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Inborn errors of immunity are genetic disorders with broad clinical manifestations,

ranging from increased susceptibility to infections to significant immune dysregulation,

often leading to multiple autoimmune phenomena, lymphoproliferation, and malignancy.

The treatment is challenging as it requires careful balancing of immunosuppression

in subjects at increased risk of infections. Recently, the improved ability to define

inborn errors of immunity pathophysiology at the molecular level has set the basis for

the development of targeted therapeutic interventions. Such a “precision medicine”

approach is mainly bases on the use of available small molecules and biologics to

target a specific cell function. In this article, we summarize the clinical and laboratory

features of various recently described inborn errors of immunity associated with

immune dysregulation and hyperinflammation in which mechanism-based therapeutic

approaches have been implemented.

Keywords: primary immunodeficiency diseases (PID), immunedysregulation, combined immunodeficiency,

precision medicine, small molecules, monoclonals, gain of function (GOF)

INTRODUCTION

With the increased availability of high-throughput DNA sequencing, the number of genes
associated with inborn errors of immunity [historically named primary immune deficiency
disorders (PIDs)] has exponentially increased over the last decade. The most recent PID
classification from the International Union of Immunological Sciences includes more than 350
genes, and∼50 of these have been discovered in the last 2 years (1). In addition to the identification
of novel PID-associated genes, it has been recognized that distinct clinical phenotypes may be
sustained by Gain of Function (GOF) or Loss of Function (LOF) mutations in the same gene.
Finally, various degrees of activity of mutant proteins due to hypomorphic and hypermorphic
mutations may also cause PID phenotypic variability (1, 2).

The clinical features of PIDs are broad, ranging from increased susceptibility to infections to
significant immune dysregulation, often leading to multiple autoimmune phenomena, including
cytopenias and solid organ autoimmunity, in addition to lymphoproliferation and malignancy.
The treatment of immune disorders with coexisting immune deficiency and immune dysregulation
is challenging, as it requires careful balancing of immunosuppression in subjects at increased
risk of infections. In most recent years, the growing ability to define PID pathophysiology at the
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molecular level has set the basis for the development of targeted
therapeutic interventions. New drugs have been developed or
repurposed to modulate intracellular pathways whose function
is increased or diminished as a result of a specific genetic defect
(Table 1). Such a “precision medicine” approach often permits
to selectively target a specific cell function instead of broadly
affecting the entire immune system, and may even permit to
avoid deleterious side effects on other tissues. In this manuscript,
we summarize the laboratory and clinical features of various
recently described PIDs, focusing in particular on disorders
associated with immune dysregulation in which targeted
therapeutic approaches have been implemented according to the
recent knowledge of the molecular mechanisms underpinning
these diseases and the most common clinical manifestations.

PRECISION MEDICINE IN DISORDERS OF
IMMUNEDYSREGULATION

CTLA4 Haploinsufficiency
Cytotoxic lymphocyte antigen 4 (CTLA4, CD152), is a receptor
on T cells that inhibits cell activation and immune response.
CTLA4 binds to 2 different ligands on antigen presenting cells
(APC), CD80 and CD86 (3). Upon ligand binding, CTLA4
produces an inhibitory signal to limit T cell activation and
proliferation. This is the opposite of what happens when
CD80/86 bind to CD28, an T cell co-stimulatory molecule
(3) (Figure 2B). CTLA4 expression is crucial for T regulatory
cell function and immune-tolerance as well. Identification of
CTLA4 as a key immune regulator has led to the production
of a fusion molecule composed of the extracellular domain of
CTLA4 joined to the Fc region of IgG1 (abatacept and belatacept)
that is able to inhibit T cell activation in vivo (4) (Figure 2B).
Side effects of these drugs depend on their immune suppressive
activity that results in increased susceptibility to infections
(especially viral) and malignancy. CTLA4 haploinsufficiency
is due to heterozygous germline mutations in the CTLA4
gene. Two groups originally reported the presence of CTLA4
mutations in immunodeficient individuals affected by viral and
sinopulmonary infections, associated with autoimmunity and
lymphoproliferation (5, 6). Clinical and laboratory findings were
consistent with common variable immunodeficiency (CVID) but
patients also suffered from significant autoimmune cytopenia,
along with T cell infiltrates in the lungs, gastrointestinal
tract, bone marrow, and nervous system. Functional studies
showed hyperactivation of effector T cells; moreover, FOXP3+
Treg cells had diminished CTLA4 expression and displayed
impaired suppressor function (6). In addition, patients had
decreased CTLA4 expression on the surface of activated
conventional T cells, suggesting that impaired expression of
this molecule may cause both defective capacity to extinguish
T cell responses and to control self-reactive T cells that
have not been deleted in the thymus. Furthermore, CTLA4
haploinsufficient patients have a progressive reduction of B
cells with increased proportion of autoreactive CD21low B cells
(5). Importantly, the disease is characterized by incomplete
penetrance and variable expressivity (5, 6). More recently, a

cohort of 133 patients with CTLA4 has been described by Schwab
et al. broadening the clinical and immunological spectrum
associated with this disease (7). Clinical manifestations in this
series included respiratory and gastrointestinal disease, non-
malignant lymphoproliferation, severe or refractory autoimmune
cytopenias. Pulmonary findings included multiple upper and
lower respiratory tract infections, bronchiectasis, lymphocytic
interstitial lung disease, and lung fibrosis. Gastrointestinal
manifestations were present, with enteropathy and Crohn’s-
like colitis being often particularly severe. The immunological
phenotype included variable degrees of hypogammaglobulinemia
and impaired response to immunizations, low numbers of CD4
T-cell, and B-cell defects of maturation (7). Initially, patients
with CTLA4 haploinsufficiency were treated only with rapamycin
to decrease T cells hyperactivity, but abatacept and belatacept
have shown to be an effective targeted treatment to control the
immune dysregulation of this disorder (4).

The first CTLA4 patient successfully treated with Abatacept
was a 14-year-old girl affected by severe enteropathy and
chronic diarrhea, autoimmune cytopenia, and autoimmune
hepatitis. Therapy with abatacept improved the diarrhea, the
autoimmune hemolytic anemia and avoided the use of other
immunosuppressant medication (8). In the cohort described
by Schwab et al. eleven patients received abatacept or
belatacept with amelioration of lymphoproliferation in the lungs,
lymphadenopathy, autoimmune thrombocytopenia, and colitis.

In the same cohort, sirolimus was administered to 13
patients with clinical improvement (reduced splenomegaly,
lymphadenopathy, and cytopenia) (7).

Navarini et al. described a case of CTLA4 haploinsufficiency
with refractory autoimmune enterocolitis, that improved
significantly after treatment with vedolizumab, a humanized
monoclonal antibody that targets T cells expressing the gut
homing receptor, α4β7 integrin (9). However, vedolizumab
did not reverse the hypogammaglobulinemia and pure red cell
aplasia that were also present in the same patient (9).

The use of abatacept and belatacept in CTLA4 deficiency
seems very promising, especially as first line therapy to control
manifestations of immune dysregulation; however, the increased
susceptibility to infections that the patients may develop during
treatment may be a challenge in the context of lifelong therapy.
For this reason, Hematopoietic stem cell transplantation (HSCT)
should be carefully considered as a possible definitive therapy
in patients with CTLA4 haploinsufficiency. Results of HSCT are
limited to a small cohort of patients, but have been encouraging,
supporting the idea that this may represent an optimal drug
to utilize in patients with severe disease manifestations that
experience viral reactivations or with only partial improvement
after therapy with immunomodulatory drugs (10).

LRBA Deficiency
Lipopolysaccharide-responsive and beige-like anchor (LRBA) is
a cytosolic protein that co-localizes with CTLA4 in recycling
endosomes; when LRBA is missing, the CTLA4 protein is
targeted to lysosomal degradation and its expression on Treg
cells and activated conventional T cells is significantly decreased
(11). Deficiency of LRBA leads to an autosomal recessive
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TABLE 1 | Targeted therapies used in disorders of immunedysregulation and hyperinflammation.

Molecular Target Molecular Structure Drug Indication

CD52 mAb Alemtuzumab Hemophagocytic lymphohistiocytosis

JAK Small molecule inhibitor Ruxolitinib

IFN-γ mAb Emapalumab

mTOR Macrolide compound Sirolimus NLCR4-GOF

POMP deficiency

CTLA-4 haploinsufficiency

APDS

B7-1 (CD80) CTLA-4 IgG fusion protein Abatacept CTLA-4 haploinsufficiency

B7-2 (CD86) LRBA deficiency

Belatacept CTLA-4 haploinsufficiency

IL-1R Recombinant human

IL-1R antagonist

Anakinra Cryopyrin-associated periodic fever

syndromes

IL-1β Antihuman IL-1 IgG1 mAb Canakinumab CAPS

IgG1 linked to IL-1R and IL-1R accessory protein Rilonacept FCAS

MWS

DIRA

IL-6R IgG1κ recombinant humanized mAb Tocilizumab STAT3-GOF

TNF-α Fusion protein Etanercept SAVI

Chimeric mAb Infliximab CANDLE syndrome

Humanized mAb Adalimumab POMP deficiency

JAK1 and JAK 2 Small molecule inhibitor Ruxolitinib STAT3-GOF*

Baricitinib STAT1-GOF

JAK 1 and JAK3 Tofacitinib CANDLE syndrome

P110δ Leniolisib APDS

IL-18 binding protein Recombinant IL-18 binding protein Tadekinig-α NLCR4-GOF

B-lymphocyte stimulator Human mAb IgG1-λ Belimumab Autoimmune cytopenias

Plasma cells Proteasome inhibitor Bortezomib

C5 Recombinant IgG2/4κ Eculizumab

CD22 Humanized mAb Epratuzumab

Bruton’s tyrosine kinase Small molecule Ibrutinib

CD20 Human/murine IgG1κ mAb Rituximab

CD38 Human mAb Daratumumab

*Only Ruxolitinib and Tofacitinib.

JAK, Janus Kinase; CTLA-4, Cytotoxic T lymphocyte antigen-4; IL-1R, Interleukin-1 receptor; IL-1, Interleukin-1; mAb, monoclonal antibody; IL-18, Interleukin-18; mTOR, mammalian

target of rapamycin; IL-1β, Interleukin-1 beta; IL-6R, Interleukin-6 receptor; TNF-α, Tumor necrosis factor alpha; JAK1, Janus Kinase 1; JAK 2, Janus Kinase 2; JAK3, Janus Kinase 3;

PI3Kδ, Phosphoinositide 3-kinase delta; NLRC4-GOF, NLR Family CARD Domain Containing 4; POMP, Proteasome maturation protein; APDS, activated PI3K-delta syndrome; LRBA,

lipopolysaccharide (LPS)-responsive and beige-like anchor protein; DIRA, Deficiency of Il-1 Receptor Antagonist (Il-1 RA); STAT3-GOF Signal transducer and activator of transcription 3

gain of function; SAVI, STING-associated vasculopathy with onset in infancy; CANDLE, chronic atypical neutrophilic dermatosis with lipodystrophy and elevated temperature; STAT1-GOF,

Signal transducer and activator of transcription 1 gain of function.

form of CID. Patients present early in life with infections,
autoimmunity and hypogammaglobulinemia (12). Since the
original description, the clinical phenotype of the disease
has broadened to include many more conditions of immune
dysregulation like enteropathy, autoimmune hemolytic anemia
and idiopathic thrombocytopenia. Autoimmune liver disease,
diabetes type I, myasthenia gravis, hyper/hypothyroidism,
uveitis, alopecia, polyarthritis, and gastric adenocarcinoma have
been also reported (12–16). Non-malignant lymphoproliferation
leading to splenomegaly and lymphadenopathy, and respiratory
complications including interstitial lung disease, granulomas,
and bronchiectasis mainly related to viral and bacterial
infections, are also common (14, 16). Central nervous system
(CNS) inflammation has been observed in one fourth of the

affected individuals, and may manifest with demyelination, but
also brain atrophy and granulomas (14).

Some patients may “present with enteropathy and
polyendocrinopathy, a phenotype that mimics the immune
dysregulation, polyendocrinopathy, X-linked (IPEX) syndrome”
(17). The immunological phenotype of LRBA deficiency is
characterized by low IgG, and decreased proportion of switched
memory B cells (12, 14, 16). The presence of an increased
proportion of double negative T cells has been also reported
(18). Most of the patients present with reduced numbers and
impaired function of Treg cells (17), that express decreased levels
of FOXP3, CD25, and CTLA4 proteins (11, 17).

The functional interplay of LRBA and CTLA4 proteins may
explain the phenotypical similarities among the two diseases,
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and has offered a rational basis to attempt treatment with
abatacept also for LRBA deficiency (11). Use of this treatment in
3 patients has shown that abatacept may be effective in reverting
lymphocytic interstitial lung disease and cytopenias; however,
the enteropathy was not as responsive and required addition
of sirolimus and other immunosuppressant drugs. Moreover,
treatment with abatacept was associated with improvement of
the immunological phenotype, as shown by increased numbers
of naïve T- cells, and partially restored vaccine response after
immunization with polysaccharide antigens. Of note several
years of treatment did not lead to increased rate of autoimmune
or infectious complications (11).

In patients with LRBA deficiency, in vitro studies have
demonstrated that chloroquine, an inhibitor of lysosomal
degradation, may also reverse CTLA4 expression loss (11),
suggesting that both chloroquine and hydroxychloroquine
maybe used as immunomodulatory drugs in this disease.
Like in CTLA4, also in LRBA deficiency, HSCT is the only
potentially curative treatment; however, only few patients have
been transplanted so far and additional data are needed to assess
safety and efficacy (16, 19).

Activated Phosphoinositide 3-Kinase δ

Syndrome
Activated phosphoinositide 3-kinase δ syndrome (APDS) is a
combined immunodeficiency (CID) disorder due to gain-of-
function (GOF) mutations in either the PIK3CD or the PIK3R1
genes. These genes encode for the p110 δ catalytic subunit and the
p85α regulatory subunit of phosphoinositide 3-kinase (PI3K),
respectively. PI3K phosphorylates phosphatidylinositol-4,5
biphosphate (PIP2) to phosphatidylinositol-3,4,5 trisphosphate
(PIP3), an important mediator of PI3K downstream cellular
pathways including mTOR. In 2014 two different groups in
United States (20) and Europe (21) reported that heterozygous
GOF mutations in PIK3CD lead to a CID phenotype (APDS1).
Soon after it was reported that heterozygous LOF mutations
in PIK3R1 result in a similar clinical phenotype (APDS2) (22).
APDS1 is caused by different heterozygous mutations but the
E1021K amino acid substitution is by far the most common. The
PIK3R1 gene most common mutation leading to APDS2 is a
heterozygous donor splice site mutation causing skipping of exon
11 (22–24). The consequent loss of p110δ-binding site in exon
11 results in loss of p85α subunit-mediated inhibitory control
on p110δ, and consequently causes hyperactivation of the PI3K
pathway (22). The clinical phenotypes of APDS1 and APDS2
significantly overlap (25, 26). Both diseases are characterized
by T cells senescence, immunodeficiency, lymphoproliferation,
autoimmunity, and lymphoma. The onset of the disease is
typically in childhood with sino-pulmonary infections that
are most commonly due to Streptococcus pneumoniae and
Haemophilus influenzae and often lead to bronchiectasis over
time (25). Recurrent or persistent infections due to herpesviridae,
such as EBV, cytomegalovirus, HSV and VZV are also frequent
(25). Lymphoproliferation manifesting as splenomegaly and/or
hepatomegaly and lymphadenopathy, is present in most of the
affected individuals, and autoimmunity, lymphoid hyperplasia

of the airways and gut, developmental delay and enteropathy
are also common (27). APDS patients are at higher risk of
lymphomas (particularly EBV-driven B cell lymphoma) (25, 26).

Growth delay has been documented in around half of APDS2
patients, but it is not a clinical feature of APDS1. This may be
due to dysregulated activity of p110α and p110β PI3K subunits
(23, 24, 26). The immunological phenotype of APDS includes
both T cell abnormalities with decreased naïve T cells, increased
T effector memory cells and exhausted TEMRA cells and increased
T follicular helper (Tfh) cells. Patients also have B cell impairment
as indicated by variable degrees of hypogammaglobulinemia,
elevated IgM levels and higher proportions of transitional
B cells, reduced numbers of switched memory B cells and
diminished response to immunization (20). Functional testing
on T and B cells in APDS patients demonstrated increased
AKT and S6 phosphorylation as a result of augmented
mTOR signaling (20), thereby supporting the use of mTOR-
targeted therapy to control the disease (28). Treatment of
APDS includes antimicrobial prophylaxis and immunoglobulin
replacement to prevent infectious complication (26). Multiple
immune suppressive regimens have been attempted to control
lymphoproliferation and autoimmunity; the best results have
been obtained with mTOR inhibitors (such as rapamycin) and
rituximab (28). Hematopoietic stem cell transplantation (HSCT)
showed successful reversion of the clinical phenotype, however
graft failure, and viral reactivation post-transplant have been
frequently observed (29, 30).

Characterization of the molecular mechanisms underpinning
APDS prompted use of selective PI3K δ inhibitors as a possible
therapeutic option. Two phase 2 trials are currently open to
establish safety and efficacy of these drugs. The first trial is
based on oral administration of leniolisib (NCT02435173), while
the other one is based on inhaled nemiralisib (NCT02593539).
Dose-escalating administration of leniolisib over a period of 12
weeks was safe and effective in decreasing lymphadenopathy and
splenomegaly. Cytopenias also improved toward the end of the
treatment (31).

Even tough targeted therapy with PI3Kδ inhibitors andmTOR
inhibitors has shown to be useful in patients with APDS, there
are still patients with this disease that do not respond to targeted
treatments or that may develop significant side effects from
them. These specific groups of patients will require alternative
treatment, including HSCT. Moreover, the long-term safety
profile of PI3Kδ and mTOR inhibitors in patients with APDS has
not been completely characterized, especially considering some
evidence that P110δ inhibitors may increase genomic instability
in B cells trough an AID-driven mechanism (32). Furthermore,
it is important to consider that therapy with rapamycin does not
decrease lymphoma risk (28).

STAT1 and STAT3 GOF
Signal Transducers and Activator of Transcription (STAT)
molecules include seven different proteins that are expressed by
immune and non-immune cells and are crucial in regulating
immune and inflammatory responses. After the binding of
different cytokines and growth factors—type I, type II, type
III interferons, IL-6, EGF, PDGF, IL-21, IL-23- to their own
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receptor on the cell surface, four different Janus kinases are
recruited intracellularly to the receptor intracytoplasmic tail.
Upon activation and phosphorylation, JAKs phosphorylate in
turn the intracellular tail of the cytokine receptor, offering a
binding site for the SH2 domain of cytosolic STAT molecules
that, upon phosphorylation, form heterodimers or homodimers,
and translocate to the nucleus to promote transcription of target
genes that regulate various immune pathways and control cell
proliferation, differentiation, survival, and death (33) (Figure 1).
Although JAK and STAT protein functions overlap in the
transduction of the signaling mediated by cytokine, nonetheless
mutations in individual JAK and STAT genes are associated with
distinctive features, with some degree of similarity (33).

In particular, STAT1 is activated upon binding of type I
and type II interferons, IL-2, IL-21, IL-10 and other cytokines
to their cognate receptors. The signal is transmitted through
JAK1, JAK2, and JAK3 in different combinations (34). In
2003 it was first described that biallelic LOF mutations of
STAT1 lead to severe susceptibility to mycobacterial and viral
infections due to impaired response to both type I and type II
interferons (35). It was subsequently shown that heterozygous
mutations with dominant negative effect cause susceptibility
to mycobacterial disease (36). Furthermore, heterozygous GOF
mutations in STAT1 lead to chronic mucocutaneous candidiasis
(CMC) (37, 38). The identification of many more patients with
STAT1 GOF mutations allowed to broaden the phenotypical
spectrum of the disease. Toubiana et al. reported a cohort
of 274 patients collected from multiple centers. Virtually all
subjects suffered from CMC in childhood (39), and 74% of them
suffered also from bacterial infections of the skin and respiratory
tract, mostly due to Staphylococcus aureus. Viral infections,
especially due to Herpesviridae, and mycobacterial disease
were also reported (39). Severe and invasive fungal infection
were due not only to Candida but included mucormycosis
(40), coccidioidomycosis, histoplasmosis, and aspergillosis (41).
Immune dysregulation and autoimmunity are a common feature
of the disease and are present in 30% of the patients (42). Among
the most common autoimmunity there are hypothyroidism,
type 1 diabetes, autoimmune cytopenias, and systemic lupus
erythematosus however also enteropathy, arthritis, and multiple
sclerosis have been documented (39). Cerebral aneurysms and
vasculopathy are frequently observed and pose patients with
STAT1 GOF mutations at risk of intracranial bleed if not
timely diagnosed (39, 42). Malignancies (including squamous cell
carcinoma) may also occur (39).

Most of the mutations fall in the DNA-binding and coiled-
coil domains of the protein (37, 39) leading to increased
STAT1 expression, increased STAT1 phosphorylation or delayed
dephosphorylation after stimulation with IFN-α, IFN-γ, IL-27
(42, 43). A variable degree of immunodeficiency has been
described in patients with STAT1 GOF mutations, including
decreased number and function of T, B, and/or NK cells,
and hypogammaglobulinemia (39). Furthermore, patients have
decreased proportion of memory B cells, and circulating Tfh cells
have an aberrant phenotype, with decreased numbers of CCR6+
cells (effective B-helper Tfh cells), and increased expression
of IFN-γ and of programmed death 1 (PD1) proteins (44).

The Immune dysregulation and autoimmunity of the disease
may be refractory to conventional treatment and challenging
to treat. HSCT is in the only curative treatment; however, low
survival and increased rates of graft failure have been reported
after HSCT (45). Medical therapy is based on long-term use
systemic anti-fungal agents that may not always be effective due
to the onset of resistance to azole. Anti-bacterial and anti-viral
medications, and use of immunosuppressive drugs are often
needed as well. Despite these therapies, the mortality rate by
60 years of age is more than 10% in patients without invasive
infections, malignancy, and/or aneurysms, but is around 70% in
those withmultiple autoimmunity. Themolecular understanding
of Janus kinase-STAT pathway offered the opportunity to use
targeted pharmacologic inhibitors in patients with STAT1-GOF
(46–48). Currently 5 different small molecule Jak inhibitors
(Jakinibs) are available: tofacitinib (JAK1 and JAK3 inhibitor),
ruxolitinib (JAK1 and JAK2 inhibitor), baricitinib (JAK1 and
JAK2 inhibitor), filgotinib (a more selective JAK1 inhibitor), and
decernotinib (a selective JAK3 inhibitor) (49, 50) (Figure 1). The
choice of which Jakinib to use can be driven by the different
toxicity profiles, availability of the formulations, and disease
to treat.

Recently Forbes et al. reported 11 subjects affected by STAT1
GOF treated with a Jakinib. Clinical features included: severe
fungal infections in six patients (including CMC in 5 patients
and disseminated coccidiomycosis in 1 patient), cytopenias in
6 patients, autoimmune enteropathy (mostly TPN dependent)
in 5, and hepatitis in 5 other patients. Polyendocrinopathy
and interstitial lung disease were also present in some patients
(46). Therapy with Jakinibs led to improvement of cytopenias,
interstitial lung disease, and TPN-dependent enteropathy.
Patients also improved their ability to control infections to
a certain extent. CMC was responsive to the treatment (46)
while the disseminated coccidiomycosis progressively worsened
and the patient eventually died. Another case was described in
the same cohort with severe fungal infection and unfavorable
outcome despite therapy with a Jakinib, pointing out that
such treatment may be insufficient to reverse systemic fungal
infection (46). Treatment with baricitinib was able to reduce
the interferon signature and downstream interferon activation
in one patient (48). Treatment with Jakinibs in vitro leads to
reduction in STAT1 phosphorylation and improved NK-cell
cytotoxicity in peripheral blood mononuclear cells from affected
patients (51, 52). Furthermore, normalization of the proportion
of TH1, TH17, and Tfh cells has been associated with clinical
improvement in patients undergoing treatment (47). Therapy
with Jakinibs may cause elevation in liver enzymes and mild
decrease in the platelet count. EBV, CMV, BK, JC viremia
should always be monitored in patients on treatment, especially
if more than one immunosuppressive agent is administered
in combination with Jakinibs. Herpes zoster reactivation have
been described in two patients receiving this treatment, and
prophylaxis with acyclovir o valacyclovir needs to be considered
(46). HSCT has been attempted in patients with complicated
disease, with controversial results (39, 45, 53).

STAT3 is activated upon intracellular signaling from type
I, II, and III interferons, IL-6, IL10, and IL-21. The original
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FIGURE 1 | JAK-STAT signaling inhibition by multiple Jak inhibitors.

description of heterozygous STAT3 GOF mutations included
patients with early-onset autoimmunity or type 1 diabetes in
infancy (54). Experiments based on a luciferase reporter assay
have shown that HEK293T cells transfected with a mutant
STAT3 had increased transcriptional activity as compared to
cells transfected with wild-type STAT3 (54). Moreover, patients
displayed decreased Treg cells and CD4+ T cells that were
mainly skewed to the TH1 phenotype (54). More patients
with STAT3 GOF mutations were identified shortly thereafter
(55), expanding the clinical phenotype to non-malignant
lymphoproliferation including lymphadenopathy, splenomegaly,
and interstitial pneumonia and recurrent infections due to
non-tuberculous mycobacteria, fungi, and viruses. Acquired
short stature is also a peculiar feature of the disease (55–
57). Enteropathy and cytopenias were the most common
autoimmune manifestations (55). Attentive studies of these
families revealed that there are some genetically affected
members with absent or very mild phenotype consistent with
incomplete penetrance and variable expressivity (58). The
immunological characteristics of subject affected by STAT3
GOF germline mutations showed that these patients may suffer
from T cell lymphopenia together with elevated proportion of
double negative TCRαβ+ T cells, hypogammaglobulinemia with
terminal B cell maturation arrest and a reduced number of
circulating dendritic cells, eosinophils, TH17 cells, and natural

killer cells (55, 58). All of these immunological abnormalities are
caused by enhanced transcriptional activity of STAT3 or delayed
kinetics of STAT3 dephosphorylation. Furthermore, STAT3 GOF
mutations lead to decrease in STAT1 and STAT5 phosphorylation
(58). Decreased levels of phosphorylated STAT5 have been
proposed as a possible mechanism leading to diminished
growth and stature post-natally, reflecting impaired signaling
through the growth hormone receptor (59). The severe immune
dysregulation described in subjects with STAT3 GOF mutations
is linked to the well-documented role of STAT3 signaling in
promoting inflammation and TH17 cell differentiation, and
suppressing Treg cells function (60, 61). Characterization of the
molecular abnormalities underlying the disease offered the basis
to treat these patient with an IL-6-targeted therapy. Therapy
with tocilizumab (an anti-IL6R monoclonal antibody) led to
significant improvement of contractures, inflammatory markers,
and normalizations of the proportion of TH17 cells in one patient
with STAT3GOFmutation who suffered from severe arthritis and
scleroderma-like disease that were refractory did to conventional
immunosuppressant therapies (58). Three additional patients did
benefit from tocilizumab administration to control autoimmune
hepatitis, lymphoproliferation, enteropathy, and interstitial lung
disease. Unfortunately, this treatment was not sufficient to
completely reverse the immune dysregulation, and Jakinibs had
to be added as well. In 3 other patients, tocilizumab and a
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FIGURE 2 | Mechanisms of action of (A) IL-18 binding protein (B) Abatacept (C) IL-1 antagonists.

Jakinib were initiated at the same time, leading to successful
regression of manifestations of immune dysregulation. These
results support the idea that the combination of IL-6 inhibitors
and Jakinib therapy is an effective therapeutic option, and both
agents should be considered as combination therapy in the
treatment of immune dysregulation in patients with STAT3
GOF mutations (46). Finally, two patients with refractory
autoimmunity underwent HSCT. The first patient died due to
disseminated adenovirus infection post-transplant; the second
was reported to be alive and disease-free (58).

Precision Medicine in Autoimmune
Cytopenias
Autoimmune cytopenias, like immune thrombocytopenic
purpura (ITP), autoimmune hemolytic anemia (AIHA), and
autoimmune neutropenia (AN) are among the most common
manifestations of immune dysregulation in patients with PID.
Two different studies in 2005 and 2011 reported that “a diagnosis
of PID was achieved in 13% of children with AIHA and up to 50%
of children with Evans syndrome (multi-lineage cytopenias)”
(62, 63). Recently Hadjadj et al. reported the findings obtained
from genetic studies performed in a cohort of 80 individuals
with Evans Syndrome. “In 52 patients (65%) a genetic diagnosis
was made. Forty nine patients carried germline mutations

while 3 carried somatic variants. Thirty-two patients (40%) had
pathogenic mutations in one of 9 genes known to be associated
to primary immunodeficiencies (TNFRSF6, CTLA4, STAT3,
PIK3CD, CBL, ADAR1, LRBA, RAG1, and KRAS), whereas
20 patients (25%) carried probable pathogenic variants in 16
genes that had not previously been reported in the context of
autoimmune disease. No genetic abnormalities were found in the
remaining 28 affected individuals (35%)” (64). The patients in
which a genetic diagnosis was achieved, displayed a more severe
clinical phenotype and were often refractory to conventional
treatment (64). This data underline the importance of pursuing
a genetic diagnosis of PID in pediatric Evans syndrome or when
cytopenias do not respond to conventional treatment or manifest
with a relapsing course (2, 65–68).

Corticosteroids are the first line treatment in AIHA.
Around 80% of the patients achieves remission with this
therapeutic approach (69). For ITP, the standard of care
is represented by corticosteroids together with high-dose
intravenous immunoglobulin (IVIG) (70). Rituximab, an anti-
CD20 monoclonal antibody, is commonly used in PID when
first line treatments fail (71, 72). In a cohort of 25 patients
with common variable immune deficiency, treated for refractory
cytopenia, Rituximab treatment was more effective than
immunosuppressant or immune modulators (73). Rituximab is
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generally considered an optimal treatment in PID associated
blood cytopenias, however relapsing of disease has been
observed. Rituximab treatment failure is often linked to the drug
ability to deplete only maturing B cells while sparing antibody
producing long-lived plasma cells that sustain the autoimmune
phenomena. To circumvent this limitation, Bortezomib, a
proteasome inhibitor approved for treatment of multiple
myeloma that target plasma cells, has been useful in treating
refractory cytopenia associated with immune dysregulation (2,
74). Bortezomib has shown efficacy in 4 out of 5 cases of PID
with refractory autoimmune cytopenias in the peri transplant
period (75). A novel promising therapy that also targets plasma
cells and plasmablasts is the anti-CD38 monoclonal antibody,
Daratumumab (76). Schuetz et al. reported 3 patients with
life-threatening post-transplant AIHA in which daratumumab
was effective. In 2 patients the treatment was curative at a
follow up of 18 and 13 months after therapy. The third
patient had immediate benefit but relapsed 8 months after
the drug administration (77). Advancement in understanding
the molecular basis of immune dysregulation has allowed the
development of many more targeted therapies that may be useful
in the treatment of autoimmune cytopenias. Belimumab is a
human mAb that inhibits B-cell-activating factor (BAFF). It has
been used successfully in the treatment of blood cytopenias in
patients with systemic lupus erythematosus (78). Furthermore,
anti-A proliferation-inducing ligand (APRIL) antibody is being
evaluated for safety and efficacy in the treatment of refractory
cytopenias but has not yet been trialed in PID (79). A small
molecule inhibitor of Bruton’s tyrosine kinase, ibrutinib, has
shown efficacy in the treatment of refractory AIHA among
chronic lymphocytic leukemia patients (80); eculizumab, an anti-
C5, terminal complement inhibitor, has been administered to
patient that were unresponsive to other B cell targeted treatment
with promising results (81). Anti-CD22 monoclonal antibody,
epratuzumab, has also being trialed in refractory cytopenias in
patients with SLE and could become another drug to use in PID
associated cytopenias (82).

PRECISION MEDICINE IN DISORDERS OF
HYPERINFLAMMATION

Hemophagocytic Lymphohistiocytosis
Hemophagocytic lymphohistiocytosis (HLH) is a disorder of
hyperinflammation that requires aggressive immunosuppression.
It was originally named “Familial haemophagocytic reticulosis”
in 1952 when it was first described as a genetic disorder in two
siblings affected by cytopenias, coagulopathy, and elevated fevers
(83). The clinical spectrum of the syndrome and the diagnostic
criteria have since evolved. To fit the diagnosis of HLH patients
need either a genetic diagnosis of HLH or to meet five out of the
eight established clinical criteria for HLH (HLH-2004) (84, 85).

Multiple genes have been associated with the disease and
most of them encode for proteins that regulate NK and CTL
function or control EBV-driven lymphoproliferation (86–92).
However, there are still many cases in which a genetic diagnosis
is not achieved.

In 2018 the HLH steering committee of the Histiocyte Society
divided HLH in 3 different categories: (1) primary HLH, when
HLH associated genetic mutations are identified, (2) MAS-
HLH, when there is an underlying autoimmune condition that
maybe causative, and (3) secondary HLH, when there is an
underlying medical condition (malignancy, infection, metabolic
disorder, or primary or secondary immunodeficiencies). They
also proposed that, when 2004 HLH criteria are present, the
first line treatment should be etoposide-based chemotherapy
regimen and afterwards, in selected cases, HSCT (93). Overall
survival after HSCT for genetic forms of HLH is still poor (50%).
Recently Allen et al. have shown that use of reduced-intensity
condition is associated with reduced morbidity and mortality
(94). Other treatments have shown to be effective in ameliorating
HLH outcomes. Marsh et al. analyzed retrospectively the
medical records of 22 pediatric and adult patients treated with
alemtuzumab, a monoclonal antibody targeting CD52, for the
treatment of refractory HLH. They concluded that this treatment
was an effective salvage agent for HLH that led to improved
patients survival to HCT (95). Alemtuzumab is currently being
evaluated in a clinical trial that enrolles subjects affected by
primary HLH (NCT02472054).

In 2018, Chinn et al. reported that in 48 patients with
HLH, whole exome sequencing analysis was able to find a
genetic diagnosis of primary immune deficiency in 12 patients.
These genetic findings offered the opportunity to target the
exact molecular mechanism underpinning the disease. As an
example, in a patient diagnosed with STAT3GOF, Jakinib therapy
was successful in reversing the HLH clinical and laboratory
manifestations (46, 96). A phase I trial evaluating ruxolitinib for
patients with HLH is now recruiting (NCT02400463).

In vitro and in vivo studies demonstrated that IFN-γ is a major
driver of inflammation in HLH. On the bases of this observations
an international phase II/III clinical trial (NCT01818492) was
originally open to allow the use of a monoclonal antibody against
IFN- γ, emapalumab, in primary and MAS-HLH (97, 98). In
addition, emapalumab has been recently approved by FDA for
“treatment of pediatric (new born and older) and adult patients
with primary haemophagocytic lymphohistiocytosis (HLH) with
refractory, recurrent, or progressive disease or intolerance to
conventional HLH therapy.”

Interferonopathies
The interferonopathies are a group of disorders due to
hyperactivation of type I interferon response to multiple
triggers, including damaged nucleic acid in the cytosol. DNA
sequences are recognized by Cyclic guanosine monophosphate
adenosine monophosphate synthase, a sensor molecule that
activates the stimulator of interferon genes (STING) (99–101).
STING promotes the inflammatory response by activating either
interferon regulatory factor 3 or nuclear factor kappa B (NF-
κB) (102–104). STING-associated diseases include early onset
severe vasculopathy (105) and familial chilblain lupus (106). Both
diseases are associated with GOF mutations in TMEM173, the
gene that encodes for the STING protein. Affected individuals
suffer from early onset cold-induced blistering rash, increased
inflammatory markers, and fever. Small vessel vasculopathy
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that can lead to necrosis of digits is a severe but not
uncommon complication of the disease (105). Dysregulated
type 1 interferon signatures and hyperinflammation have
also been associated with genetic defects in the components
of the immunoproteasome. This is a complex proteolytic
machinery derived from the constitutive proteasome and is
expressed in immune cells. The immunoproteasome has key
functions in the immune system because it processes proteins
for antigen presentation and regulates activation of the NF-
κB pathway, and management of oxidative stress (107, 108).
Mutations in multiple genes encoding for immunoproteasome
subunits, such as PSMA3, PSMB4, PSMB8, and PSMB9, have
been linked to autoinflammatory syndromes. In addition,
a similar but not completely overlapping phenotype has
been associated to POMP mutations. This gene encodes for
a protein that is crucial for immunoproteasome assembly
(107, 109). The clinical phenotype in this group of diseases
is summarized by the acronym CANDLE, which stands
for early onset Chronic Atypical Neutrophilic Dermatosis,
Lipodystrophy, and Elevated temperature. In contrast, POMP
mutations lead to a distinct phenotype that is characterized
by immune deficiency, neonatal-onset Sweet syndrome, and
autoimmunity (107).

Multiple immunosuppressant agents including
corticosteroids, methotrexate, infliximab, etanercept, 6-
mercaptopurine, azathioprine, cyclophosphamide, IL-1
antagonist, and rituximab have been used alone or in
combination in patients with CANDLE, but the response has
been limited (105, 110, 111). Because STING activation results
in upregulation of type I interferon expression and activation
of the JAK/STAT pathway, targeted therapy with Jakinibs
has been attempted in order to neutralize the dysregulated
interferon signature, with good results. In particular, treatment
with baricitinib, tofacitinib, and ruxolitinib can decrease the
severity of clinical manifestations and inflammatory markers
in CANDLE syndrome and STING-associated vasculopathy
(105, 106, 110–112). Small-molecule antagonists of STING have
been studied in a mouse model with encouraging results and
may represent an alternative therapeutic strategy in the future
(113). In POMP disease, a more traditional immunosuppressive
approach with steroids, rapamycin, and rituximab has been
helpful in limiting some of the disease manifestations; however,
based on recent findings of increased interferon signature in this
disease, a more targeted approach could be considered in the
future (107).

Inflammasome Disorders
The innate immune system is a key player in mounting adequate
inflammatory responses against pathogens and molecules
resulting from cellular damage. In this regard, rapid availability
of proinflammatory cytokines like IL-1 and IL-18 represents
a key mechanism of inflammation. Dysregulation in IL-1
production and signaling have been associated with mutations
in the IL1RN genes and NLRP3. These mutations lead within
the first few months of life to autoinflammatory diseases,
deficiency of IL-1 receptor antagonist and cryopyrin-associated
periodic syndromes (CAPS), respectively. NLRP3 is the best

studied cytoplasmic sensor molecule of the inflammasome.
It is a protein composed of three part that belongs to the
NLR family and contains an amino-terminal PYRIN (PYD)
domain, a nucleotide-binding NACHT domain, and a carboxy-
terminal leucine-rich repeat (LRR) domain. Upon stimulation,
the inactive pro-IL-1β and pro-IL-18 molecules are cleaved into
their active forms by the proteolytic enzymes activated by NLRP3
inflammasome. Constitutive overactivation of the inflammasome
is the result of NLRP3 mutations in patients affected by
CAPS (114). In 2001, NLRP3 mutations were first described
to be associated to familial cold autoinflammatory syndrome
(115) and Muckle-Wells syndrome (116). The first one is an
early-onset disease with intermittent cold induced neutrophilic
urticaria, arthralgia, increased inflammatory markers, and fevers.
Muckle-Wells disease also manifests during infancy with mild
to moderate fever, rash without itchiness, swollen and painful
joints, and in some cases conjunctivitis. During the teenage
years patients develop hearing loss caused by progressive damage
of the choclear nerve. In about 30% of patients with Muckle-
Wells syndrome deposition of amyloid cause progressive kidney
disease (116).

In 2002, NLRP3 mutations were found as the cause of
neonatal onset multisystem inflammatory disease (NOMID),
also called chronic infantile neurological cutaneous articular
(CINCA) syndrome (117, 118). Together with many features
present in the other relatively milder forms of CAPS, patients
with NOMID often manifest CNS involvement, with presence of
cerebral calcifications. Thus, far the literature reports about 200
NLRP3mutations that lead to CAPS clinical features (119). These
mutations cause spontaneous inflammasome formation despite
lack of activating signals and are classified as gain-of-function
(117, 118).

Deficiency of IL-1 receptor antagonist (DIRA) is due to
biallelic loss-of-function mutations of the IL1RN gene. These
mutations lead to reduced expression of an antagonist of IL-
1 signaling and consequent elevated production of IL-1β. The
disease has some overlapping features with CAPS. The onset
is typically neonatal, and patients suffer from fevers, skin rash,
lesions of the oral mucosa, joint swelling, and bone abnormalities,
including osteolytic lesions, wide clavicles, and ribs and periosteal
elevation along the long bones (37, 120). Use of IL-1 antagonists
is efficacious in improving some of the clinical manifestations
of severe inflammation in these patients. In particular, the
recombinant IL-1 receptor antagonist Anakinra, has a short half-
life, binds the IL-1 receptor and impairs the binding of IL-1β
and IL-1α. Furthermore, IL-1R1 and IL-1RAcP can be linked to
the Fc portion of IgG1 that binds IL-1α and IL-1β to generate
a fusion proteined named Rilonacept. Finally, canakinumab is a
humanized IgG monoclonal antibody binds IL-1β in a selective
manner. Both rilonacept and canakinumab have longer half-life
as compared to anakinra (Figure 2C).

Treatment with this newly discovered drugs significantly
improves clinical manifestations, inflammatory markers, and
frequency of disease episodes in CAPS and DIRA (115, 121–123).
Use of anakinra is highly efficacious in the treatment of NOMID.
Canakinumab and Rilonacept have been approved by the FDA
for the therapy of CAPS.
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Another disease that highly benefits from a targeted
approach with monoclonal antibodies against interleukins is
the autoinflammatory syndrome due to GOF mutations in the
NLRC4 gene (NLR family CARD domain-containing protein 4).
This is a very early onset disease that presents with macrophage
activation syndrome and enterocolitis (124–126). The activation
of NLRC4 protein causes both caspase-1 and caspase-8 activation
and consequent overproduction of proinflammatory cytokines.
Patients show increased levels in the blood of IL-18 and IL-1β.
The latter seems responsible of increased cell death (124, 125, 127,
128).While administration of IL-1 inhibitorymolecules alone has
been able to only partially modulate the clinical manifestations
of the disease, therapy with recombinant IL-18 binding protein
(tadekinig-alfa) was able to improve disease manifestations in a
subject affected by NLRC4 GOF disease, and a phase 3 clinical
trial (NCT03113760) is currently under way (127) (Figure 2A).
In addition, a combination of rapamycin and IL-1 inhibition has
been attempted with the aim of reducing activation of caspase-1
and consequent overproduction of IL-1 and IL-18. Such multi-
drug approach was able to improve clinical manifestations and
should be considered in NLRC4 GOF patients especially when
IL-18 binding protein is not available (127, 129).

GENE THERAPY

Gene therapy is currently one of the most appealing targeted
therapeutic approaches to treat selected inborn errors of
immunity. Some well-know PID due to LOS mutations, like
Wiskott-Aldrich syndrome and adenosine deaminase deficiency,
can be successfully treated trough the replacement of a wild
type copy of the mutated gene in autologous HSCs (130). A
similar gene therapy approach though would not be effective
in reversing the clinical phenotype of immunedysregulation and
hyperinflammation disorders due to GOF mutations. In this
context, addition, or insertion of a wild type copy of the gene
would still leave the defective gene copy intact and able to

generate a mutant protein that impairs downstream signaling.
GOF diseases are caused by hyperactivation of crucial regulatory
pathway of the immune system and gene therapy should aim to

decrease the activity of the mutant protein. Possible strategies
are: (1) targeted knock down of mutant RNA to reduce the
expression of the hyperfunctioning protein responsible for the
disease phenotype or (2) gene editing approaches aimed to either
correct the pathogenic mutation or disrupt the mutant allele
while sparing the wild type allele in the case of autosomal
dominant diseases.

CONCLUSION

Improved understanding of the molecular mechanisms
underpinning the pathogenesis of several newly described PIDs
allowed for the development of targeted therapeutic strategies to
treat affected patients. This novel mechanism-based approach,
called “precision medicine,” by utilizing small molecules
and biologics, is effective in reversing clinical manifestations
of immunedysregulation and hyperinflammation in many
PIDs. In addition, in patients in which HSCT is required,
targeted treatments have been successful in decreasing pre-
transplant patients disease burden. These drugs might represent
a useful bridge therapy to control immune dysregulation
and hyperinflammation with the aim of leading patients to
transplantation in better clinical status and consequently
improving HSCT outcomes.
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