
REVIEW

https://doi.org/10.1084/jem.20172306 1009
J. Exp. Med. 2018 Vol. 215 No. 4 1009–1022
Rockefeller University Press

Monogenic disorders have provided fundamental insights into human immunity and the pathogenesis of allergic diseases. 
The pathways identified as critical in the development of atopy range from focal defects in immune cells and epithelial 
barrier function to global changes in metabolism. A major goal of studying heritable single-gene disorders that lead to severe 
clinical allergic diseases is to identify fundamental pathways leading to hypersensitivity that can be targeted to provide 
novel therapeutic strategies for patients with allergic diseases, syndromic and nonsyndromic alike. Here, we review known 
single-gene disorders leading to severe allergic phenotypes in humans, discuss how the revealed pathways fit within our 
current understanding of the atopic diathesis, and propose how some pathways might be targeted for therapeutic benefit.
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Introduction
The study of monogenic causes for primary immunodeficiency 
diseases (PIDDs) has provided a number of important conceptual 
advances in our understanding of immune system function in 
host defense and has led to identification of discrete pathways 
required for protection against specific microbial pathogens. A 
number of these disorders have comorbid phenotypes associated 
with type 2 or allergic effector responses as part of the clinical 
spectrum of disease (Fig. 1; Table 1). Monogenic disorders have 
also been described in which allergic phenotypes are discrete 
and do not present with immunodeficiency. These disorders 
have proven invaluable as they have identified pathways that 
can specifically promote allergic phenotypes, some of which are 
unique to humans, and have provided important insights into the 
pathogenesis of allergy.

Atopy, derived from the Greek words with the same root 
meaning “unusual” or “out of place,” was first invoked by Arthur 
F. Coca and Robert A. Cooke to denote the strangeness of allergic 
disease, specifically hay fever and asthma, and referred to both 
the dominant heritability of such a predisposition and the pres-
ence of symptoms “against non-precipitogenic substances as well 
as against precipitogenic substances” (Coca and Cooke, 1923). 
Soon this term began to be used interchangeably with clinical 
allergic disease, despite Cooke maintaining that the term was 
meant to “indicate and specify the familial or hereditary group 
of the spontaneously appearing allergies in man” (Cooke, 1947). 
In 1963 Gell and Coombs, proposed an updated classification of 
allergic phenomenon where atopy and anaphylaxis were grouped 
together as type I immediate hypersensitivity, a nomenclature 
which continues in use today (Gell and Coombs, 1963). In doing  
 

so, the concept of immediate hypersensitivity irrespective of the 
presence of “precipitogen,” now recognized as IgE, as proposed 
with the original concept of atopy, was lost, while aspects of heri-
tability were retained. Currently the Nomenclature Review Com-
mittee of the World Allergy Organization/European Academy of 
Allergy and Clinical Immunology defines atopy as a tendency to 
become sensitized and express IgE to environmental allergens 
after “ordinary exposure” (Johansson et al., 2004). However, 
since shortly after inception, there has been debate over the 
appropriate use of the term (Spector and Farr, 1976) and calls for 
the user to clearly define their intending meaning of the term 
atopy if used (Nelson, 2013).

In the context of monogenic disorders leading to allergic 
inflammation, the term atopy, specifically invoking the original 
intended meaning of heritable symptoms of immediate hyper-
sensitivity regardless of foreign antigen dependence, is a partic-
ularly well-suited descriptive term. Because the atopic diathesis 
is distinct from immunodeficient, autoimmune, or autoinflam-
matory phenotypes ascribed to other monogenic diseases of the 
immune system, and in the spirit of Coca and Cooke, we would 
propose the term “primary atopic disorders” to classify heritable 
genetic disorders which present with deregulated pathogenic 
allergic effector responses irrespective of sensitization. These 
include genetic disorders leading to hives and other conse-
quences of abnormal mast cell degranulation, chronic type 2 T 
helper (Th2)- and eosinophil-mediated allergic inflammation, 
and exuberant IgE production. In this review, we will describe 
how specific lesions affecting adaptive immune cells, mast cells, 
and epithelial barrier proteins can promote the allergic pheno-
types observed in these syndromes.
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Figure 1. Schematic of genetic mutations leading to primary atopic disorders. (Top left) A simplified schema for allergic sensitization and reactivity dis-
plays inappropriate transcutaneous exposure of immune cells to exogenous allergen as a result of impaired epithelial barrier function. Subsequent activation 
of epithelial cells leads to expression of IL-25, IL-33, and thymic stromal lymphopoeitin (TSLP), which primes the allergic response. (A) Activated dendritic 
cells migrate to skin draining lymph nodes, where they present antigen in the context of MHC​II to naive CD4+ T cells. The pMHC complex is recognized by the 
TCR complex, which leads to cellular activation. During T cell activation, a number of intracellular events occur, in which mutations leading to impaired acti-
vation, proliferation, cytoskeletal remodeling, and/or fitness (shown in red) promote allergic phenotypes in humans (see the corresponding text for detailed 
descriptions of known functions and pathological results of all mutations in this figure). In addition to TCR-dependent signals, the cytokine milieu during and 
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Impaired TCR signaling and cytoskeletal remodeling
A number of mouse studies have demonstrated that although 
strong TCR peptide–MHC (pMHC) interactions promote Th1 
or Th17 differentiation, low-avidity interactions promote Th2 
skewing of naive CD4+ T cells during differentiation (Constant 
and Bottomly, 1997; Yamane and Paul, 2013). This has been 
demonstrated elegantly through transgenic TCR-based peptide 
models in vitro (Hosken et al., 1995; Tao et al., 1997; Jorritsma et 
al., 2003), using low doses of randomly synthesized peptides in 
naive human T cell differentiation cultures (Barber et al., 2013) 
and in vivo mouse studies (van Panhuys et al., 2014). In addition, 
a number of mouse models generated with germline mutations 
in molecules critical to the TCR signaling cascade, including zeta 
chain of T cell receptor–associated protein kinase 70 (Zap70), 
linker for activation of T cells (Lat), caspase recruitment domain 
family, member 11 (Card11), and others, have demonstrated 
a strong bias toward Th2 phenotypes in vivo (Jun et al., 2003; 
Jakob et al., 2008; Mingueneau et al., 2009). In humans, most 
mutations in pathways critical for propagation of TCR signals 
were first reported in the context of recessive severe combined 
immunodeficiencies (SCID; Arpaia et al., 1994; Chan et al., 1994; 
Elder et al., 1994; Greil et al., 2013; Jabara et al., 2013; Stepensky 
et al., 2013; Punwani et al., 2015; Keller et al., 2016; Bacchelli et al., 
2017); both the severe clinical phenotypes and the mode of inher-
itance likely contributed to their early identification in this con-
text. Because formation of functional T cells was altogether lost 
in these individuals, the potential consequences of these lesions 
on T helper phenotypes could not be evaluated.

However, as additional patients with intermediate phenotypes 
have undergone genetic sequencing, hypomorphic mutations in 
many of these pathways have been identified with distinct atopic 
consequences (Table 1). Although most ZAP70 mutant patients 
develop SCID, some with protein-positive mutations have hetero-
geneous presentations, including a severe Th2 diathesis (Arpaia 
et al., 1994; Chan et al., 1994; Elder et al., 1994; Picard et al., 2009; 
Turul et al., 2009). Further downstream of the TCR and ZAP70 is 
the CARD11–B cell chronic lymphocytic leukemia/lymphoma 10 
(BCL10)–mucosa-associated lymphoid tissue lymphoma translo-
cation gene 1 (MALT1; CBM) complex that propagates signals both 
through NF-κB and mTOR pathways (Bertin et al., 2001; Hamilton 
et al., 2014). This signalosome creates an essential molecular 
node between proximal TCR signals and transcription factor acti-
vation. Biallelic loss-of-function mutations in all three of these 
molecules have been described to result in combined immuno-
deficiency with variable numbers of T lymphocytes (Greil et al., 

2013; Jabara et al., 2013; Stepensky et al., 2013; Torres et al., 2014; 
Punwani et al., 2015). More recently, hypomorphic and dominant 
negative mutations in CARD11 have shown to result in moderate 
to severe atopic dermatitis and associated elevations in IgE, with 
many patients also exhibiting susceptibility to infection (Dadi et 
al., 2017; Ma et al., 2017a). Hypomorphic heterozygous mutations 
in MALT1 have likewise been reported to result in severe atopic 
dermatitis and elevated IgE (McKinnon et al., 2014). Impairment 
in NF-κB pathway activation and T cell proliferation in vitro was 
observed in both cases, and with CARD11 mutations, mTORC1 
activation of S6-kinase was similarly impaired.

After T cell activation and propagation of early signals, sub-
stantial repetitive cytoskeletal rearrangement is required to 
facilitate the massive clonal expansion that occurs in response to 
antigen stimulation in vivo. To accomplish this, Wiskott-Aldrich 
syndrome protein (WASP), which at resting state is autoinhib-
ited and stabilized by WASP-interacting protein (WIP), must be 
activated by Phospholipase C-gamma (PLCγ)-derived phospha-
tidylinositol 4,5-bisphosphate (PIP2) and cell division cycle 42 
(CDC42; Zigmond, 2000). Once this occurs, WASP is released by 
WIP to associate with the actin-related protein (ARP) 2/3 com-
plex, enabling actin assembly to commence, thus enabling cellu-
lar migration and proliferation.

A large number of null mutations in WAS have now been 
shown to lead to the classical presentation of the Wiskott-Aldrich 
syndrome, which includes severe atopic dermatitis, thrombocyto-
penia, and combined immunodeficiency (Ochs, 2009). In addition 
to allergic skin disease, these patients have recently been shown to 
have increased sensitization and clinical allergy to food antigens 
(Lexmond et al., 2016). Hypomorphic and activating mutations 
have been associated with a spectrum of hematologic diseases 
including X-linked thrombocytopenia (XLT) and neutropenia, 
respectively. XLT patients also appear to have increased preva-
lence of sensitization to food allergens and food allergy relative 
to the general population, albeit less than Wiskott-Aldrich syn-
drome patients (Lexmond et al., 2016), suggesting that although 
the mutations are insufficient to drive other features of the 
Wiskott-Aldrich syndrome, sufficient impairment may exist to 
promote allergic disease. Furthermore, a null homozygous muta-
tion in WAS/WASL-interacting protein family member 1 (WIPF1) 
encoding WIP, which abolished WASP expression, was reported 
to phenocopy classical WAS patients (Lanzi et al., 2012), as have 
homozygous loss-of-function mutations in the gene encoding an 
ARP2/3 subunit, ARP 2/3 complex subunit 1B (ARPC1B; Kahr et 
al., 2017; Kuijpers et al., 2017; Somech et al., 2017).

shortly after TCR engagement is critical in determining the effector fate of CD4+ T cells. (B) Mutations in several cytokine receptors and associated signaling 
molecules in JAK–STAT pathways (shown in red) are associated with allergic phenotypes. (A and B) In addition to enhanced Th2 skewing and promotion of 
IgE-class switching of B cells, these mutations may affect TGF-β and IL-2 signaling or their transcriptional target FOXP3 and impair CD4+ T reg formation and/
or stability, thereby disrupting peripheral tolerance. After this priming event, tissue-resident mast cells in the periphery (top left) take up secreted IgE and 
express this on their surface, bound to the high-affinity IgE receptor (FcεRI) awaiting reexposure to allergen, which ultimately leads to receptor cross-linking 
and degranulation. (C) Mutations in mast cell molecules that alter reactivity, proliferation, and secretory protein composition are associated with primary 
atopic disorders (shown in red). (D) Finally, although Th2-associated inflammation can disrupt skin barrier integrity, a number of mutations in genes restricted 
to the epithelium have been shown to likewise impair barrier function and promote allergic phenotypes in the same manner. Genes in which mutations have 
been reported (LIG4, DCL​RE1C, IL7RA, IL2RG, and RAG1/2) in association with Omenn syndrome are also included (A) for completeness; mutations in ADA and 
CHD7, as well as 22q11 deletions, which can also promote this strongly Th2-skewed inflammatory state, are not depicted.
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WIP not only stabilizes WASP but links it to dedicator of cyto-
kinesis 8 (DOCK8), a guanine nucleotide exchange factor (GEF) 
that activates small G proteins. The GEF activity of DOCK8 has 
been shown to be essential to the function of WASP after T cell 
activation (Janssen et al., 2016). Initially described in 2009 as 
the first cause for an autosomal recessive syndrome associated 
with significant elevations in IgE, loss-of-function mutations in 
DOCK8 lead to a progressive combined immunodeficiency with 
many clinical features in common with WAS, including severe 
atopic dermatitis and food allergy (Zhang et al., 2009). Although 
DOCK8 and WASP are similarly expressed in many humans cell 
lineages, functional defects identified in WASP-deficient mast 
cells (Pivniouk et al., 2003), and an ostensibly redundant role 
for DOCK8 in mast cells (Ogawa et al., 2014), may help explain 
why clinical manifestations of allergic disease and reactions are 
less severe in WAS (Pivniouk et al., 2003; Lexmond et al., 2016). 
DOCK8 deficiency is further distinguished from WAS by a num-
ber of different clinical phenotypes, including, but not limited to, 
a lack of thrombocytopenia and a significantly increased suscep-
tibility to viral infections.

Why Th2 phenotypes emerge from these actin cytoskeleton–
related mutations is not entirely clear. Mutations in WAS and 
DOCK8 both impair cellular migration and survival, and WAS 
mutant B cells and dendritic cells display altered phenotypes, 
all of which may contribute to atopy (Thrasher and Burns, 2010; 
Zhang et al., 2014a). However, recent data in DOCK8 patient lym-
phocytes suggest a T cell–intrinsic mechanism whereby DOCK8 
deficiency preferentially skews CD4+ cells toward a Th2 and 
away from a Th1 bias (Tangye et al., 2017). Consistent with the 
concomitant autoimmunity seen in these disorders, evidence 
for regulatory T (T reg) cell dysfunction has also been observed 
(as discussed later in the section on tolerance failure; Humblet-
Baron et al., 2007; Maillard et al., 2007; Marangoni et al., 2007; 
Lexmond et al., 2016; Alroqi et al., 2017).

In addition to TCR engagement by pMHC, costimulation or a 
second signal has been shown to be critical for T cell activation. 
This is provided by engagement of CD28 on the T cell surface by 
the ligand B-7 expressed on activated antigen-presenting cells, 
and impairment in costimulation could conceivably promote 

Th2 skewing. Recently, autosomal recessive loss-of-function 
mutations in capping protein regulator and myosin 1 linker 2 
(CAR​MIL2) encoding RGD, leucine-rich repeat, tropomodulin, 
and proline-rich-containing protein (RLT​PR), a protein shown 
to be critical for CD28 signaling in human T cells (Roncagalli et 
al., 2016), was shown to cause a combined immunodeficiency 
(Wang et al., 2016). In addition to susceptibility to infection, these 
patients present with severe atopic dermatitis, significantly 
elevated IgE, allergic asthma, food allergy, and cold urticaria; 
reduced T reg number was also observed in these patients and 
may contribute to these atopic phenotypes.

T cell repertoire restriction
Lymphocytes exhibiting weak TCR activation may also be per-
mitted to expand inappropriately when abnormalities in the TCR 
repertoire are present. TCR diversity is extremely broad, with 
estimates of 2.5 × 107 unique antigen receptors present in any 
given healthy individual (Arstila et al., 1999). A robust TCR rep-
ertoire promotes nondeleterious adaptive immune responses by 
ensuring that T regulatory and effector specificities overlap and 
by dictating the strength of prevailing effector TCR–pMHC com-
plex signals through selective and/or competitive mechanisms. 
In human disease, atopy is among the potential consequences of 
alterations in this repertoire.

Children with congenital HIV infection have been shown to 
have restricted TCR diversity, and an increased prevalence of 
allergic disease, principally in the form of atopic dermatitis, has 
been reported among these patients relative to HIV-exposed, 
uninfected infants (Siberry et al., 2012). Although HIV infection 
and antiretroviral therapy may have other effects on the immune 
system, more significant repertoire deficits resulting from hypo-
morphic mutations in genes associated with SCID (see this sec-
tion in Table 1 for a list of reported genes) have been associated 
with Th2 inflammation. In these patients, gene function is suf-
ficient to allow, in only a subset of carriers, a small number of T 
cells to develop and oligoclonally expand (Shearer et al., 2014; 
Yu et al., 2014). This “leaky” phenotype presents in infancy as 
Omenn syndrome with marked Th2 skewing and inflammation, 
characterized by severe eczema and erythroderma, elevated IgE, 
and peripheral eosinophilia. Omenn syndrome does not repre-
sent classical allergy, as it is unlikely there is allergen-specificity 
among the effector cells (Villa et al., 2008), and skin lesions tend 
to be more severe and earlier in onset than classical atopic der-
matitis lesions. However, these lesions share many pathological 
features with atopic dermatitis, and clinically can be indistin-
guishable with a number of inherited infantile erythrodermas 
which are associated with classical allergy (discussed later in the 
skin barrier disruption section). A large number of SCID-associ-
ated genes, as well as atypical complete DiGeorge syndrome, have 
now been reported to present with this severely Th2-skewed 
phenotype (Markert et al., 2004; Villa et al., 2008; Turul et al., 
2009; Joshi et al., 2012). Combined immunodeficiencies caused 
by recessive mutations in PGM3, WAS, and DOCK8 also present 
with T lymphopenia, significant elevations in IgE, and severe 
clinical allergic disease; combined immunodeficiency caused by 
STK4 mutations presents similarly, but with more modest IgE 
elevations and allergic disease (Wada et al., 2005; Dasouki et al., 

Table 1. Genetic mutations associated with primary atopic disorders.

Altered process Genes

Impaired TCR signaling and 
cytoskeletal remodeling

ZAP70, CARD11, MALT1, WAS, WIPF1, 
ARPC1B, DOCK8, CAR​MIL2

Altered cytokine signaling STAT3DN, STAT1GOF, STAT5BLOF, STAT5BGOF, 
JAK1GOF, IL4RAGOF, TGF​BR1, TGF​BR2, 
ERBB2IP

T cell repertoire restriction RAG1, RAG2, DCL​RE1C, ADA, IL2RG, 
IL7RA, CHD7, LIG4, ZAP70, 22q11del

Tolerance failure FOXP3, IL2RA, STAT5BLOF, TGF​BR1, TGF​
BR2, WAS, CARD11, STAT1GOF

Metabolic disturbance PGM3, CARD11, MALT1

Skin barrier disruption FLG, CDSN, DSG1, DSP, SPI​NK5

Mast cell deregulation KIT, PLCG2, ADG​RE2, TPS​AB1 D
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2011; Crequer et al., 2012; Sassi et al., 2014; Zhang et al., 2014b; 
Ben-Khemis et al., 2017). Individuals with these syndromes likely 
have impaired TCR repertoires, but precise alterations in T cell 
diversity have not been extensively examined.

Mechanistically, repertoire disturbances have been postu-
lated to lead to atopic phenotypes via two putative mechanisms: 
(1) reduced TCR diversity creates gaps in regulatory T cell reper-
toires that cannot appropriately limit effector T cell responses, 
as demonstrated in mouse models (Milner et al., 2007; Haribhai 
et al., 2011) and in atopic patients with ADA deficiency or idio-
pathic CD4 lymphopenia (Lawrence et al., 2013); (2) the absence 
of higher affinity antigen-specific TCR-expressing cells during 
naive T cell priming results in a noncompetitive expansion of 
lower-affinity CD4+ clones and subsequent differentiation into 
Th2 effectors (Milner et al., 2010). Among genes associated with 
Omenn syndrome, hypomorphic mutations in genes such as 
RAG have been associated with autoimmunity in the absence of 
allergy, whereas hypomorphic mutations in other genes, such 
as CARD11, have been associated with allergy in the absence of 
autoimmunity. This disparity suggests additional genetic and 
environmental factors are also likely required for development 
of these disparate clinical phenotypes.

Altered cytokine signaling
The monogenic disorder that historically has been most closely 
associated with atopy is the autosomal dominant hyper-IgE syn-
drome caused by dominant negative mutations in signal trans-
ducer and activator of transcription 3 (STAT3DN) (Holland et al., 
2007; Minegishi et al., 2007). Patients present with marked IgE 
elevation and eczematous dermatitis, but also a wide variety of 
mucosal infections and other protean manifestations. Studies 
characterizing the allergic manifestations in this syndrome have 
shown that patients actually have less IgE-mediated immediate 
hypersensitivity than might have been expected (Siegel et al., 
2013; Boos et al., 2014). However, the prevalence of peripheral 
eosinophilia and eosinophilic gastrointestinal disease (EGID), 
a food antigen–dependent atopic condition, is significantly 
increased (Arora et al., 2017). These findings have highlighted 
important roles for STAT3 in normal mast cell reactivity and vas-
cular permeability (Siegel et al., 2013; Erlich et al., 2014; Hox et 
al., 2016), with STAT3DN mutations generally limiting the sever-
ity of allergic reactions, despite the presence of antigen-specific 
IgE in serum of patients with STAT3DN mutations, increased lev-
els of Th2 effector cells, and elevated surface IL4Rα expression 
on STAT3DN lymphocytes (Deenick et al., 2013; Ma et al., 2015; 
Lyons et al., 2017).

Some of the protean manifestations observed in STAT3DN 
individuals include connective tissue phenotypes such as scoli-
osis, retained primary dentition, aneurysm formation, and joint 
hypermobility (Holland et al., 2007). These are strikingly similar 
findings to those seen among patients with diseases of altered 
TGF-β signaling (Lindsay and Dietz, 2014). Moreover, a strong 
signature for TGF-β pathway activation and cytokine expression 
has been demonstrated in a number of allergic diseases, includ-
ing severe asthma and EGID (Balzar et al., 2005; Rawson et al., 
2016), and a number of connective tissue phenotypes associated 
with increased SMAD signaling in tissues have been reported 

among atopic patients (Morgan et al., 2007; Abonia et al., 2013). 
Heterozygous mutations in transforming growth factor β recep-
tor 1 and 2 (TGF​BR1 and TGF​BR2) lead to the Loeys-Dietz Syn-
drome (LDS), in which patients suffer a number of vascular and 
connective tissue abnormalities (Loeys et al., 2006) and also have 
a significantly increased prevalence of IgE-mediated food aller-
gies, EGID, allergic asthma, and atopic dermatitis (Frischmeyer-
Guerrerio et al., 2013). These mutations are associated with 
enhanced SMAD2/3 phosphorylation in primary cells ex vivo, 
which may contribute to the pathogenesis of allergic diseases. 
Similar connective tissue phenotypes have been reported in indi-
viduals with lesions in a number of molecules in this pathway, 
including FBN and TNXB mutations, which result in excess free 
TGF-β seen in Marfan and Ehlers-Danlos syndromes (Dietz et al., 
1991; Schalkwijk et al., 2001), respectively, as well as in SMAD3, 
TGFB2, TGFB3, and SKI (Lindsay and Dietz, 2014). Allergic dis-
ease prevalence in these individuals has not yet been systemat-
ically evaluated.

Recently a family with a heterozygous loss-of-function muta-
tion in erbb2-interacting protein (ERBB2IP), encoding the nega-
tive TGF-β regulator ERB​IN was identified with an intermediate 
phenotype between STAT3DN and LDS patients, providing a puta-
tive link between these two disorders (Lyons et al., 2017). STAT3 
appears to induce and complex with ERB​IN to limit SMAD2/3 
nuclear localization, thereby limiting pathway activation. Loss of 
STAT3 signaling or ERB​IN expression in lymphocytes both led to 
enhanced TGF-β pathway activation and increased IL4Rα expres-
sion, which has been shown to be up-regulated in other cell types 
by TGF-β (Chen et al., 2015). In addition to the well-defined roles 
for IL4Rα in Th2 differentiation and IgE production, a relatively 
common gain-of-function IL4RA variant has been shown to 
impart risk for allergy (Hershey et al., 1997), and chronic pru-
ritis has been shown to have a critical dependence on IL4Rα sig-
naling via janus associated kinase 1 (JAK1) activation in neurons 
(Oetjen et al., 2017).

Patients with gain-of-function mutations in STAT3 (STAT3GOF) 
present with a phenotype in stark contrast to those with 
STAT3DN, including early onset autoimmunity, lymphoprolifer-
ation, and other immune defects (Milner et al., 2015). However, 
eczematous dermatitis can be seen in a substantial proportion 
of these patients as well. Cross-regulation of STAT5 by STAT3 
has been demonstrated (Yang et al., 2011; Olson et al., 2016), 
and patients with STAT3GOF have diminished STAT5 responses, 
likely explaining some of the shared clinical phenotypes with 
STAT5B loss-of-function (STAT5BLOF) patients who present with 
short stature, autoimmunity, atopic dermatitis, ichthyosis, and 
elevated IgE. In both STAT3GOF and STAT5BLOF, we would spec-
ulate that atopic phenotypes likely result from regulatory T 
cell failure that is discussed in the section on tolerance failure 
(Nadeau et al., 2011; Kanai et al., 2012). It is therefore notewor-
thy that excessive STAT5 signaling has also been shown to result 
in atopic and myeloproliferative phenotypes in mouse models 
(Ando et al., 2014; Kawakami et al., 2015) and that a somatic het-
erozygous gain-of-function STAT5B (STAT5BGOF) mutation that 
had previously been reported in association with leukemia and 
lymphoma (Rajala et al., 2013; Bandapalli et al., 2014; Küçük et 
al., 2015) was recently observed in two unrelated children who 
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presented without neoplastic disease, but rather dermatitis, diar-
rhea, marked eosinophilia, and urticaria beginning very early in 
life (Ma et al., 2017b).

Further evidence for a role of altered JAK–STAT signaling in 
allergic disease can be found in a family with a gain-of-function 
mutation in JAK1 (JAK1GOF) which can facilitate STAT5B phosphor-
ylation (Del Bel et al., 2017). Affected family members had severe 
atopic dermatitis, marked peripheral and tissue eosinophilia on 
a scale similar to that seen in the somatic STAT5BGOF patients, 
and allergic asthma. This JAK1GOF mutation was in the inhibitory 
domain leading to hyperactivity after cytokine stimulation. Of 
critical importance, these patients demonstrated marked clini-
cal improvement with ruxolitinib, a JAK inhibitor used to treat 
proliferative and inflammatory diseases; minimal adverse con-
sequences have been observed thus far in the JAK1GOF individu-
als. These findings highlight the power of detecting monogenic 
causes for allergic diseases, as a pathway-specific therapy could 
be implemented with marked improvement in clinical disease.

Recessive TYK2 mutations, which function similarly to JAKs, 
were initially described in a single patient with elevated IgE and 
susceptibility to mycobacterial infection (Minegishi et al., 2006). 
However subsequent patients identified with TYK2 deficiency 
have not had evidence of atopy or high IgE, and subsequent study 
of the sentinel patient’s mutation has indicated that TYK2 muta-
tions may not have been responsible for the allergic phenotype, 
given that IL-6 responses, impaired in the patient, are normal in 
all other identified individuals with recessive TYK2 mutations, 
including complete loss of function (Kreins et al., 2015).

Tolerance failure
Another fundamental mechanism that can promote allergic dis-
eases in humans was first suggested by a spontaneous mutation 
that resulted in the “scurfy” mouse line nearly 70 yr ago. Charac-
terized by xerotic skin, conjunctival injection, and spontaneous 
autoimmunity, the genetic cause for this phenotype was success-
fully identified as an X-linked recessive mutation in forkhead box 
P3 (Foxp3) in 2001 (Brunkow et al., 2001). In humans, X-linked 
recessive mutations in FOXP3 cause immunodysregulation poly-
endocrinopathy enteropathy X-linked (IPEX) syndrome (Chatila 
et al., 2000; Bennett et al., 2001; Wildin et al., 2001). In addition 
to autoimmune disease, affected individuals present with severe 
atopic dermatitis, high IgE, and eosinophilia. These patients lack 
T regs which require FOXP3 for lineage stability and suppres-
sive activity (Ramsdell and Ziegler, 2014). In IPEX, both central 
and peripheral T regs are absent, the latter of which are believed 
to normally limit allergic disease. Indeed, mice deficient in the 
conserved noncoding sequence 1 (CNS1), which has been shown 
to be critical for peripheral T reg identity, develop spontaneous 
eosinophilia and allergic inflammation of the gut and lung 
(Josefowicz et al., 2012).

Additional lesions in pathways critical to T reg cell devel-
opment, maintenance, and/or function have been described to 
result in IPEX-like phenotypes, including null mutations in the 
IL-2 coreceptor CD25 (Caudy et al., 2007), encoded by IL2RA, and 
the loss-of-function mutations in STAT5B described.

IL-2 signaling via STAT5 has been shown to be a critical posi-
tive regulator of the suppressive cytokine IL-10. IL-10 expression 

appears to be defective in patients with IL2RA loss-of-function 
mutations and is likely disrupted in patients with STAT5BLOF 
mutations as well. Because a dominant pathway of IL-10 signal-
ing occurs via STAT3, STAT3 signaling is markedly reduced by 
STAT3DN mutations, and because IL-10 is an immunomodulatory 
or even suppressive cytokine in the context of allergen immu-
notherapy and high-dose allergen exposure (Akdis and Blaser, 
2001; Vissers et al., 2004; Meiler et al., 2008), it is tempting to 
invoke this pathway as a major regulator of atopic disease gen-
erally. However, whereas damaging mutations in IL10, IL10RA, 
and IL10RB all lead to profound early onset inflammatory bowel 
disease (Glocker et al., 2009, 2010; Kotlarz et al., 2012), allergic 
inflammation has not been reported in these patients. It remains 
possible that overwhelming Th1-associated inflammation sup-
presses allergic sensitization and allergy in these individuals. 
However, the importance of IL-10 signaling in peripheral T 
reg–mediated suppression of allergic inflammation in vivo, as 
has been demonstrated for Tr1-mediated tolerance in nonatopic 
individuals, remains to be demonstrated in humans.

A number of other primary atopic disorders also have evi-
dence of T reg dysfunction implicated in the pathogenesis of 
observed allergic phenotypes. Human WASP-deficient T regs 
have impaired fitness and suppressive function (Humblet-
Baron et al., 2007; Maillard et al., 2007; Marangoni et al., 2007), 
and in a mouse model of Wiskott-Aldrich syndrome, sponta-
neous food allergy is exacerbated by selective deletion of WASp 
in T regs (Lexmond et al., 2016). Rltpr encoded by Carmil2 
which is downstream of CD28 and participates in actin polym-
erization, has likewise been demonstrated as indispensable 
for T reg development in mice (Liang et al., 2013), and humans 
with CAR​MIL2 deficiency have been shown to have a significant 
reduction of T regs in circulation (Wang et al., 2016; Schober 
et al., 2017). DOCK8-deficient and STAT1GOF patients can also 
present with IPEX-like phenotypes: the former appears to 
cause T reg dysfunction principally by limiting IL-2–mediated 
STAT5 activation, whereas direct effects of STAT1GOF mutations 
on T regs have not been established (Uzel et al., 2013; Janssen 
et al., 2014, 2017; Alroqi et al., 2017; Singh et al., 2017). Finally, 
T reg disruption has also been demonstrated in LDS patients, 
as might be expected in a disease associated with abnormal 
TGF-β pathway signaling. Enhanced SMAD activation that has 
been reported in vivo in these patients (Loeys et al., 2006), is 
associated with an increased frequency of FOXP3+CD4+ T cells 
(Frischmeyer-Guerrerio et al., 2013); however, these cells have 
been shown to produce Th2-associated cytokines both ex vivo 
and in vitro (Frischmeyer-Guerrerio et al., 2013). Aberrant 
Th2-effector cytokine expression has been similarly shown to 
occur in FOXP3+ CD4+ antigen-specific T cells from food-allergic 
patients after in vitro expansion (Noval Rivas et al., 2015), sug-
gesting impaired T reg lineage commitment may be a common 
defect that can promote a break in peripheral tolerance.

Metabolic disturbance
The first evidence that germline alterations in hexosamine bio-
synthesis can lead to severe clinical allergy in humans was pro-
vided by the identification of autosomal recessive mutations in 
phosphoglucomutase 3 (PGM3). PGM3 deficiency is associated 
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with a remarkable number and intensity of allergic diseases 
including severe atopic dermatitis, food allergy, immediate and 
delayed hypersensitivity to medications, EGID, asthma, sea-
sonal allergy, allergic bronchopulmonary aspergillosis, allergic 
fungal mastoiditis, and food-protein induced enteropathy syn-
drome (Sassi et al., 2014; Stray-Pedersen et al., 2014; Zhang et 
al., 2014b; Bernth-Jensen et al., 2016; Ben-Khemis et al., 2017). 
Hypomorphic mutations in PGM3 result in impaired formation 
of uridine diphosphate N-acetylglucosamine (UDP-GlcNAc; 
Zhang et al., 2014b; Carlson et al., 2017). This monosaccharide 
donor that is essential for normal glycosylation is significantly 
reduced in PGM3 deficient cells, leading to altered glycosylation. 
Lineage specificity of glycosylation changes are observed in T 
cells (Zhang et al., 2014b; Carlson et al., 2017) and may reflect 
differences in cellular metabolism of varying lymphocyte sub-
sets. Additional evidence suggests this phenomenon also occurs 
in other cell types, as hepatocyte-derived serum transferrin dis-
plays abnormal N-glycosylation, whereas plasma cell–derived 
IgE, despite being markedly elevated, appears to be normally gly-
cosylated (Wu et al., 2016). How altered nucleotide-sugar pools 
or glycoproteins may promote the severe allergic phenotypes 
observed remains to be deciphered.

Metabolic disruption may also play a role in the atopic phe-
notypes observed in individuals with heterozygous CARD11 or 
MALT1 mutations. Although the CBM complex is critical for 
mediating TCR signals, it also has a role in regulating the flux 
of glutamine, a critical amino acid required for GlcNAc forma-
tion, mTORC1 activation, and cellular metabolism. After T cell 
activation, the CBM complex is required for recruitment of ala-
nine-serine-cysteine-preferring transporter 2 (ASCT2) to the cell 
surface in order to sustain glutamine flux, aerobic glycolysis, and 
clonal expansion (Nakaya et al., 2014). Loss of ASCT2 expression 
or glutamine deprivation prevents mTORC1 activation, prolifer-
ation, and Th1/17 cytokine production in mouse T cells, and het-
erozygous loss-of-function CARD11 mutations in humans have 
been shown to likewise result in impaired phosphorylation of 
S6, reduced Th1 cytokine production, and increased clinical aller-
gic disease (Ma et al., 2017a). These data suggest that a selective 
bias away from mTORC1 utilization may promote allergic phe-
notypes in humans, as has been demonstrated in mouse models 
(Delgoffe et al., 2011). A previous genome-wide association study 
independently identified CARD11 as a major susceptibility locus 
for atopic dermatitis (Hirota et al., 2012), and a trial providing 
glutamine-enriched formula to premature infants demonstrated 
a protective effect on incident atopic dermatitis (van den Berg 
et al., 2007), suggesting glutamine supplementation could be of 
clinical value in select individuals with atopic dermatitis.

Skin barrier disruption
Th2 inflammation can disrupt skin barrier integrity leading to 
atopic dermatitis, which in many patients is the heralding clin-
ical sign of atopy. A mechanism by which this occurs is via sup-
pression of filaggrin (FLG) expression in keratinocytes by the 
Th2-associated cytokines IL-4, IL-13, and IL-25 (Howell et al., 
2007; Hvid et al., 2011). FLG is derived from posttranslational 
cleavage of an extremely large (>400 kD) precursor, pro-FLG, 
which has multiple FLG repeats of varying copy numbers. In the 

epidermis, pro-FLG undergoes proteolytic processing during 
normal desquamation and contributes to skin barrier function 
and hydration, in part through its processing into natural mois-
turizing factor (NMF; Sandilands et al., 2009).

FLG protein levels have been shown to be selectively reduced 
in nonlesional skin of patients with atopic dermatitis (Seguchi et 
al., 1996), suggesting reduced expression of this protein may play 
a central role in atopy. Homozygous loss-of-function mutations in 
FLG result in ichthyosis vulgaris (Smith et al., 2006), a condition 
characterized by extremely dry, pruritic, flaky skin and associ-
ated with elevated IgE and allergy. More commonly encountered 
heterozygous loss-of-function FLG mutations have also been 
shown to strongly associate with early onset atopic dermatitis, 
elevated IgE, allergic asthma, and food allergy (Sandilands et al., 
2007; Irvine et al., 2011).

To maintain barrier integrity, human skin must withstand 
shearing forces; this is accomplished by the desmosome, a junc-
tional protein complex which acts as an anchor to resist mechan-
ical stress (Kottke et al., 2006; Jonca et al., 2011). Mutations in 
genes encoding three desmosomal proteins in human skin—
corneodesmosin (CDSN), desmoplakin (DSP), and desmoglein-1 
(DSG1)—have been found to cause severe atopic dermatitis, 
elevated IgE, and multiple allergies (Oji et al., 2010; Samuelov 
et al., 2013; McAleer et al., 2015). Homozygous nonsense and 
missense mutations in CDSN result in peeling skin syndrome, 
type B, characterized by diffuse ichthyosis and erythroderma of 
the skin, which is associated with severe pruritus, elevated IgE, 
and allergic disease (Oji et al., 2010). A dominant heterozygous 
mutation in DSP (McAleer et al., 2015) and homozygous recessive 
mutations in DSG1 (Samuelov et al., 2013) result in the severe 
dermatitis, multiple allergies and metabolic wasting syndrome. 
All of these mutations appear to disrupt normal desmosome com-
plex formation or their association with keratin filaments.

The strong intracellular junctions present deep in the skin 
epithelium must be degraded in a highly regulated manner in 
order for normal desquamation to occur. Kallikrein family pro-
teases are believed to be the primary enzymes responsible for 
this, and a major regulator of their activity is lympho-epithelial 
Kazal-type-related inhibitor (LEK​TI) encoded by serine protease 
inhibitor Kazal-type 5 (SPI​NK5; Ishida-Yamamoto et al., 2005). 
Autosomal recessive loss-of-function mutations in SPI​NK5 lead 
to deregulated protease activity deep in the epidermis and des-
mosome destabilization. Affected patients present with the 
Netherton syndrome, a disorder characterized by excessive 
desquamation resulting in severe ichthyosis and erythroderma, 
trichorrhexis invaginatum (bamboo hair), elevated IgE, and 
atopy (Chavanas et al., 2000).

Retrospective analyses of individuals with ectodermal dyspla-
sias resulting from disruption of the ectodysplasin pathway have 
also been reported to have a significantly increased prevalence 
of allergic diseases, including atopic dermatitis, allergic rhinitis, 
asthma, and food allergy (Mark et al., 2012; Tuano et al., 2015). 
Although the specific genetic lesions were not included in these 
clinical studies, the findings would seem to be in line with the 
reported CBM and skin barrier defects in known primary atopic 
disorders. However, the mechanisms underlying specific suscep-
tibility and whether impaired NF-κB signaling observed in this 
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group of disorders contributes to the immunopathogenesis of 
atopy requires further examination.

A number of mechanisms have been proposed by which 
impaired skin barrier function may contribute to allergic patho-
genesis. A disrupted skin barrier leads to: (a) unregulated expo-
sure of antigen presenting cells to environmental antigens lead-
ing to proinflammatory cytokine expression and epicutaneous 
sensitization; (b) alterations in the protective skin pH gradient; 
(c) perturbations of skin microbiota, including unconstrained 
growth of Staphylococcus aureus (Jungersted et al., 2010; 
Miajlovic et al., 2010; Kezic et al., 2012). Interventions to reme-
diate skin barrier function provide the basis for treatments in 
these patients, but also may hold promise in preventing develop-
ment of allergic disease. One small prospective trial administer-
ing daily emollients to the skin of high-risk infants reduced the 
cumulative incidence of atopic dermatitis 50% by 6 mo of age 
(Simpson et al., 2014).

Mast cell deregulation
Mast cells are the key effector cells of type I immediate hypersen-
sitivity reactions. Although individuals with mutations that spe-
cifically effect this compartment often present with symptoms 
attributable to type I reactions, these patients are not classically 
allergic and often display mast cell hyperreactivity to unknown 
or otherwise innocuous stimuli.

SCF is the primary growth factor for mast cells. Somatic 
gain-of-function mutations in KIT, the cognate receptor for 
SCF, in particular the c.2447A>T p.(D816V) missense, allow for 
SCF-independent signaling and are strongly associated with 
clonal expansion of mast cells, which can become the acquired 
atopic disorder called mastocytosis (Valent et al., 2017). Clinically, 
mastocytosis is characterized by recurrent release of mast cell 
mediators leading to symptoms of immediate hypersensitivity 
reactions ranging from flushing, abdominal pain, diarrhea, or 
wheezing, to severe anaphylaxis, frequently occurring without 
antigen inducement. Germline gain-of-function mutations in 
KIT were first described in association with familial gastroin-
testinal stromal tumors (Nishida et al., 1998). However, it was 
later discovered that a number of families with both cutane-
ous and systemic forms of mastocytosis harbor germline gain-
of-function KIT mutations (Ke et al., 2016).

One of the hallmarks of mast cell mediator release is the for-
mation of characteristic urticarial skin lesions, or hives. Germline 
mutations in two genes, PLCG2 and adhesion G protein–coupled 
receptor E2 (ADG​RE2), have been found to result in urticaria in 
response to the physical stimuli of cold and vibration, respec-
tively (Ombrello et al., 2012; Boyden et al., 2016).

Cold urticaria is a phenomenon by which exposure to sub-
physiological temperature induces mast cell activation and 
urticaria. It is important to distinguish this phenomenon from 
the cryopyrinopathies, which include the familial cold autoin-
flammatory syndrome (previously called familial cold urticaria), 
an autoinflammatory syndrome caused by activating mutations 
in NLR family pyrin domain containing 3 (NLRP3) that affect 
the inflammasome and can lead to urticarial skin lesions that 
are not mast cell–related (Aksentijevich et al., 2007). A distinct 
familial syndrome associated with mast cell-mediated atypical 

cold urticaria induced by evaporative cooling is caused by large 
deletions in the autoinhibitory domains of PLCG2 (Gandhi et 
al., 2009; Ombrello et al., 2012). At physiological temperature, 
these lesions lead to impaired signaling of PLCγ2, with impaired 
B cell receptor–induced calcium flux and diminished ERK1/2 
phosphorylation contributing to humoral immune defects in a 
number of these patients. However, at subphysiological tempera-
tures, spontaneous activation of myeloid-lineage cells express-
ing PLCγ2, including mast cells and granulocytes, is observed. 
This leads not only to cold-induced urticaria, but can also lead 
to disfiguring granulomatous inflammation in cooler areas of 
the skin (such as the tip of the nose and digits; Aderibigbe et al., 
2015). The mechanisms underlying temperature sensitivity in 
mast cells remains unknown, however these mutations provide 
insight into one pathway that may contribute.

Vibration can be another trigger for mast cell–mediated 
urticaria. Recently, a mutation in ADG​RE2 has been shown to 
enhance the sensitivity of mast cells to vibration and to lead 
to a severe familial form of vibratory urticaria (Boyden et al., 
2016). EGF-like module-containing mucin-like hormone recep-
tor-like 2 (EMR2) encoded by ADG​RE2, is a serpentine adhesion 
G protein–coupled receptor (GPCR) which binds to glycosami-
noglycans such as dermatan sulfate. Attachment is mediated 
by a noncovalently bound subunit of the receptor, which when 
forcefully dissociated permits cellular activation (Huang et al., 
2012). The ADG​RE2 mutation that promotes enhanced mast cell 
sensitivity to vibratory stimuli appears to partially disrupt this 
noncovalent interaction of the receptor subunits and lead to a 
lower threshold for mechanical dissociation and resultant mast 
cell degranulation.

The evolutionary purpose for temperature and vibration 
sensing in mast cells corresponds with their believed purpose 
of residing in skin and mucosal surfaces where they contribute 
to both innate and adaptive immune responses (Galli and Tsai, 
2010). Lesions in the pathways that contribute to these responses 
not only provide insights into the mechanisms governing these 
sensing mechanisms, but also potential new ways to target 
mast cells and limit physical urticarias or mast cell activation 
more generally.

Finally, an important allergic mediator present in mast cell 
secretory granules is the serine protease tryptase. Two major 
secreted isoforms exist: α- and β-tryptases. In the mature form, 
this enzyme is a tetramer stabilized by heparin that is released 
after degranulation, where it contributes to allergic inflamma-
tion, inducing pruritus and contributing to tissue remodeling 
(Sommerhoff, 2001; Ui et al., 2006). Recently, increased monoal-
lelic copy number of tryptase α/beta 1 (TPS​AB1) encoding the 
α-tryptase isoform was identified as the cause of hereditary α 
tryptasemia, a genetic trait characterized by increased basal 
serum levels of tryptase (BST) and associated with multisystem 
complaints, including local and systemic symptoms suggestive 
of increased mast cell reactivity or mediator release, in three 
independent cohorts (Lyons et al., 2016). Although the mecha-
nism(s) underlying the association between the reported symp-
toms and increased or altered tryptase isoform expression is 
not fully understood, an increase in bone marrow mast cells has 
been reported in these patients (Lyons et al., 2014). Furthermore, 
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a gene dosage effect is observed in affected individuals, where 
an increasing number of additional TPS​AB1 copies is associated 
with both higher BST and greater expressivity of symptoms. 
Additional study of tryptase expression and function in these 
patients may yield important insights into the effects of specific 
tryptase isoforms on mast cell-mediated reactions and cellular 
homeostasis. Importantly, the majority of BST elevations, present 
in 4–6% of the general population (Gonzalez-Quintela et al., 2010; 
Fellinger et al., 2014), appears to be attributable to increased TPS​
AB1 copy number, suggesting that this genetic trait may com-
monly contribute to some of the clinical phenotypes initially 
reported, as well as to others clinically associated with elevated 
BST (Kucharewicz et al., 2007; Fellinger et al., 2014; Sahiner et al., 
2014; Doong et al., 2017; Valent et al., 2017).

Final considerations
Experiments of nature have provided fundamental insights into 
the immunopathogenesis of allergic diseases in humans. The 
development of allergy is complex, likely requiring multiple 
host and environmental factors; through the study of primary 
atopic disorders and the associated allergic phenotypes caused by 
discrete monogenic lesions, the hope is to exploit these discover-
ies to innovate new treatment strategies which can be rationally 
applied to patients with nonsyndromic allergic diseases. The 
mechanistic focus of this review has been primarily on CD4+ 
T lymphocytes and allergic effector cells, given their integral 
importance in orchestrating and regulating allergic immune 
responses. However, there are likely additional mechanisms, 
which are independent of those discussed, that modify and/or 
directly contribute to the allergic sensitization or reactivity in 
these genetic diseases, such as B cell–intrinsic defects which may 
predispose to IgE class switching (Wesemann et al., 2011; Kane et 
al., 2016; Massaad et al., 2017).

A large number of primary atopic disorders present with ele-
vated, or “hyper-IgE,” despite having vastly different underlying 
etiologies, mechanisms, and treatments. Given the significant 
potential for confusion of patients and care providers, and the 
disparate ways these disorders are managed, we strongly favor 
using more specific terminology that includes the gene name 
rather than a single clinical feature and inheritance pattern.

With increasing use of clinical exome and genome sequencing, 
the number of primary atopic disorders will continue to expand. 
The generous contribution of these patients and their families 
will no doubt continue to grow and refine our understanding of 
the mechanisms governing and contributing to allergic diatheses, 
and ultimately provide the blueprint for personalized therapies 
in clinical allergic disorders.
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