibitory signaling [10]. They are also

associated with recurrent bacterial and fungal infections,

and increased susceptibility to herpesvirus infections [10–

12]. The mechanism for this infectious susceptibility is

yet unknown. Patients with CTLA-4 deficiency have

decreased CD8+ T cells and potentially a trend toward

increased expression of the senescence marker, CD57 on

CD8+ T cells [13,14]. Interestingly, CTLA-4 was shown

to be expressed on activated NK cells, with NK cells from

CTLA-4 haploinsufficiency patients showing decreased

effector function [15].

IL-2 is an important cytokine for regulatory T cell (Treg)

development and effector T cell proliferation, and defi-

ciency of IL-2Ra (CD25) results in autoimmune poly-

endocrinopathy and increased susceptibility to bacterial

infections and CMV [16]. IL-2 signaling through IL-2Rb
is known to be important for CD8+ T cell cytotoxic

function and Treg proliferation in mice [17]. Defects

in IL-2Rb had not been observed in humans until two

separate groups recently reported human IL-2Rb defi-

ciency resulting in autoimmunity, atopy and increased

EBV and CMV disease in humans [18�,19�]. These stud-

ies demonstrate the pleiotropic effects of IL-2 on T cell

tolerance and effector function.

Finally, ITCH is a U3 ubiquitin ligase that suppresses

inflammation and promotes tolerance through its impact

on T cells, especially Th2 cells and Tregs (through

enhancement of the FOXP3 transcription factor), and B
Current Opinion in Immunology 2021, 72:230–238
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Mechanisms of AIRE deficiency-associated pathogen susceptibility.

AIRE deficiency in the thymus results in altered T cell selection and autoreactive antibodies, including anti-IL-17 antibodies, which are associated

with susceptibility to chronic mucocutaneous candidiasis (CMC), and anti-Type I IFN antibodies, which increase disease severity with SARS-CoV-2

infection. Studies in an animal model suggests that a dysregulated Th1 response in the mucosa may also be associated with CMC. AIRE

deficiency in macrophages (Mø) decreases Dectin-1 and Dectin-2 expression, and may also contribute to defects in phagocytosis of Candida and

CMC.
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Defects in early complement components result in pathogen

susceptibility.

Deficiency of early complement components result in impaired

formation of the C3 convertase that is required for complement-

mediated response to pathogens that can also contribute to

inflammation in autoimmunity.
cells [20,21]. Autoimmunity associated with a nonsense

variant in ITCH in a patient was first reported in 2010 [22].

In 2019, two groups reported cases of polyautoimmunity,

including autoimmune endocrinopathies, and recurrent

respiratory tract infection associated with ITCH variants

[23,24]. Interestingly, ITCH was shown to be important

in the antibody response to viral infection in mice, sug-

gesting a potential mechanism for increased infection in

ITCH deficiency [25].

Complement deficiencies

The complement cascade is an important part of the

innate immune system, contributing to opsonization,

clearance of microbes and cellular debris, and promoting

inflammation [26]. Deficiency in early complement pro-

teins is now well-described to be associated with mono-

genic autoimmunity, and this has been suggested to be

due to increased inflammation related to poor pathogen

clearance and defective clearance of autoantigens after

apoptosis and tissue damage. Deficiencies in C1q, C2 and

C4, but not C3, can present with systemic lupus erythe-

matosus (SLE)-like disease and/or recurrent bacterial

infections (Figure 3) [1,26]. A recent study in C1q
Current Opinion in Immunology 2021, 72:230–238 www.sciencedirect.com
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Mechanisms of pathogen susceptibility in TLR8 GOF.

TLR8 is expressed primarily in myeloid cells. Patients with TLR8 GOF

have increased serum cytokines and production of pro-inflammatory

cytokines in patient-derived macrophages. This cytokine expression is

hypothesized to lead to impaired class switching of B cells and severe

neutropenia, with resulting infectious susceptibility.
deficient mice showed that C1q can regulate the response

of CD8+ T cells to autoantigens and LCMV infection

through modulation of mitochondrial metabolism, estab-

lishing a non-complement pathway mediated mechanism

for immunodeficiency [27�]. C1q may also inhibit type I

interferons (IFN) and other cytokines through interaction

with Ig-like receptor (LAI) 1 on dendritic cells, inhibiting

TLR7 and TLR9-mediated IFNa, IL-6, IL-8 and TNFa
expression [28]. The impact of C1q, as well as C1r, on

IFN signaling is supported by high type I IFN scores

reported in a patient with C1q deficiency-associated SLE

[29]. Together, these studies underscore the relevance of

the non-canonical complement pathway alterations in

autoimmunity and infection.

Autoimmunity resulting from aberrant interferon and

cytokine signaling

Type I IFN signaling is stimulated in response to patho-

gens and mediates important pathogen responses.

Increased type I IFN signaling is observed in polygenic

autoimmune disease such as SLE, as well as monogenic

disorders of the type I IFN pathway, called interferono-

pathies [30]. Interferonopathies are typically associated

with autoinflammatory manifestations rather than auto-

immune disease, however autoimmune features are

observed in some interferonopathies as is the case for

IFIH1 and TREX1 which are associated with Aicardi-

Goutières syndrome and lupus-like disease [1]. Several

recent studies have evaluated how type I IFN signaling is

dysregulated in specific monogenic autoimmune diseases

and given insight into susceptibility to infection.

COPA syndrome is an autoimmune disease characterized

by pulmonary hemorrhage, interstitial lung disease, arthri-

tis, nephritis and autoantibodies caused by dominant var-

iants in the COPA gene, the product of which is involved in

transport of vesicle between with ER and Golgi [31].

Increased susceptibility to infection is not typically

described, although a case series reported several patients

who presented with multiple infections including acute

pyelonephritis, meningitis and recurrent respiratory infec-

tions [32]. Recent studies have clarified that a key feature of

this disorder is increased type I IFN signaling due to

inability of mutant COPA protein to transport active

STING from the Golgi to the endoplasmic reticulum

[33��,34�,35]. Deng et al. showed that CopaE241K/+ knock-

in mice develop autoreactive T cells, decreased Tregs in

the periphery, and autoimmune disease [36�]. Moreover,

negative thymic selection of autoreactive thymocytes by

thymic epithelial cells was impaired.

STIM1 deficiency manifests as recurrent bacterial infec-

tions, autoimmune hemolytic anemia, nephrotic syn-

drome, as well as dysmorphic features [37]. STIM1 is a

calcium channel that was recently shown to influence

Th17 cell metabolism, which is important for antifungal

immunity [38]. Interestingly, similar to COPA, STIM1
www.sciencedirect.com 
deficiency resulted in increased type I IFN response,

which was suggested to be due to loss of STIM1-medi-

ated retention of STING in the ER [39��]. How defects in

COPA and STIM1 that result in increased type I IFN

signaling impact susceptibility to infection is unclear, but

a mouse model of STING gain-of-function suggests that

constitutive activation of STING may increase suscepti-

bility to infection with a herpesvirus [40]. Additional

studies of patient samples and in vivo models of COPA

syndrome and STIM1 deficiency will increase our under-

standing of how dysregulated IFN responses influence

susceptibility and response to infections.

Toll-like receptor 8 (TLR8) is an endosomal sensor of

single stranded RNA [41]. We recently described an IEI

due to monogenic mosaic and germline variants in TLR8

associated with immune dysregulation, susceptibility to

infection and bone marrow failure. Patients had elevated

serum cytokines, including IFN-g and others such as IL-

18 and IL12/23 p40, although interestingly these patients

do not have a strong Type I IFN signature [42]. Patients

with TLR8 GOF have neutropenia, and immune phe-

notyping demonstrated highly activated peripheral blood

T cells and defects in class-switched B cells. Differentia-

tion of macrophages from patient-derived induced plu-

ripotent stem cells showed increased cytokine responses

to TLR8 ligand stimulation. Patients with TLR8 GOF

have infections related to these immunologic defects

(Figure 4). While the mechanism of this immune sup-

pression is uncertain, the phenotype in mosaic patients

suggests a dominant and non-intrinsic effect of cytokines
Current Opinion in Immunology 2021, 72:230–238
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Table 1

Monogenic autoimmune disease with aberrant JAK/STAT signaling

Disease Gene Inheritance Molecular effects Immunologic defects Autoimmunity Pathogen susceptibility

JAK1 GOF [62] JAK1 AD (GOF) Increased STAT1 phosphorylation

as baseline, increased STAT3

phosphorylation after IL-6

stimulation

Eosinophilia with normal IgE, atopy AITD Recurrent viral infections

SOCS1 haplo-insufficiency

[52�,53�,54�]
SOCS1 AD (LOF) Increased STAT1 and STAT5

phosphorylation after IFNg, IL-2,

and IL-4 stimulation

Lymphoproliferation in some

patients. Decreased Treg numbers.

Low switched memory B cells

Autoimmune cytopenias,

psoriasis, SLE, polyarthritis,

spondyloarthritis, celiac

disease, AITD, AIH,

autoimmune pancreatitis

Respiratory infections

STAT1 deficiency

[1,63]

STAT1 AD or AR

(LOF)

Deficient STAT1 signaling including

IFN responses

Impaired Th1 and Th17 immunity AITD, autoimmune

cytopenias, celiac disease

CMC, recurrent bacterial

infections (mycobacterium),

herpes and fungal infections

STAT1 GOF [43–45] STAT1 AD (GOF) STAT1 hyperphosphorylation and

transcriptional activity and impaired

STAT3 activation

Impaired Th17 and IL-22 immunity.

Decreased Candida-specific Th17

and Th22 response. Rarely B cell

lymphopenia and

hypogammaglobulinemia.

AITD, T1DM, autoimmune

cytopenias, psoriasis, SLE,

scleroderma, AIH, IBD,

celiac disease

Increased bacteria and herpes

infections, Cryptococcus

infections, CMC

STAT2 GOF [64] STAT2 AR (GOF) Abrogated ubiquitin-specific

protease 18 (USP18) interaction

resulting in elevated type I IFN

signaling and prolong JAK-STAT

signaling.

Decreased NK and CD8+ T cell

granule release. T cell lymphopenia

and hypogammaglobulinemia in one

patient.

Autoinflammatory: fever,

cytopenias, nephropathy,

hepatosplenomegaly,

elevated liver enzymes,

thrombotic

microangiopathy, seizures,

intracerebral hemorrhage.

None reported

STAT3 GOF [46,47] STAT3 AD (GOF) Increased STAT3 transcriptional

activity with stimulation, possibly

decreased STAT1 and STAT5

phosphorylation.

Reduced T and B cell numbers,

hypogammaglobulinemia,

decreased peripheral Treg numbers,

in some patients increased Th17

cells

Enteropathy, autoimmune

cytopenias, ILD, T1DM,

AITD, arthritis, AIH,

scleroderma

Varied including viral respiratory

tract infections, herpesvirus

infections, bacterial infections

STAT5b deficiency

[65]

STAT5B AR Defects in STAT5b signaling and

target genes including immune

pathways and IGF1

Reduced Treg number/function,

high IgG and IgE, reduced gd�T and

NK cells

AITD, autoantibodies,

arthritis, ITP lymphocytic

interstitial pneumonitis

Viral respiratory tract infections,

Pneumocystis jirovecii

pneumonia, severe herpesvirus

infections

TOM1 LOF [50] TOM1 AD Impaired TOM1-TOLLIP interaction

resulting in decreased STAT1,

STAT3, and STAT5 phosphorylation.

Low memory and class switch B

cells, hypo-gammaglobulinemia.

Impaired Th1 and Th17

differentiation. Deceased T effector

memory.

Oligoarthritis, psoriasis,

autoimmune enteropathy,

ILD

Recurrent respiratory infections,

EBV viremia

Abbreviations: ADautosomal dominant; AIHautoimmune hepatitis; AIHAautoimmune hemolytic anemia; AITDautoimmune thyroid disease; ARautosomal recessive; GOFgain of function; ITPimmune

thrombocytopenic purpura; JIAjuvenile idiopathic arthritis; LOFloss of function; CMCchronic mucocutaneous candidiasis; SLEsystemic lupus erythematosus; T1DMtype 1 diabetes mellitus.
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in these patients, potentially within the bone marrow

microenvironment.

STAT signaling

The JAK/STAT pathway plays an important role in trans-

ducing signals from extracellular cytokines to intracellular

signaling pathways that mediate a variety of responses.

Alterations in JAK/STAT signaling are now well-described

in monogenic autoimmunity including STAT1, STAT3,

and STAT5b, with prominent T cell dysregulation, infec-

tious susceptibility, and an autoimmune pattern including

cytopenias, thyroid disease, and gastrointestinal disease

being common features (Table 1). Gain-of-function

(GOF) STAT1 variants result in impairment of IL-17 and

IL-22 mediated immunity and abnormal B cell differenti-

ation, contributing to humoral defects and increased risk of

candidiasis [43–45]. Patients with STAT3 GOF have early

onset autoimmunity, but also susceptibility to infection

associated with antibody deficiency [46,47].

TOM1 (target of Myb protein 1) is a lysosomal adapter

protein thought to be involved maturation of the autop-

hagosome and trafficking of endosomal cargo [48,49]. A

newly described pathogenic variant in TOM1 (G307D)

presented clinically as oligoarthritis, psoriasis, autoim-

mune enteropathy, interstitial lung disease, hypogamma-

globulinemia, recurrent URIs, and EBV viremia [50].

This variant was associated with decreased STAT1,

3 and 5 signaling, poor Th1 and Th17 differentiation,

low class switch memory B cells, as well as decreased NK

cell numbers. This was attributed to impaired TOM1

interaction with TOLLIP. The mechanism resulting in

altered STAT signaling in TOM1-associated disease is

yet unknown, although TOLLIP deficiency has been

demonstrated to decrease STAT5 expression, perhaps

through its function in autophagy [51]

Another recent example of altered STAT signaling associ-

ated with autoimmunity and infections is that of haploin-

sufficiency of suppressor of cytokine signaling-1 (SOCS1).

SOCS1 attenuates signaling of multiple STATs (particu-

larly STAT1) and is upregulated as a compensatory

response to JAK/STAT signaling. These patients have

early onset autoimmunity including cytopenias and even

systemic lupuserythematosus,highlightingtheimportance

of tight regulation of this system in human immunity

[52�,53�,54�]. Together, these studies demonstrate the

relationship between autoimmunity and pathogen suscep-

tibility in dysregulated STAT and cytokine signaling.

Lessons learned from SARS-CoV-2
The SARS-CoV-2 pandemic has provided insight into the

variabilityof the immuneresponse toa pathogen infecting a

heterogenous and immunologically naı̈ve population.

Type I IFN signaling has emerged as a critical requirement

for an effective immune response to acute SARS-CoV2

infection. In addition, immune dysregulation has clearly
www.sciencedirect.com 
been induced in some COVID-19 patients as seen in

multisystem inflammatory syndrome in children (MIS-

C), with the characteristic features and clinical course

suggestive of an underlying immunologic defect in these

previously healthy children brought out by this unique

virus [55,56].

Genomic sequencing of a cohort of 650 individuals with

severe acute COVID-19 identified 3.5% of patients with

monogenic defects in the type I IFN signaling pathway

[57]. Functional studies proving pathogenicity of both

known and novel defects demonstrated the importance of

this pathway for efficient control of SARS-CoV2. In a

complementary study of almost 1000 patients without

genetic defects in the type I IFN pathway, neutralizing

autoantibodies against type I IFNs were associated with

severe COVID-19, illustrating a mechanism by which loss

of tolerance can directly lead to infection susceptibility

[58]. Patients with AIRE deficiency and APECED/APS-I

almost uniformly develop neutralizing type I IFN auto-

antibodies, which previously were not recognized to be

associated with infectious susceptibility [59]. The Casa-

nova and Lionakis laboratories recently demonstrated

that in contrast to most other patients with IEIs, patients

with AIRE deficiency and COVID-19 develop severe

pneumonia and suffer from high mortality associated with

these pre-existing auto-antibodies (Figure 2) [60��]. This

finding provides a direct link between monogenic auto-

immunity, autoantibodies, and infectious susceptibility.

While in MIS-C, there has not yet been a report of a

monogenic defect clearly associated with susceptibility,

the description of MIS-C in a patient with haploinsuffi-

ciency of SOCS1, a monogenic autoimmune/immune

dysregulation syndrome, supports a role of cytokine/

STAT signaling in control of inflammation after infection

in children [53�]. Early studies of SARS-CoV-2 infections

in patients with IEIs did not report exacerbation of their

autoimmune disease but did suggest that young patients

with IEIs were more likely to develop severe symptoms

than age-matched controls [61]. More detailed informa-

tion and collection of immune phenotyping from SARS-

CoV-2 infected patients with monogenic autoimmunity

will be informative.

Conclusion
Immune dysfunction in IEIs can lead to autoimmune

diseases with auto-reactivity of T and B cells, increased

activity of the innate immune response, and in some cases

increased susceptibility to infection. While T and B cell

dysfunction contributes to autoimmune and infectious

sequelae, recent studies have brought to light molecular

pathways such as abnormalities in IFN and cytokine

signaling that contribute to pathogen susceptibility in

monogenic autoimmunity. Although there are similarities

in the immunologic aberrancies amongst monogenic auto-

immune disease, future studies describing the differential

effects of specific genes will be needed to resolve why
Current Opinion in Immunology 2021, 72:230–238



236 Host pathogens
certain monogenic autoimmune diseases are associated

with unique or shared pathogen susceptibility. Certainly,

the COVID-19 pandemic has and will continue to provide

new insights into the interaction between pathogens and

genes that regulate the immune system. New in vivo
models and advancements in the study of human immu-

nology will also expand our understanding of the impact

of genes associated with monogenic autoimmunity on the

complex relationship between maintaining self-tolerance

and controlling infection.
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