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Editorial on the Research Topic

Primary Immunodeficiencies Worldwide

The field of Primary Immunodeficiencies (PID) is growing fast. Over 400 diseases are defined and
characterized by recurrent or chronic infections, autoimmunity, allergy, inflammation, or cancer
as a consequence of genetic alterations affecting the immune system (1). The overall incidence of
PID is around 1:10,000 and the majority presents early in childhood. Over the past decades, there
has been an enormous increase in understanding of disease pathology, as well as clinical expertise
and patient awareness worldwide, as a result of educational initiatives and scientific meetings by
medical societies, supporting agencies, and patient associations.

Humans are genetically heterogeneous, and the environmental characteristics and social habits
differ dramatically in the several geographic regions of the world. Consequently, the prevalence and
distribution of the nine groups of primary immunodeficiencies vary worldwide, and the clinical
profile of a particular PID will also vary.

Most of the literature and discoveries about Primary Immunodeficiencies come from North
America and Europe and refer to these geographical areas. This Frontiers Research Topic was
developed to bring together original clinical and basic research from authors representing various
geographical areas to highlight challenges and developments in epidemiology, diagnosis, and
treatment of Primary Immunodeficiencies worldwide.

Twenty-two articles are included in this Research Topic, and are categorized into the following
types: 9 Original Research (Aghamohammadi et al.; de Albuquerque et al.; Goel et al.; Macklin
et al.; Pietrucha et al.; Rechavi et al.; Schlechter et al.; Segundo et al.; Slade et al.), 2 Case Reports
(Bradshaw et al.; Sogkas et al.), 2 Mini-reviews (Al-Mousa and Al-Saud; Barbouche et al.), 6
Reviews (de Jesus Nunes-Santos and Rosenzweig; Lee and Lau; Marciano and Holland; Ruffner
et al.; Seleman et al.; Thakar et al.), 2 Perspectives (Jindal et al.; Quinti and Mitrevski), and 1
Opinion (Sorensen).

Within the context of epidemiology, several papers present and discuss infectious complications
in international cohorts. It is discussed how cellular and molecular defects of the immune system
predispose to invasive endemic fungal infections worldwide (Lee and Lau). Furthermore, it is
shown that PID patients excrete poliovirus for extended periods (Macklin et al.), and that these
may form a reservoir that forms a risk to poliovirus eradication strategies (Aghamohammadi
et al.). Ruffner et al. provide a comprehensive overview of viral complications of PIDs. On top
of infections, vaccination with live strains such as BCG are a major risk for complications in those

6
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countries where it is provided, including in India (Jindal et al.),
and these complications are also associated with newly identified
genetic causes of PID (de Jesus Nunes-Santos and Rosenzweig).

In addition to infectious complications, non-infectious
complications are more frequently documented worldwide
as exemplified in papers presenting the PID field in India
(Jindal et al.), and an antibody-deficient cohort in Australia
(Slade et al.). These complications most frequently involve
autoimmunity, gastrointestinal disease, granulomatous
inflammation, and malignancy. Disease complications vary
even between individuals with the same genetic defect as
illustrated by two siblings with RNF168 deficiency, highlighting
roles for additional genetic or epidemiological factors (Pietrucha
et al.). Countries in the Middle East and North Africa (MENA)
with high rates of consanguinity face additional challenges
(Al-Mousa and Al-Saud; Barbouche et al.), as some autosomal
recessive disorders can be unexpectedly frequent and disease
presentation can be complicated by other genetic changes.

Diagnostic challenges vary worldwide. Access to genetic
genetics in developing countries is often limited, and shipment
of patient material can be costly. The use of dried bloodspots for
sequence analysis of genomic DNA will be a means to overcome
the cost limitation (Segundo et al.). In developed countries, the
implementation of next-generation sequencing technologies has
taken flight (Seleman et al.), and facilitates quick diagnosis such
as in the case of X-Linked Moesin-Associated Immunodeficiency
(Bradshaw et al.) and MAP3K14 deficiency (Schlechter et al.).

The most optimal timing of PID diagnosis is before disease
presentation and that is aimed at in newborn screening programs.
A lot of experience has been obtained with the T cell receptor
excision circle (TREC) assay in the USA (Thakar et al.), and
many countries worldwide, including Israel, have now adopted
it (Rechavi et al.).

Still, more insights into PID pathogenesis and genetics are
needed. Diagnosis of antibody deficiency remains challenging,
especially in the context of normal total IgG serum levels
(Sorensen), and this can result in substantial diagnostic
delays (Slade et al.). Functional assays for diagnostics require
more insights into disease pathogenesis, and this lies at the

heart of basic research into PID. Examples included in this

Research Topic are examination of STAT phosphorylation upon
cytokine receptor engagement (Goel et al.; Sogkas et al.), and
in vitro models of innate immune responses to Candida (de
Albuquerque et al.).

The ultimate focus of the Research Topic concerns treatment
of PID. Immunoglobulin replacement therapy is already
provided for over 60 years to supplement IgG, but has
additional immunomodulatory roles that are still not completely
understood (Quinti and Mitrevski), and might warrant the
use even beyond antibody deficiency. More recently developed
biologicals will hold even more promise over the coming years
(Quinti and Mitrevski). Corrective therapy would be ultimate
form of treatment, and hematopoietic stem cell transplantation is
currently more widely applied in combined immunodeficiencies
and in immune dysregulation disorders. Although the rarity of
specific PIDs could hamper clinical trials, the genetic definition
of disease should provide the best rationale for compassionate
access to enable precision medicine.
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Immunodeficiency-associated vaccine-derived polioviruses (iVDPVs) have been iso-
lated from primary immunodeficiency (PID) patients exposed to oral poliovirus vaccine 
(OPV). Patients may excrete poliovirus strains for months or years; the excreted viruses 
are frequently highly divergent from the parental OPV and have been shown to be 
as neurovirulent as wild virus. Thus, these patients represent a potential reservoir 
for transmission of neurovirulent polioviruses in the post-eradication era. In support 
of WHO recommendations to better estimate the prevalence of poliovirus excreters 
among PIDs and characterize genetic evolution of these strains, 635 patients including 
570 with primary antibody deficiencies and 65 combined immunodeficiencies were 
studied from 13 OPV-using countries. Two stool samples were collected over 4 days, 
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tested for enterovirus, and the poliovirus positive samples were sequenced. Thirteen 
patients (2%) excreted polioviruses, most for less than 2 months following identification 
of infection. Five (0.8%) were classified as iVDPVs (only in combined immunodeficien-
cies and mostly poliovirus serotype 2). Non-polio enteroviruses were detected in 30 
patients (4.7%). Patients with combined immunodeficiencies had increased risk of 
delayed poliovirus clearance compared to primary antibody deficiencies. Usually, iVDPV 
was detected in subjects with combined immunodeficiencies in a short period of time 
after OPV exposure, most for less than 6 months. Surveillance for poliovirus excretion 
among PID patients should be reinforced until polio eradication is certified and the 
use of OPV is stopped. Survival rates among PID patients are improving in lower and 
middle income countries, and iVDPV excreters are identified more frequently. Antivirals 
or enhanced immunotherapies presently in development represent the only potential 
means to manage the treatment of prolonged excreters and the risk they present to the 
polio endgame.

Keywords: poliovirus eradication, immunodeficiency-associated vaccine-derived polioviruses, oral poliovirus 
vaccine, humoral immunodeficiency, combined immunodeficiency, primary immunodeficiency

inTrODUcTiOn

Primary immunodeficiencies (PIDs) are a heterogeneous group of 
inherited disorders due to developmental defects or dysfunction 
of the immune system components (1). PID patients can poten-
tially be infected by immunizations if they receive live vaccines 
(2). Attenuated oral poliovirus vaccine (OPV) immunization has 
been associated with poliovirus infection in patients with primary 
antibody deficiencies and combined immunodeficiencies, which 
can lead to paralysis (3–5).

Paralysis is not the only risk of OPV immunizations in PID 
patients since some vaccinated PID patients may shed vaccine-
derived polioviruses (VDPVs) due to a prolonged period of 
intestinal replication. VDPV variants of OPV serotypes (PV1, 
PV2, and PV3) show increased nucleotide divergence in the 
viral protein 1 (VP1) coding region associated with increased 
neuropathogenicity (6). Although neonatal screening has 
begun to expedite the early diagnosis of patients with severe 
combined immunodeficiencies (SCIDs) and agammaglobu-
linemia to modify their vaccination program and therapeutic 
management, these screening tests do not diagnose T or B cell 
dysfunction, nor have they been implemented worldwide. On 
the other hand, approximately 150 countries still use OPV in the 
national childhood immunization schedule, which can spread 
and be transmitted to PID patients incidentally. Approximately 
100 VDPV infections have been reported in PID patients world-
wide to date (4, 7, 8). As a potential reservoir for neurovirulent 
VDPV strains, infected PID patients represent a global risk to 
unimmunized contacts and to the Global Polio Eradication 
Initiative (4, 9).

The significant impact of OPV on the elimination of poliomy-
elitis due to wild poliovirus (WPV) and its additional beneficial 
properties (e.g., economic costs, easy administration, and supe-
rior mucosal antibody response) are evident. However, because 
WPV type 2 has been eradicated and 90% of circulating VDPV, 
and approximately 40% of VAPP cases are caused by type 2, type 

2 was removed from OPV in all countries globally in April 2016.  
As a result, screening for immunodeficiency-associated VDPV 
(iVDPV) shedding of known PID patients is more critical 
to completing elimination of live type 2 poliovirus from the  
world (10, 11).

Thus, assessing the risk associated with prolonged iVDPV 
excretion among PID patients by estimating the prevalence 
in a worldwide study is of critical importance for stakeholders 
and decision-makers to build an effective strategy for the polio 
endgame, including development of potential treatments such 
as antivirals. Based on several reports showing that not only 
patients with primary antibody deficiencies but also combined 
immunodeficiencies are very susceptible to persistent polio and 
non-polio enterovirus (NPEV) infections (4, 12), this multicenter 
study has been designed to determine the prevalence of iVDPV in 
patients with both types of immunodeficiencies and characterize 
the genetic properties of associated virus strains.

MaTerials anD MeThODs

Patients
All patients enrolled in this study were diagnosed with PID 
from 19 Jeffrey Modell Foundation (JMF) sites in 13 OPV-using 
countries from January 2014 to November 2015 (Table  1). 
Inclusion criteria encompassed patients 6 weeks of age or greater 
and having a diagnosis of SCID, combined immunodeficiency, 
agammaglobulinemia, or common variable immunodeficiency 
(CVID). Other types of PID patients were not included in this 
study.

Assessment of each patient at the different JMF sites met 
the updated criteria introduced by the European Society for 
Immunodeficiencies1 (13) and/or the American Academy of 

1 http://esid.org/Working-Parties/Registry/Diagnosis-criteria.
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Table 1 | 19 Jeffrey Modell Foundation sites from 13 countries enrolled PID patients.

countrya city site no.b enrolled patients culture results national polio vaccinationc PiD screening

India Chandigarh Site 30 23 23 5 OPV doses (birth-6w-10w-14w-16m) No

Tunisia Tunis Site 12 40 40 1 IPV dose (6m) No
7 OPV doses (2m-3m-6m-18m-6y-12y-18y)

China Shanghai Site 23 52 51 4 OPV doses (2m-3m-4m-4y) No
Hong Kong Site 21 11 11 6 OPV doses before 2007 (birth-3m-5m-18m-6y-11y) No

Colombia Medellin Site 24 25 25 5 OPV doses (2m-4m-6m-18m-5y) No

Iran Tehran Site 14 102 102 6 OPV doses (birth-2m-4m-6m-18m-6y) No

Mexico Mexico City Site 25 20 20 2 OPV doses (>6m-<5y) No

Poland Warsaw Site 17 29 29 3 IPV doses (3m-5m-16m) No
1 OPV dose (6y)

Russia Moscow Site 18 35 35 2 IPV doses (3m-4.5m) No
4 OPV doses (6m-18m-20m-14y)

Moscow Site 28 20 20
Yekaterinburg Site 19 28 28

Turkey Ankara Site 27 30 29 2 IPV doses (2m-4m) No
2 OPV doses (6m-18m)

Ankara Site 26 43 43
Izmir Site 11 75 75
Istanbul Site 20 24 24

Israel Tel Hashomer Site 29 24 24 2 OPV doses (6m-18m) No

Japan Tokyo Site 13 9 8 2 OPV doses before 2012 (3m-18m) No

OPV, oral poliovirus vaccine; IPV, inactivated polio vaccine; PID, primary immunodeficiency; w, weeks; m, months; y, years.
aCountries are organized in order of World Bank income classification (lower middle, upper middle, and upper income).
bSite numbers are provided to correspond with subject numbers in Tables 3 and 4.
cWHO vaccine-preventable diseases: monitoring system. 2016 Global summary.
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Allergy, Asthma & Immunology for the diagnosis of PID (14). 
In all studied cases, other defined secondary causes of immu-
nodeficiency were excluded. Other types of PID patients were 
not included in this study. The standard criteria for diagnosis 
of patients were summarized in Table S1 in Supplementary 
Material.

Written informed consent (if 18  years of age or older), 
assent (if 7–17 years of age) or consent from the parents/guard-
ian (for those less than 7  years) was obtained, in accordance 
with the principles of the ethics committees or Institutional 
Review Board of the local institutes using common forms 
designed by The Task Force for Global Health (TFGH, protocol 
no: CVE-001, WIRB® Protocol #20130957; Data Sheet S1 in 
Supplementary Material) translated to the participant JMF 
sites’ local languages.

study Design
Each selected JMF study site identified patients who met the 
inclusion criteria at the time of enrollment. After collecting 
consent or assent forms, the JMF study site collected the relevant 
information to complete the patient’s log (to track enrollment 
and to maintain the link between the unique identifiers) and case 
report form (CRF), and assigned a coded identification number 
(ID) under a standardized procedure. IDs, names, and contact 
information was recorded in the patient’s log, which was stored 
securely at the site until completion of the study. All specimens 

and CRFs were labeled with ID only and not any personal  
identifiers. The CRF included region (country based on JMF site), 
demographic characteristics (including date of birth and gender), 
clinical features (type of PID, age of onset and medical records 
including signs or symptoms of poliovirus infection), polio vac-
cination history (date of first and last OPV exposure and type 
of exposure), PID treatment modalities, and specimen collection 
information.

Each JMF study site chose the optimal procedure for collection 
of two stool samples (about 8 g using provided kits) over a 4-day 
period depending on the proximity of the patient to the JMF 
study site, the practicality of patient travel to the study site and 
the availability of adequate cold storage of the stool sample (Table 
S2 in Supplementary Material).

After collection, the stool samples were kept refrigerated at 
a temperature of 2–8°C and shipped to the local or regional 
Global Polio Laboratory Network (GPLN) laboratory along with 
supporting documentation. The JMF study site provided an elec-
tronic copy of the CRF by encrypted means (using a secure FTP 
server at TFGH) to Centers for Disease Control and Prevention 
(CDC) for secure data management. Stool specimens were sent 
to the GPLN laboratory for isolation of poliovirus and NPEVs. 
Isolates were sent to the CDC polio/enterovirus laboratory 
using standard shipping protocols for further characterization 
and genomic sequencing. GPLN member laboratories in all six 
WHO regions followed standardized protocols to identify and 
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Table 2 | Demographic data summary for all 635 PID patients.

Parameters all patients cViD agammaglobulinemia sciD Mhc class ii deficiency

Number of patients 635 320 250 54 11
Gender (M/F) 444/191 179/141 237/13 24/30 4/7
Current age, mean; years (SD) 12.7 (8.2) 21.1 (15.7) 18.0 (8.5) 3.8 (4.9) 7.9 (7.8)
Age at first OPV dose, mean; years (SD) 0.6 (0.8) 0.5 (1.6) 0.4 (1.2) 1.0 (2.6) 0.6 (0.9)
Age at last dose, mean; years (SD) 2.3 (2.0) 4.3 (4.9) 3.0 (3.6) 2.2 (3.4) NA
Exposure to OPV (Y/N) 584/51 303/17 233/17 37/17 11/0
Paralytic disease 14 4 10 0 0

OPV, oral poliovirus vaccine; CVID, common variable immune deficiency; SCID, severe combined immunodeficiency; PID, primary immunodeficiency; MHC, major histocompatibility 
complex.
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isolate poliovirus and NPEV. They also differentiated the three 
poliovirus serotypes, Sabin-like poliovirus, and vaccine derived 
(VDPV). For VDPVs, they conducted genomic sequencing to 
determine how long the virus had been circulating or had been 
excreted in the case of iVDPV excreters. This was done by com-
paring the nucleotide sequence of the VP1 region of the genome 
from PV isolates according to published protocols (15, 16). The 
number of mutations compared to the parent Sabin strain is 
approximately proportional to the duration of excretion. The 
accepted definition of an iVDPV is >1% nucleotide divergence 
from Sabin types 1 and 3 or >0.6% for Sabin type 2 in the VP1 
coding region (6).

If testing results were positive for poliovirus or NPEV, the JMF 
site physician assured that family members were appropriately 
vaccinated against polio and educated about principles of good 
hygiene to prevent fecal–oral transmission. The physician also 
followed-up any patient found to be excreting poliovirus periodi-
cally (every 1–2 months) until the cessation of excretion and the 
procedures for testing and reporting above were followed each 
time. Patients were considered as having cleared an infection 
if two consecutive stool specimens in 2  months were negative 
according to the WHO-recommended surveillance standard of 
poliomyelitis.2

The TFGH study manager ensured coordination of speci-
men shipment along with the JMF scientific program director, 
and laboratory results were communicated to CDC both by the 
GPLN laboratory through the GPLN global coordinator and by 
the TFGH study manager and entered into the secure database 
at CDC.

statistical analysis
Statistical analysis was performed using a commercially avail-
able software package (SPSS Statistics 17.0.0, SPSS, Chicago, IL, 
USA). The one-sample Kolmogorov–Smirnov test was applied 
to estimate whether data distribution is normal. Parametric and 
non-parametric analyses were performed based on the finding of 
this evaluation. A p-value of 0.05 or less was considered statisti-
cally significant.

2 http://www.who.int/immunization/monitoring_surveillance/burden/vpd/
surveillance_type/active/poliomyelitis_standards/en/.

resUlTs

characteristics of studied PiD cases and 
OPV Vaccination
During the study period, a total of 635 patients (444 males and 
191 females) were included into this study. CVID was the most 
common diagnosis of studied patients (n  =  320) followed by 
agammaglobulinemia (n = 250), SCID (n = 54) and combined 
immunodeficiency [n = 11; all with a diagnosis of major histo-
compatibility complex (MHC) class II deficiency]. Age at time of 
study enrollment was 21.1 ± 15.7 years (mean ± SD) for patients 
with CVID, 18.0 ± 8.5 years for patients with agammaglobuline-
mia, 7.9 ±  7.8 years for patients with MHC class II deficiency, 
and 3.8 ± 4.9 years for SCID patients. None of the patients with 
SCID or MHC class II deficiency were transplanted prior to the 
study entry.

Among all enrolled patients from these OPV-using countries, 
44 individuals did not receive OPV vaccination based on the 
prior family history of PID and early diagnosis or modified 
inactivated polio vaccine-based national childhood immuniza-
tion schedule (Table 2). However, the median age at first OPV 
dose was approximately 2 months (range from birth to 6 years) 
for the 584 patients who did receive OPV. Past medical history 
of paralytic disease was identified in 14 patients (1.25% of CVID 
and 4% of agammaglobulinemia patients), but none of the SCID 
or MHC class II deficiency cases had a history of paralytic dis-
ease. Agammaglobulinemia patients were younger than SCID 
and CVID patients when they received their last dose of OPV, 
consistent with the cessation of further OPV doses after an earlier 
clinical diagnosis of PID (Table 2).

Use of intravenous and subcutaneous 
immunoglobulin
The majority (97%) of enrolled subjects were receiving either 
intravenous immune globulin (IVIG) or subcutaneous immune 
globulin (SCIG) while participating in the study. For 19 subjects, 
no IVIG or SCIG use was noted.

Frequency of Poliovirus and nPeV 
isolation
Thirteen patients (2%) excreted poliovirus with most patients 
excreting for less than 2  months following identification of 
infection (Table  3). The median age of poliovirus-excreting 
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Table 3 | Data summary for all 13 PID patients with isolated poliovirus.

Patient iD gender age at study 
entry

Diagnosis siteb Most recent 
known OPV 
exposure

Virus excretion duration—no. of nucleotide changes

12-017 F 7 years CVID Tunisia 6 years Sabin 1 1 month—3 nucleotide changes

12-007a M 11 years MHC II deficiency Tunisia 1 month Sabin 2 5 months excretion—9 nucleotide changes (0.9%)

12-025 F 7 years MHC II deficiency Tunisia Unknown Sabin 3 1 month—3 mutations

14-057 M 6 years Agammaglobulinemia Iran 1 week Sabin 2 1 month—no mutations

14-108a F 10 months MHC II deficiency Iran 6 months Sabin 2 10 months excretion on study—12 nucleotide 
changes (1.2%)

14-116a M 3 months SCID Iran 2 months Sabin 2 6 nucleotide changes (0.6%)

14-117a F 1 year SCID Iran 6 months Sabin 2 10 nucleotide changes (1%)

26-012 M 22 years CVID Ankara, Turkey 7 years Sabin 2 <3 months—no nucleotide changes

27-030 F 2.5 years MHC II deficiency Ankara, Turkey 2 years Sabin 3 Sequence pending

20-003 M 8 months Agammaglobulinemia Istanbul, Turkey 6 months Sabin 2 5 months excretion on study—3–4 nucleotide 
changes

11-031a F 11 months SCID Izmir, Turkey 6 months Sabin 3 15 nucleotide changes

19-021 M 13 years CVID Yekaterinburg, 
Russia

5 years Sabin 3 No nucleotide changes

19-023 F 6.5 years Agammaglobulinemia Yekaterinburg, 
Russia

Not known Sabin 2 No nucleotide changes

OPV, oral poliovirus vaccine; CVID, common variable immune deficiency; SCID, severe combined immunodeficiency; M, male; F, female; PID, primary immunodeficiency;  
MHC, major histocompatibility complex.
aPatients with immunodeficiency-associated vaccine-derived polioviruses (iVDPV).
bCountries are organized in order of World Bank income classification (lower middle and upper middle income).
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patients was 6.5 years (range 3 months–22 years). Patients with 
combined immunodeficiencies (three SCID and four MHC 
class II deficiency) were at 10-fold increased risk of excreting 
poliovirus (10.7%) compared to patients with predominantly 
antibody defects (1.0%; three CVID and three agammaglobu-
linemia; p < 0.001). The average age of patients with combined 
immunodeficiencies excreting poliovirus was significantly lower 
than in antibody deficient patients (3.3 ± 3.0 vs. 9.2 ± 7.3 years; 
p = 0.044). None of these 13 patients were coinfected with NPEV. 
Poliovirus excretion was not observed in any of patients with a 
history of paralytic disease.

Non-polio enteroviruses were isolated from 4.7% of evalu-
ated patients (17 CVID, 8 agammaglobulinemia, 2 SCID, and 
3 MHC class II deficiency), with a higher prevalence of NPEV 
infection in MHC class II deficient patients compared to 
patients with other forms of PIDs (p = 0.012; Figure 1). There 
was no difference in NPEV prevalence by gender (5.1% of 
males and 3.6% of females). Table  4 summarizes the clinical 
and virologic information for NPEV excreters. Echoviruses 
were the most commonly isolated virus (41%), followed by  
coxsackieviruses (24%).

The mean age of poliovirus excreting patients was signifi-
cantly lower than NPEV excreters (5.9 ± 4.3 vs. 10.4 ± 9.2 years, 
p  =  0.005). Samples from nine patients (1.4% of 635 studied 
patients) were collected at the time of PID diagnosis and prior 
to administration of immunoglobulin replacement therapy. Of 
note, two of these nine cases (22.2%) were NPEV positive, both 
were diagnosed with antibody deficiency and were from the same 

center (12-006 and 12-019; p = 0.06). No poliovirus was isolated 
from these nine patients.

Predominance of iVDPV among combined 
immunodeficiency
Five (0.8% of all patients) of 13 poliovirus-excreting patients were 
considered iVDPV excreters based on the number of VP1 nucleo-
tide changes (median of 10 nucleotide changes; range, 6–15). Of 
note, all iVDPV excreters had combined immunodeficiency (three 
SCID and two MHC class II deficiency), and four of these five 
patients excreted Sabin 2 strains (Table 3). The median number 
of mutations did not differ between SCID (1%; range 0.6–1.5%) 
and MHC II deficiency (1.05%; range, 0.9–1.2%) patients. None 
of the iVDPV excreters presented with acute flaccid paralysis, but 
chronic diarrhea was a common clinical manifestation. OPV vac-
cination had occurred in all of iVDPV excreters, and the median 
time from the first OPV dose to identification of iVDPV was 
10 months (range 3 months–11 years). The sequence divergence 
suggests that secondary exposure may have been the source of 
infection in some cases. Further vaccination was avoided in all 
patients due to the diagnosis of PID.

clinical Presentation and genetic studies 
of iVDPV excreters
One MHC class II deficiency patient (12-007) was followed for 
several years prior to enrollment in the current study showing 
intermittent VDPV excretion episodes and reinfection with 
various VDPV strains and with several NPEV from a sibling 
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FigUre 1 | Prevalence of enterovirus excreters among different groups of primary immunodeficiency patients. C, common variable immunodeficiency; M, major 
histocompatibility complex II deficiency; A, agammaglobulinemia; S, severe combined immunodeficiencies.
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and from the community (17). During the current study, he was 
infected with Sabin 2 strain (Table 3). The second MHC class II  
patient (14-108) was a 10-month-old girl with disseminated 
granulomatous disease (BCGosis) after BCG vaccination at age 
4 months who excreted poliovirus for 5 months. The mutation 
in CIITA gene (homozygous c.3242-3244delACA, p.Asn1082del) 
was confirmed in this patient using targeted PID genes panel 
sequencing.

The only Sabin serotype-3 iVDPV excreter was a girl with 
SCID (11-031; RAG1 c.1682G>A, p.R561H) enrolled at age 
11 months. This poliovirus had the highest number of nucleotide 
changes (15 nucleotides) observed in the study. Virus elimination 
was evident 3 months after hematopoietic stem cell transplanta-
tion. Two other SCID patients infected by serotype-2 iVDPV 
had the molecular diagnosis confirmed with a mutation in ADA 
(14-116; homozygous c.415G>T, p.Glu139X) and a mutation in 
RAG1 (14-117; homozygous c.1180C>T, p.Arg394Trp) genes, 
respectively.

DiscUssiOn

Primary immunodeficiency patients having defects in humoral 
or cellular immunity are at risk of chronic/prolonged infection 

with enteroviruses, including polioviruses. These patients can 
excrete iVDPV after receiving OPV or after being exposed to a 
household or community contact excreting poliovirus. Patients 
who are excreting polioviruses are at risk of developing paralytic 
poliomyelitis. Such patients must be identified, and their infection 
resolved, to protect the patients and achieve global eradication of 
poliovirus. The present study brings together the JMF network, 
TFGH, WHO, and CDC to estimate the prevalence of poliovirus 
excretion in selected PID patients who have been exposed to 
OPV. Two of the participant countries are high income (Israel 
and Japan); the remainder are lower (two countries) or upper 
(seven countries) middle income countries according to the 
World Bank classification. Three poliovirus excreters were from a 
lower middle income country (Tunisia), and the remainder were 
from upper middle income countries. NPEVs were isolated from 
patients from countries from all three economic strata.

Although few cross-sectional studies have been conducted to 
identify iVDPV among PID patients without paralysis (12, 17–21),  
this study identified the largest number of PID patients both 
with antibody and combined immune deficiencies. This study 
also constituted a large number of countries with worldwide dis-
tribution from four continents (Asia, Africa, Europe, and South 
America). Approximately 2% of the studied PID patients excreted 
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Table 4 | Data summary for all 30 PID patients with isolated non-polio enteroviruses (NPEVs).

Patient iD gender age at study entry (year) Diagnosis siteb class of nPeV

12-031 M 5 MHC II deficiency Tunisia NA
12-037 M 0.4 MHC II deficiency Tunisia NA
12-006a M 5 CVID Tunisia Negative/E2

15-014 M 10 XLA Argentina E25
23-003 M 7 Agammaglobulinemia China NA
23-004 M 14 Agammaglobulinemia China NA
24-020 M 22 CVID Columbia NA
24-023 M 4 Agammaglobulinemia Columbia NA
14-079 F 28 CVID Iran EV11
14-020 M 7 Agammaglobulinemia Iran EV20
14-019 M 41 CVID Iran EV6
14-121 M 17 CVID Iran NA
25-020 M 8 CVID Mexico NA
25-019a M 8 Agammaglobulinemia Mexico NA
27-021 F 2 MHC II deficiency Ankara, Turkey CA5/no second sample
20-025 M 1 Agammaglobulinemia Istanbul, Turkey EV9
20-007 F 18 CVID Istanbul, Turkey CA4
20-006 M 20 CVID Istanbul, Turkey EV 33
11-018 M 5 SCID Izmir, Turkey CA10
11-050 F 6 CVID Izmir, Turkey CA2
11-048 M 0.5 CVID Izmir, Turkey CB
11-042 M 11 CVID Izmir, Turkey CB4
11-016 M 17 CVID Izmir, Turkey E6
11-075 F 0.7 CVID Izmir, Turkey NA
11-068 M 7 CVID Izmir, Turkey E7

29-012 F 3 Agammaglobulinemia Israel CB5
29-006 F 12 SCID Israel EV01
29-016 M 5 CVID Israel EV11
29-024 M 20 Agammaglobulinemia Israel EV13
29-008 M 9 Agammaglobulinemia Israel NA

OPV, Oral poliovirus vaccine; CVID, common variable immune deficiency; SCID, severe combined immunodeficiency; M, male; F, female; CA, coxsackie A virus; CB, coxsackie B 
virus; EV, enterovirus; E, echovirus; PID, primary immunodeficiency; MHC; major histocompatibility complex.
aSamples were collected prior to immunoglobulin replacement therapy.
bCountries are organized in order of World Bank income classification (lower middle, upper middle, and upper income).

7

Aghamohammadi et al. Poliovirus Excretion in Patients with Primary Immunodeficiencies

Frontiers in Immunology | www.frontiersin.org June 2017 | Volume 8 | Article 685

poliovirus. PID survival rates are improving in lower and mid-
dle income countries (22). Furthermore, iVDPV excreters are 
being identified at a markedly increased rate due to improved 
surveillance that includes polio symptom-free excreters (3). This 
reinforces the need for enhanced surveillance of PID patients 
until polio eradication is certified and the use of OPV is stopped. 
The findings of this study could help estimate the prevalence of 
iVDPV excreters, which is needed to assess the global risk to 
eradication posed by these excreters. Undiagnosed PID patients 
and cases with delayed diagnosis should be considered as poten-
tial contributors to underestimation.

In 5% of the studied patients, NPEV was isolated, and none 
of them were concomitantly excreting poliovirus. Although this 
prevalence was lower than in a previously reported single-center 
study (20%) (12), it demonstrates the susceptibility of patients 
with humoral and cellular immunodeficiency to prolonged excre-
tion of all enteroviruses. Higher prevalence of NPEV compared 
to OPV strains might be due to the multiplicity of circulating 
NPEV serotypes. Moreover, immunoglobulin preparations 
used for treatment of PID patients do not contain high titers of 
immunoglobulin against all NPEVs. Of note, immunoglobulin 
replacement might contribute to the relatively short-term excre-
tion of OPV strains observed in some PID patients; however, we 

could not test this phenomenon as all poliovirus excreters in this 
study were receiving IVIG or SCIG treatment.

Poliovirus 2 was the most prevalent serotype detected in 
iVDPV excreting PID patients (80%), followed by serotype 3 
(20%); consistent with the findings in PID patients with paraly-
sis (4, 8). Concurrent infection with more than one iVDPV 
serotype has been documented in other studies; but we did not 
observe simultaneous shedding of more than one iVDPV sero-
type in any patient. Possible explanations for the predominance 
of poliovirus 2 include the high frequency of recombination that 
can occur with poliovirus 1 and 3 in OPV vaccinated individuals, 
resulting in a virus with a higher replication efficiency (23–26). 
Sabin poliovirus 2 also replicates longer and is transmitted more 
readily due to greater replication fitness or the ability to out-
compete the other two serotypes for the binding to the CD155 
receptor in the host cells (27, 28). Although these characteristics 
are potential factors for an increased risk of iVDPV2 in PID, 
they contributed to the eradication of WPV type 2 (29) and 
poliovirus 2 has since been removed from the trivalent OPV 
vaccine (30).

All SCID poliovirus excreters and 50% of MHC class II 
deficient poliovirus excreters became iVDPV excreters. While 
the number of iVDPV excreters was small, this result suggests 
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that cellular immunity may contribute effectively to clearance of 
enterovirus infections including cessation of poliovirus excre-
tion. Both humoral (antigen-specific plasma cells and memory 
B  cells) and cellular (memory T  cells) immunities should be 
developed following an effective immunization especially for 
complex vaccines against viruses. In addition to the capabil-
ity of OPV-infected dendritic cells to engage specific CD8 
T cells, the presence of OPV-specific CD4 T cells in vaccinated 
individuals is crucial. CD4 T  cells are involved in serotype-
specific antibody production (B cell priming by follicular helper 
T  cells) and interferon gamma production to lyse infected 
target cells (virus clearance by cytolytic effector CD4 cells as 
well as cytolytic effector CD8 T cells). Antigen presentation in 
both functions of CD4 T  cells is through MHC class II (31). 
Therefore, patients with combined immunodeficiencies who 
lack both humoral and cellular immunities may be more likely 
to be unable to stop virus excretion. However, the presence of 
six patients with antibody deficiency with long-term poliovirus 
shedding (approximately 9 years) highlights the important role 
of viral specific-antibodies in complete clearance of the virus 
(32). Considering the several reports of antibody deficient 
patients with paralysis caused by iVDPV, the identification and 
treatment of poliovirus symptom-free virus excreting patients 
is necessary (3–5).

Wild poliovirus or iVDPV infections were not observed in 
the patients with a history of the paralytic disease, and none of 
their neurologic symptoms were linked to poliovirus infection. 
Moreover, paralytic disease in the context of PID has several 
potential etiologies including neurologic autoimmune disorders 
including multiple sclerosis, myalgic encephalomyelitis, myas-
thenia gravis, Guillain–Barré syndrome, chronic inflammatory 
demyelinating polyneuropathy, and vasculitic neuropathies. 
Moreover, vitamin deficiency (B12) and paraneoplastic neuropa-
thy should be considered as differential diagnosis for paralysis in 
PID patients (33).

This study provides an estimate of the global iVDPV 
prevalence among PID patients without paralytic disease and 
supports expanded screening for iVDPV excretion in these 
patients. Although most previous studies focused on the risk of 
long-term iVDPV infection in antibody deficient patients, the 
predominance of risk in patients with combined immunodefi-
ciencies included in the current study highlights the importance 
of considering this group of PID patients in any surveillance 
program. Reinfection with poliovirus and NPEV excretion in 
PID patients described elsewhere demonstrates the need for 
prolonged follow-up (17).

The Global Polio Eradication Initiative plans to cease use of 
OPV worldwide once WPV has been certified as eradicated, 
which will end the generation of new iVDPVs. However, there 
is currently no means for addressing the threat posed by existing 
immunodeficient persons infected with iVDPVs, either to the 
infected individual’s risk of paralytic disease, or to the commu-
nity of a continuing source of poliovirus transmission. Antivirals 
represent a potential means to manage the treatment of iVDPV 
excreters and the risk they present to the eradication effort  
(32, 34). Two safe virus-specific antivirals acting by differing 
mechanisms are now being developed and may be used as a 

combination (e.g., pocapavir and V-7404). This strategy may 
resolve the individual’s infection, stop iVDPV excretion, and 
serve to eliminate the risk of poliovirus transmission in the 
community. Currently, pocapavir is being considered for use in 
poliovirus excreting PID patients on a compassionate use basis.

The limitations of the existing study include that no low-
income level country participated, which may bias the generali-
zation of these findings. Moreover, other forms of less profound 
combined immunodeficiency should be evaluated in future 
studies since this study recruited only patients with MHC class II  
deficiency.

The potential risk posed by iVDPV excreters to the polio 
eradication effort indicates the immediate need to develop and 
implement a global iVDPV surveillance strategy. Utilizing this 
approach, individuals at risk of prolonged poliovirus excretion 
can be identified and antiviral treatment can be initiated.
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Intravenous immunoglobulin administered at replacement dosages modulates innate 
and adaptive immune cells in primary antibody deficiencies (PAD) in a different manner 
to what observed when high dosages are used or when their effect is analyzed by in vitro 
experimental conditions. The effects seem to be beneficial on innate cells in that den-
dritic cells maturate, pro-inflammatory monocytes decrease, and neutrophil function is 
preserved. The effects are less clear on adaptive immune cells. IVIg induced a transient 
increase of Treg and a long-term increase of CD4 cells. More complex and less under-
stood is the interplay of IVIg with defective B cells of PAD patients. The paucity of data 
underlies the need of more studies on patients with PAD before drawing conclusions on 
the in vivo mechanisms of action of IVIg based on in vitro investigations.

Keywords: common variable immune disorders, X-linked agammaglobulinemia, ivig replacement, innate 
immunity, adaptive immunity, in vivo

iNtrODUctiON

Polyvalent intravenous immunoglobulin (IVIg) are used as replacement therapy in patients with 
primary antibody deficiencies (PAD), a group of defects characterized by a failure to mount protec-
tive antibody responses, including X-linked agammaglobulinemia (XLA) and common variable 
immune disorders (CVID), and as immunomodulatory treatment with high IVIg doses in patients 
with inflammatory-autoimmune diseases. IVIg contain a broad spectrum of antibody specificities 
against microorganism antigens able to opsonize and neutralize microbes and toxins. IVIg also 
contain functionally relevant natural autoantibodies toward a wide range of self-motifs such as Siglec 
9, Fas, and BAFF, together with a wide range of specificities including idiotypes of immunoglobulins, 
T  cell receptor, HLA molecules, and other cell surface molecules of immunological importance 
such as CD4, CD5, BAFF, Fas, cytokines, cytokine receptors, and chemokine receptors that may 
participate in regulation of the immune response (1).

There are many reports on the various immunological effects of high-dose IVIg treatment in 
patients with inflammatory diseases. Clearly, the significantly smaller doses of immunoglobulin 
prescribed to PAD patients for replacement therapy may convey different effects (2). The possible 
immunomodulatory effect of IVIg administered at replacement dosages on innate and adaptive 
immune cells in patients with PAD needs to be addressed by detailed studies since the peak plasma 
IgG level reached in patients on replacement administration is much lower that the peak reached in 
patients with autoimmune-inflammatory disorders. Moreover, in vitro studies might not be a suit-
able system to replicate the in vivo effects of IVIg. In fact, it is possible that the in vitro effects of IVIg 
do not recapitulate the in vivo effects since many cellular and mediator interactions are lacking when 
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IVIg are added in  vitro to experimental conditions. Moreover, 
in  vivo studies might help to analyze the immunomodulatory 
short- and long-term effects of immunoglobulin on immune cells 
and the beneficial effects due to the reduction of the infection-
associated immune activation that is likely to occur as a result of 
immunoglobulin replacement.

Several theories have been postulated about the mechanisms 
through which IVIg preparations exert their immune-regulatory 
properties at replacement dosages possibly involving different 
type of cells acting in concert (3). Moreover, the diversity of CVID 
immunological and clinical phenotype could affect the results 
of some of the experiments. In addition, the commercial IVIg 
preparation used to study the in vivo or in vitro effect should be 
considered, in that IVIg consist mainly of monomeric IgG, but 
if a residual amount of dimers is present in the preparation, the 
biological effects might be different (4).

POLYMOrPHONUcLeAr  
NeUtrOPHiLs (PMN)

In response to pathogens, PMN rapidly migrate to the site of 
inflammation, release proteolytic enzymes and antimicrobial 
peptides as well as reactive oxygen species. IVIg might modulate 
PMN activity by a saturating and an activating/inhibiting effect  
on PMN FcγRs (5). Almost 20  years ago, the first demonstra-
tion that IVIg administered at low dosages in patients affected 
by PAD did not alter neutrophils functions was published (6). 
Phagocytosis, intracellular bactericidal activity, and chemotaxis 
of PMN in PAD patients treated at very low dosages (IVIg 
200  mg/kg/month) and at replacement dosages (IVIg 600  mg/
kg/month) were comparable to those of healthy controls (6). We 
have recently confirmed these data showing that in CVID and 
XLA patients, PMN were capable in  vivo to perform efficient 
migration, degranulation, phagocytosis, and oxidative burst at 
baseline and shortly after IVIg administration (7, 8). Moreover, 
IVIg infusion-administered in  vivo at replacement dosages did 
not alter the PMN expression of receptors involved in PMN 
functions, such as CD181, CD66b, CD11b, CD11c, CD16, and 
Siglec 9 (7, 8).

In contrast with the in vivo data obtained from CVID and XLA 
patients infused with IVIg, experiments performed with IVIg 
added in vitro on isolated PMN or to whole blood (9) showed that 
IVIg (1–25 mg/ml) might affect the overall activity of PMN by (1) 
inducing apoptosis; (2) decreasing the pro-inflammatory activity; 
(3) inhibiting or activating PMN degranulation (10–15) (Figure 1).

Thus, in  vitro experiments provided conflicting results of 
immunomodulatory effects on PMN activity depending on the 
concentration of IVIg added in vitro, while in vivo data showed 
that PMN remained fully functional in patients treated with 
replacement IVIg dosages (Figure 1).

MONOcYtes

Monocytes are now classified according to their expression 
of CD14, the receptor of LPS, and CD16, a low affinity Fcγ 
receptor, into three different subsets: classical monocytes, 

non-classical monocytes, and intermediate monocytes also called  
pro-inflammatory monocytes based on gene expression profiling 
and cytokine production, such as TNF-α, IL-1β, and IL-6 (16, 17). 
We have recently shown that CVID and XLA patients displayed 
an increased frequency of CD14brightCD16+ pro-inflammatory 
intermediate monocytes (8, 18). In CVID and XLA patients, 
shortly after IVIg infusion, we observed a transient reduction of 
about one-fourth of peripheral monocytes, a decrease involving 
mainly pro-inflammatory intermediate monocytes. These data are 
in agreement with other observations showing that IVIg infusion 
induced a transient decrease in the number of pro-inflammatory 
monocytes that returned at baseline levels after 20  h and sup-
pressed the production of pro-inflammatory cytokines (19). 
These phenomena might be an additional mechanism through 
which IVIg infusion exert an anti-inflammatory effect, even when 
infused at replacement dosages. It is possible that an apoptotic 
process is involved. In fact, IVIg preparations contain agonistic 
and antagonistic anti-CD95 antibodies interacting with CD16+ 
monocytes that constitutively upregulated proapoptotic genes 
(20). Thus, these naturally occurring autoantibodies might 
contribute to the anti-inflammatory effects of IVIg via cell death 
regulation. In CVID and XLA shortly after IVIg infusion, we 
also observed a reduction of expression of functional monocyte 
receptors such as CD11b and Siglec 9 on classical monocytes 
associated, as expected, with a slight reduction of phagocytosis 
and oxidative burst functions that even if decreased remained in 
the normal range (8, 18). As described for anti-CD95, the reduc-
tion of Siglec 9 receptor might also be related to the binding of 
anti-Siglec 9 antibodies contained in IVIg preparations (20). It is 
then possible that IVIg bind to the Fc receptors on monocytes’ 
surface and transiently limit the availability to bind opsonized 
bacteria.

In conclusion as shown in Figure 1, taken together our results 
showed that in XLA and CVID patients IVIg exert in  vivo a 
short-term anti-inflammatory effect and do not severely affect 
the monocytes ability to appropriately respond to pathogens (8).

DeNDritic ceLLs

Dendritic cells are professional antigen-presenting cells essential 
for priming immune response. When immature, DC capture anti-
gen efficiently, but only mature DC are potent T-cell activators. 
Maturation process modifies the expression of MHC molecules, 
co-stimulatory molecules and cytokines. CD1 proteins are MHC 
I-like markers of differentiation of DC. The groups 1 (CD1a, 
CD1b, and CD1c) and 2 (CD1d) are involved in lipid antigen 
presentation to the T cells (21). There are diverse subsets of DC: 
monocyte-related DC, blood myeloid (mDC), and plasmacytoid 
DC (pDC), precursors of tissue and lymphoid DC (22). In the 
presence of GM-CSF and IL-4, it is possible to induce the produc-
tion in vitro of monocyte-derived DC (MdDC) (23, 24). Different 
subsets of DC express distinct CD1 profiles, suggesting that 
microenvironment could regulate diverse antigen presentation 
pathways.

Common variable immune disorder patients have a reduction 
of both pDC and mDC subsets (25). Their MdDC display dis-
turbed differentiation, maturation, and function (24). In vitro and  
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FigUre 1 | Mechanisms of action of intravenous immunoglobulin (IVIg) on innate (neutrophils, monocytes, and dendritic cells) and adaptive (B and T lymphocytes) 
immune cells. Effects of IVIg (replacement dosages) (A); effects of IVIg (high dosages) (B). Cell images from Ref. (55).
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in vivo experiments showed similar effects of IVIg on DC: the  
addition in vitro of IVIg at a concentration of 10 mg/ml to DC 
cultures of CVID patients partially restored the defective markers 
of differentiation (CD1a) and co-stimulation (CD80, CD86, and 
CD40) (26); a recent in vivo study in CVID demonstrated that 
after 6–12 months from initiation of replacement, IVIg therapy 
partially restored the reduced frequency of mDC, the altered 
expression of their co-stimulatory molecules and the CD4 T cell 
count (27).

Moreover, in vitro studies showed that different concentrations 
of IVIg added to MdDC influenced the expression pattern of CD1 
molecules (28); similarly, in vivo studies found that IVIg therapy 
normalized the elevated levels of CD1a and CD1b on mDCs of 
CVID patients (29). By regulating CD1 expression pattern on 

DC, IVIg treatment affects the balance between CD1d-restricted 
antigen presentation to iNKT cells and group 1 CD1-restricted 
antigen presentation to T cells (28). Thus, by fine tuning of the 
CD1 antigen presentation pathways, IVIg could provide suitable 
activation signals to the immune system.

Also XLA patients have reduced DC myeloid subset (25). 
Moreover, it was suggested that their DC failed to differentiate 
and to mature because of a hypogammaglobulinemic environ-
ment (30). These abnormalities were partially restored by adding 
IVIg in vitro during the differentiation of DC from monocytes. 
Natural CD40 reactive antibodies are likely to exert this effect 
through an agonistic action on CD40 (30).

Taken together, as shown in Figure 1, IVIg at replacement dos-
ages has a number of beneficial effects on DC differentiation and 
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function as demonstrated by in vivo and in vitro studies, which 
are different from the effects of IVIg (0.15 mM) administered at 
high dosages that inhibited maturation and function of DC (24).

B ceLLs

The B  cell compartment is variably disturbed in patients with 
CVID. The total number of peripheral B cells is reduced in about 
40–50% patients (31, 32). Class-switched memory B  cells are 
reduced in 80–90% of CVID patients (31) often in association 
with defects of B cell receptor (BCR) activation (33) as well as 
the TLRs (34).

Therapeutic immunoglobulins interplay with B  cells both 
directly, with surface receptors or intracellular molecules, and 
indirectly, influencing cytokines, survival factors or through other  
immune cells (35). Nevertheless, there is a shortage of studies that 
could unveil the effects of IVIg on B lymphocytes, particularly 
when administered at replacement dosages.

In vitro studies provided conflicting results. Graded concentra-
tion of IVIg (from low dose to high dose) demonstrated that IVIg 
did not affect the proliferative capacity of B cells, did not cause 
significant apoptosis of B cells, neither affected mRNA synthesis 
of both IgM and IgG (36). Other in vitro studies showed that IVIg 
at high dose (0.15 mM) can directly inhibit B cell activation and 
proliferation (37) and can induce apoptosis in B lymphocytes by 
inducing a functional silencing program similar to anergy (38, 39)  
(Figure 1).

A recent study demonstrated that upon stimulation with 
physiological IVIg concentration added in vitro to experimental 
conditions, B cells from CVID patients were capable to prolifer-
ate and produce IgM (40). The authors suggested that antibodies 
within IVIg preparations rectified the defective signaling of 
B cells provided by T cells and delivered T-independent signals. 
We confirmed a signal dysregulation intrinsic to B cells in a sub-
group of CVID patients. CVID patients with expanded CD21low 
B  cells have high constitutive ERK activation [BCR signaling 
pathway important for B  cell anergy (41)], low responsiveness 
to TLR9 and BCR stimuli, defective calcium signaling (42, 43), 
and propensity to apoptosis. IVIg infusion administered in vivo 
transiently increased constitutive pERK, reduced the pERK 
increment induced by BCR cross-linking (44), and drove B cells 
to downregulate CD21 expression (45).

Thus, data on IVIg and B cells remained unclear and need to 
be elucidated. Moreover, the long-term consequences of IVIg 
on B cells of PAD patients have never been addressed due to the 
complex relationship between IgG and a number of factors that 
might contribute to the diverse B cell abnormalities observed over 
time in heterogeneous disorders like CVID.

t ceLLs

A relative loss of T-cell function in many CVID patients has been 
widely demonstrated, including low circulating CD4 T  cells, 
low naive CD4 T  cells, low antigen-specific T  cells, impaired 
proliferation, activation, and secretion of cytokines (46). Many 
CVID patients present a persistent low CD4 T cell count. For the 
group of CVID patients with persistently low CD4 counts, it has 

been suggested to change the PID classification from CVID to 
late-onset combined immune deficiency (47).

An elegant study addressed the modulation of T cells in CVID 
patients treated with IVIG on a long-term basis. Following IVIg 
initiation, CD4 counts increase in the majority of CVID patients 
and can reach normal levels in some cases (48). IVIg reduced 
the expression of activation and exhaustion markers on CD4 
and CD8 T cells, which might remain elevated for up to 1 year 
from IVIg treatment initiation. This suggests that IgG replace-
ment control with time infection-associated factors implicated 
in T cell chronic activation (27). The authors concluded that an 
early initiation of IgG replacement therapy in CVID patients 
may be beneficial to prevent T  cell activation by switching off 
the inflammatory status. The same effect was demonstrated in 
in vitro studies when IVIg were added to cultures even at physi-
ological concentrations (49).

In CVID patients, Tregs frequency (50) and function have 
been shown to be reduced, and this defect might have a role in 
the pathogenesis of CVID-associated autoimmune or inflam-
matory complications. IVIg administration modulates Tregs as 
demonstrated by the transient increase in Tregs 30 min after IVIg 
infusion (51). However, no sustained effect on Treg frequency 
was observed, and thus additional studies are needed to address 
the in  vivo long-term effect on Treg and the clinical impact of 
this finding.

In addition, CVID patients show a reduction of iNKT cells (52), 
a subset that control bacterial and viral infections by recognizing 
endogenous and bacterial-derived glycolipids presented by CD1d 
molecules. In CVID, iNKT cells showed an elevated expression of 
markers of activation and exhaustion such as HLA-DR, CD161, 
and PD-1. IVIg treatment did not improve the frequency of 
iNKT cells but reduced CD161and PD-1 expression and possibly 
reduced iNKT cell activation and exhaustion (27).

As shown in Figure  1, these effects differ from the data 
obtained in vitro when higher IVIg concentrations (0.15 mmol/L) 
were added to experimental conditions showing suppression of 
T  cell proliferation (53), of amplification of human Th17  cells 
(54) and of multiple key effector/inflammatory cytokines (49). 
Taken together, IVIg at replacement dosages have a beneficial 
short-lived effect on Tregs and a beneficial long-term effect on 
T cells and possibly on iNKT cells.

cONcLUsiON

IVIg administered at replacement dosages modulate innate and 
adaptive immune cells in PAD (Figure  1) differently to what 
observed when the effects of high dosages are evaluated. The 
effects seem to be beneficial on innate cells in that dendritic 
cells maturate, pro-inflammatory monocytes decrease, and 
neutrophil function is preserved. The effects are less clear on 
adaptive immune cells where a transient increase of Treg and a 
long-term increase of CD4 were demonstrated. More complex 
and less understood is the interplay of IVIg with defective B cells 
of PAD patients. The paucity of data underlies the need of more 
studies before drawing conclusions on the in vivo mechanisms of 
action of IVIg based on in vitro investigations. Moreover, should 
be noted that all studies presented refer to IVIg only and no data 
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are available on in vivo studies of subcutaneous administration. 
Moreover, studies on SCIg might help to discriminate between 
short-term effect of IVIg administration due to the IgG peak 
reached at the time of the infusion and long-term effect due a 
constant IgG replacement.
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Recurrent and Sustained viral 
infections in Primary 
immunodeficiencies
Melanie A. Ruffner, Kathleen E. Sullivan* and Sarah E. Henrickson

The Children’s Hospital of Philadelphia, Philadelphia, PA, United States

Viral infections are commonplace and often innocuous. Nevertheless, within the pop-
ulation of patients with primary immunodeficiencies (PIDDs), viral infections can be the 
feature that drives a diagnostic evaluation or can be the most significant morbidity for 
the patient. This review is focused on the viral complications of PIDDs. It will focus on 
respiratory viruses, the most common type of viral infection in the general population. 
Children and adults with an increased frequency or severity of respiratory viral infections 
are often referred for an immunologic evaluation. The classic teaching is to investigate 
humoral function in people with recurrent sinopulmonary infections, but this is often inter-
preted to mean recurrent bacterial infections. Recurrent or very severe viral infections 
may also be a harbinger of a primary immunodeficiency as well. This review will also 
cover persistent cutaneous viral infections, systemic infections, central nervous system 
infections, and gastrointestinal infections. In each case, the specific viral infections may 
drive a diagnostic evaluation that is specific for that type of virus. This review also dis-
cusses the management of these infections, which can become problematic in patients 
with PIDDs.

Keywords: virus, primary immunodeficiency, morbidity, herpes, papillomavirus, norovirus, enterovirus

iNTRODUCTiON

Frequent infections are a common reason for physician visits. Distinguishing a pattern or a type 
of infection that suggests an immunodeficiency as opposed to part of the normal susceptibility 
to infection can be a challenge. Common causes of recurrent infections are allergies, anatomical 
contributions, secondary immune deficiency, and an unusual burden of exposures. Primary immu-
nodeficiencies (PIDDs) are much less common and therefore difficult to appreciate during the wealth 
of infections that are typically seen in a physician’s practice. During the first 5 years of life, children 
can experience six to eight respiratory tract infections per year. These tend to peak in the winter 
months and daycare attendance, exposure to smokers, and atopy can increase this frequency signifi-
cantly (1–4). Respiratory tract infections in adults are somewhat less common; however, three to five 
respiratory tract infections per year in adults are typical (5). Recurrent sinus infections, pneumonia, 
and bronchitis are common signs of an immunodeficiency, recognizing that frequent bacterial infec-
tions of the respiratory track are often a harbinger of antibody disorders, the most common type 
of primary immunodeficiency. This review will address recurrent and sustained viral infections for 
which there are fewer studies to assist the physician in the identification of patients with potential 
immunodeficiency. This review will address unusual viral respiratory tract infections, systemic viral 
infections, infections of the brain and meninges, and cutaneous viral infections. Unusual viral infec-
tions can be a sign or complication of PIDD. There are several excellent reviews that address the 
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FiGURe 1 | Chest radiograph of a term male infant with X-linked severe combined immune deficiency and RSV pneumonitis, which was rapidly fatal despite 
adjunctive use of IVIG and inhaled ribavirin. He was treated with an infusion of maternal haplo-identical hematopoietic stem cells at 18 days of life. He was admitted 
at 10 days old (A) and died at 27 days old (B) due to worsening respiratory status. Note the absent thymus.
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overall approach to suspected PIDD (6–8). Bacterial infections 
are generally highlighted, and therefore this review will focus on 
unusual and severe viral infections.

ReSPiRATORY viRAL iNFeCTiONS  
iN PiDD

Respiratory viruses are extremely common in most patients with 
PIDDs (9, 10). In most cases, they represent nuisance infections 
that can be a predisposing condition leading to bacterial super-
infection. In patients with antibody defects, respiratory infections 
fall into this category. Although defense against recurrence of res-
piratory tract viruses is mediated largely by antibody, eradication 
of an infecting virus is mediated largely by the T cell compartment. 
Respiratory viral infections are therefore more significant in 
patients with T cell immune deficiencies. Today, many newborns 
with severe combined immune deficiency (SCID) are detected 
by newborn screening; however, this is not true in all parts of the 
world, nor is it true in all states in the USA. A study by the PIDTC 
found that 21% of their cohort had a respiratory infection prior to 
transplant with the most common being parainfluenza followed 
by RSV, rhinovirus, and influenza (11). Although other types 
of infections were more common as presenting features in this 
cohort, respiratory infections were among the least likely to resolve 
prior to transplant. All viral infections are typically prolonged in 
patients with T cell defects. However, in SCID, there are no T cells 
and a simple respiratory virus will progress relentlessly unless a 
hematopoietic stem cell transplant (HSCT) allows the infant to 
develop a competent immune system (Figure 1) (11). The specific 
pathogens to which children with T cell defects are susceptible 
include all of those common in the general population. RSV, 
influenza, and rhinovirus are typically the most prevalent during 
the respiratory season (12). Coronavirus and metapneumovirus 

have been increasingly recognized as causing respiratory infec-
tions. Exposures will dictate the pattern of viral infections in 
patients with T cell defects. The severity of disease is a result of 
both the degree of T cell compromise and the nature of the infect-
ing virus. Any patient with prolonged viral infections is at risk 
for bacterial superinfection. It is not, therefore, uncommon to 
see a mixed picture of viral and bacterial infections. Additionally, 
severe T cell defects are associated with compromised antibody 
production, also contributing to a mixed infection picture.

T cell defects are associated with a generally increased predis-
position to viral infections. IRF7 deficiency, in contrast, is associ-
ated with a selective susceptibility to influenza (13). It is otherwise 
uncommon to see an isolated susceptibility to a respiratory virus. 
The single reported patient had a severe primary infection with 
influenza associated with poor production of type I and type III 
interferons.

Diagnostic Approach
There are many specific genetic types of immunodeficiencies 
associated with T cell deficiency, and the diagnostic considera-
tions are different depending on the age of the patient. Infants 
with a prolonged or severe respiratory viral infection should be 
evaluated for SCID, and patients of any age with dysmorphic 
features or other associated features should be evaluated for 
chromosome 22q11.2 deletion syndrome (14). Most states now 
have a newborn screening program to detect SCID. The results 
can be accessed to identify significant T cell lymphopenia in early 
infancy. Newborn screening has significantly improved survival 
of infants with SCID. There are, however, significant T cell disor-
ders not identified by this test, and therefore, T cell disorders still 
represent a concern in the setting of a prolonged viral infection. 
T cell enumeration is often the quickest way to screen for T cell 
defects. The vast majority of T cell deficiency conditions will have 
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TABLe 1 | EBV susceptibility.

Phenotype Gene defect viral 
susceptibility

Other features

EBV viremia ITK EBV Lymphoma
EBV viremia MAGT1 EBV Lymphoma
EBV viremia CD27 EBV Low IgG
EBV viremia CORO1A Many viruses Lymphoma
EBV HLH SH2D1A EBV Lymphoma, 

dysgammaglobulinemia, 
and vasculitis

EBV HLH XIAP EBV Hypogammaglobulinemia
EBV 
lymphoma

MCM4 EBV, CMV Malignancy, short stature, 
adrenal insufficiency

Primary 
familial HLH

PRF1, UNC13D, 
STX11, STXBP3

EBV, CMV, 
others

Pigmentary 
dilution with 
HLH

LYST, RAB27A, 
AP3B1, BLOC1S6

EBV, CMV, 
others

Pigmentary dilution

EBV 
susceptibility 
with broad 
infectious 
susceptibility

Leaky SCID, 
most combined 
immunodeficiencies, 
WASP, WIPF1, 
PLCG2, PRKCD, 
ORAI1, STIM1, 
IKBKG, CASP8, 
STAT1 GOF, 
DOCK8, GATA2

Many viral 
susceptibilities

Gene dependent

GOF, gain of function; LOF, loss of function; EBV, Epstein–Barr virus; HLH, 
hemophagocytic lymphohistiocytosis; CMV, cytomegalovirus; SCID, severe combined 
immune deficiency; IgG, immunoglobulin G.

3

Ruffner et al. Recurrent and Sustained Viral Infections

Frontiers in Immunology | www.frontiersin.org June 2017 | Volume 8 | Article 665

low T cell numbers or at least low CD4/CD45RA (naïve) T cell 
counts. Additional studies include proliferative studies, exclu-
sion of HIV, and sequencing panels to identify inborn errors of 
immunity.

Management
Management of respiratory tract infections in non-SCID T cell 
defects is largely supportive with optimization of bronchodila-
tors, antiviral therapy if available and attention to nutrition (12). 
Management of respiratory tract infections in SCID is highly 
problematic. There is a race to replace the immune system before 
the virus can progress to the point of no return. This race is highly 
dependent on the type of transplant donor, type of conditioning, 
and type of transplant, but respiratory infections clearly impact 
the transplant outcome (11). Any adjunctive measure to improve 
respiratory status should be sought.

SYSTeMiC viRAL iNFeCTiONS iN PiDD

Children with severe T cell defects are also susceptible to systemic 
viral infections. Patients with SCID are extremely susceptible to 
progressive infection with cytomegalovirus (CMV) as well as other 
systemic viral infections. Infants with suspected SCID should 
be protected from exposures such as breast milk, transfusions, 
potentially infected siblings, live viral vaccines, and caregivers.

There is another circumstance in which susceptibility to 
gamma-herpes viruses such as CMV and Epstein–Barr virus 
(EBV) occurs. Table 1 lists conditions in which gamma-herpes 

virus susceptibility dominates the clinical picture. Patients with 
cytolytic T  cell defects (with or without concomitant NK  cell 
defects) exhibit a unique susceptibility to these gamma-herpes 
viruses (15). In some circumstances, the susceptibility is almost 
entirely limited to susceptibility to either severe mononucleosis 
or hemophagocytic lymphohistiocytosis (HLH). HLH is char-
acterized by excessive immune activation and can be diagnosed 
either by a molecular diagnosis consistent with HLH or clinically 
when patients meet five out of eight criteria: fever, splenomegaly, 
cytopenias affecting two or more blood lineages, hypertriglyc-
eridemia and/or hypofibrinogenemia, hemophagocytosis, low/
absent natural killer cell activity, hyperferritinemia, and high 
soluble interleukin-2 receptor levels (16). Any patient present-
ing with exceptionally severe mononucleosis or HLH should be 
screened for the HLH defects.

A second phenotype with susceptibility to EBV has a smolder-
ing or even asymptomatic presentation. These patients generally 
have an increased risk of lymphoma due to chronic EBV, but the 
manifestations of EBV may be subtle or absent. The X-linked 
disorder due to deficiency of MAGT1 is associated with a mild 
susceptibility to other infections but chronic EBV. Similar condi-
tions include deficiencies of CD27, CTPS1, RASGRP1, CD70, and 
MCM4. The importance in recognizing this group is due to their 
unpredictable capacity to control EBV and the risk of lymphore-
ticular malignancies.

Nearly all of the leaky SCID types and the combined immu-
nodeficiencies are associated with an increased risk of CMV and 
EBV (17, 18). This set of disorders can have a broad phenotype 
including Omenn’s phenotype, autoimmunity, granulomas, and 
infections (18–23). In these patients, EBV and CMV can drive 
progression to malignancy, and they require careful monitor-
ing. Leaky SCID has been defined as T cell lymphopenia (CD3 
300–1,500 cells/mm3); functional impairment as defined by 
proliferative responses, absence of maternal engraftment, and 
most often having identified hypomorphic mutations in genes 
associated with SCID.

Diagnostic Approach
When the consideration is prolonged infection with gamma-
herpes viruses without HLH, T cell counts and function can be 
helpful as supporting information but often genetic testing is the 
quickest approach. For HLH disorders, enumerating the HLH 
criteria is a useful exercise. CD163 staining of the bone marrow 
can be a sensitive way to identify active hemophagocytosis, but 
this is not required for the diagnosis (15, 16, 24). Additional 
maneuvers are measurement of IL-2R in the serum and CD107a 
on the surface as a marker for degranulation. HLH can occur 
without an underlying PIDD, and thus genetic analysis is often 
central to the management. Nearly always an underlying PIDD 
will require HSCT as definitive therapy, whereas HLH due to 
uncommon infections such as Leishmania, certain influenza 
viruses, and arboviruses will not require HSCT.

Management
Management of systemic viral infections relies on the availability 
of antiviral compounds. For CMV, therapy is often begun with 
ganciclovir or valganciclovir (25, 26). Foscarnet may be added if 
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FiGURe 2 | Bilateral plantar warts on a patient who had experienced 5 years 
of immune suppression for a cardiac transplant. Deep palmoplantar warts 
such as those in the top panel are referred to as myrmecila and can be 
painful. The small black markings are characteristic and represent small 
blood vessels that have grown into the exophytic lesion. Photo credit: 
Marissa J. Perman, MD.
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the virus is resistant or progressive in spite of adequate ganciclovir 
(27). Bone marrow toxicity from ganciclovir may also require a 
change to foscarnet. EBV in some cases is treated with rituximab 
to eliminate one important reservoir of virus (28). When HLH is 
present, a systemic approach to stabilize the patient and treat the 
underlying inflammation is essential (29). Risks and benefits of 
antiviral therapy must be carefully weighed as all approaches can 
have significant adverse events. Management decisions are often 
impacted by subsequent transplant strategies.

CHRONiC viRAL SKiN iNFeCTiONS iN 
PRiMARY iMMUNODeFiCieNCY

Cutaneous manifestations are common in PIDD. As many as 
two-thirds of the patients have cutaneous manifestations at some 
point. Atopy, infection, and inflammatory lesions have all been 
described, and there may be interplay between the features (30). 
Awareness of common skin infections is important both to aid 
in the early diagnosis and also in the treatment of potentially 
life-threatening infections that can begin in the skin. Bacterial 
infections are one of the most common findings in PIDD. For 
example, folliculitis, abscesses, and impetigo are typical in neu-
trophil defects. Similarly, a significant subset of PIDD diagnoses 
is associated with fungal infections. These can be seen both in 
T  cell defects as well as defects of the myeloid compartment. 
Chronic mucocutaneous candidiasis is most often due to defects 
that affect the Th17 cell production or function. These diseases 
generally do not overlap those with a susceptibility to cutaneous 
viral infections. One exception is STAT1 gain-of-function (GOF) 
mutations that render patients susceptible to a broad range of 
cutaneous infections. Viral infections of the skin are not nearly 
as common but are much more suggestive of PIDD. Severe her-
pes infections and papillomavirus are particularly characteristic 
of PIDD and can become the most notable feature in a patient. 
Chronic herpes virus and papillomavirus, in turn, predispose to 
cutaneous carcinoma and surveillance becomes important for 
this evolution. In this section, we will provide a brief synopsis 
about the individual disorders associated with susceptibility to 
papillomavirus.

Papillomaviridae
There are more than 200 strains of human papillomavirus (HPV). 
The diverse strains have variable malignant potential and tissue 
tropism. HPV causes warts in the general population with an 
incidence of cutaneous warts (Figure  2) that range from 1 to 
12% (31–33). School age children have been estimated to have 
a cutaneous warts prevalence of over 40% (34). While sexually 
active women 20–24 years of age have a prevalence of genital pap-
illomavirus of nearly 50% (35), clinically significant genital warts 
occur in only 5% of women (36). Genital HPV infection has been 
associated with malignant transformation, leading to the develop-
ment of the first vaccine intended to prevent cancer. Worldwide, 
5% of cancer is caused by HPV (37). Nearly all T cell disorders can 
be associated with increased susceptibility to warts; however, there 
is a small group of PIDDs that have warts as a cardinal feature (38). 
In these patients, the warts are recurrent, severe, and resistant to 
therapy. In most cases, the specific papillomaviruses are identical 

to those in the general population, and the appearance of the warts 
is the same as in the general population. In epidermodysplasia 
verruciformis (EV), however, there is a broader susceptibility to 
HPV types. In addition, the cutaneous manifestations are often 
atypical. Table 2 compares the features of the different conditions 
described below.

DOCK8 Deficiency
Patients with DOCK8 deficiency have a complex combined 
immunodeficiency secondary to disrupted cytoskeletal rear-
rangement (39). This includes an inability to properly assemble 
the immune synapse that fosters the signaling cascades required 
for lymphocyte memory differentiation (40). Lymphocyte migra-
tion through tissues is also compromised, contributing to the sus-
ceptibility to cutaneous infections (39). T cell counts are typically 
low for age, and there is impaired memory differentiation that 
may be progressive with age (41). Clinical features resemble that 
seen in Wiskott–Aldrich syndrome (WAS) including low IgM 
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TABLe 2 | Cutaneous viral infections in primary immunodeficiencies.

viral family virus increased susceptibility in which PiD Other features

Papillomaviridae HPV Ataxia telangiectasia; DOCK8; EV (EVER1, EVER2, 
RHOH; LCK); GATA2; Idiopathic T cell lymphopenia; 
Netherton syndrome; STK4/MST1; WHIM (CXCR4); 
WILD, CARMIL2/RLTPR, Clouston’s syndrome

EV: warts are often flat, appearing as actinic keratosis or seborrhea-like 
lesions and can have increased susceptibility to unusual HPV strains. No 
other infectious susceptibility
DOCK8, GATA2: also include susceptibility to HSV. Progressive lymphopenia 
seen

Herpesviridae HHV8/KSHV IFNGR1, OX40 Susceptibility to mycobacteria

HSV DOCK8; GATA2; NEMO; STAT1 GOF; STK4; CXCR4; 
Wiskott–Aldrich syndrome (WAS)

DOCK8, NEMO, STAT1 GOF: broad infectious susceptibility
CXCR4: pancytopenia, abnormal neutrophils
WAS: thrombocytopenia, eczema

VZV DOCK8; GATA2; STAT3 GOF; IFNGR1; RHOH; STAT1 
GOF; STK4

DOCK8, NEMO, STAT1 GOF: broad infectious susceptibility
CXCR4: pancytopenia, abnormal neutrophils
WAS: thrombocytopenia, eczema

Poxviridae MCV DOCK8; GATA2; IKBKG; STAT1 GOF; STK4; CXCR4; 
CARMIL2/RLTPR

DOCK8, IKBKG, STAT1 GOF: broad infectious susceptibility
CXCR4: pancytopenia, abnormal neutrophils
WAS: thrombocytopenia, eczema

Orf virus STAT1 GOF Broad infectious susceptibility

GOF, gain of function; LOF, loss of function; HPV, human papilloma virus; HSV, herpes simplex virus; EV, epidermodysplasia verruciformis; WHIM, warts, hypogammaglobulinemia, 
infections, and myelokathexis.
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and elevated IgE and IgA. Patients have significant atopy, infec-
tions, impaired specific antibody responses and poor memory 
B  cell responses, increased rates of malignancy, elevated IgE, 
and eosinophilia and are highly susceptible to cutaneous viral 
infections. Early in life, the atopic manifestations may dominate 
while the infectious susceptibility evolves. Skin infections are 
most often caused by HPV (including increased risk of malignant 
transformation of skin lesions), herpes simplex virus (HSV), mol-
luscum contagiosum virus, and varicella zoster virus (42). HSCT 
has been shown to be curative (43).

Epidermodysplasia Verruciformis
The term EV refers to a group of disorders in which patients are 
susceptible to beta-HPV with severe diffuse warts, and there is 
a striking increase in the rate of skin carcinomas (44). EVER1/
TMC6 and EVER2/TMC8 inactivating mutations cause auto-
somal recessive (AR) EV. EVER proteins are intracellular zinc 
transporters, and mutations lead to altered cell activation and a 
more permissive environment for HPV. Interestingly, the only 
infectious susceptibility is to HPV. Most patients present in child-
hood, but the appearance of the warts can lead to misdiagnosis 
as seborrhea or tinea versicolor. The warts are generally worse on 
sun-exposed skin for reasons that are not clear. The specific HPV 
types are not necessarily those seen in the general population as 
wart-associated. The therapy in EV is usually local control since 
the susceptibility does not relate to hematopoietic cell dysfunc-
tion; there is no role for HSCT.

LCK Deficiency
LCK deficiency causes atypical EV with CD4 T  cell deficiency 
as well as recurrent pneumonia and severe warts complicated by 
non-melanoma skin cancer (45). To date, only a single patient 
with LCK deficiency has been described, leading to uncertainty in 
the full spectrum of infectious susceptibility. Therapy is not clear 
for the same reason, but HSCT would be expected to be curative.

CARMIL2/RLTPR
Three Norwegian families have been identified with increased 
viral cutaneous infections (warts and molluscum contagiosum) 
as well as dermatitis and pneumonia. The four affected family 
members were found to share a single variant in this gene, with 
some evidence for a role in T cell activation (46).

RHOH Deficiency
Mutations in the RHOH gene (an atypical Rho GTPase) cause 
susceptibility to EV-type HPV strains, due to alterations in T cell 
activation and homing (47). Naïve T cell counts are low, and there 
is poor skin homing of T cells, with an increase in effector memory 
T cells in the setting of altered T cell receptor signaling. RHOH defi-
ciency infectious susceptibility was largely limited to HPV in the two 
siblings identified. In mice, the defect was correctable by transfer of 
wild-type bone marrow, suggesting that this is a potential treatment.

IKBKG Deficiency (NEMO)
Hypomorphic mutations in the central kinase of the canonical 
NFκB pathway lead to increased susceptibility to warts (48). 
This PIDD is associated with fine sparse hair, dental defects, 
and a broad susceptibility to infections including opportunistic 
infections. The spectrum of phenotypes is among the broadest 
among PIDDs. Lymphedema, osteopetrosis, susceptibility to 
pneumocystis and other fungi, mycobacterial susceptibility, and 
viral susceptibility call all be associated with IKBKG deficiency. 
Inflammatory bowel disease is also common. Cutaneous viral 
infections are common in this population but are not usually 
the dominant feature. Among the PIDD in this section, this is 
a disorder where the benefit of HSCT is unclear because HSCT 
outcomes have been poor.

GATA2 Deficiency
GATA2 mutations yield a complex set of phenotypes. Patients 
tend to have monocytopenia and low NK and B  cell counts 
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and have susceptibility to HPV, among other infections (49). 
The  laboratory defects are progressive with age and correlate 
with increasing infection burden. Clinical features include 
lymphedema, risk of malignancy, and pulmonary alveolar 
proteinosis. Infections include fungal infections and cutane-
ous viral infections. The cutaneous viral infections can be the 
most prominent feature but there is a wide-ranging phenotypic 
heterogeneity (50, 51). The cutaneous viral infections and genital 
HPV are associated with a high rate of malignant transformation.

STAT1 GOF
Patients with STAT1 GOF mutations can present with dramatic 
autoimmunity, usually including enteropathy and endocrinopa-
thies, or they can have a picture with a pronounced infectious 
susceptibility. Susceptibility to candida is common, but cutane-
ous viral infections can also be problematic (52, 53). The viral 
infections can become more problematic as immune suppression 
is used to control the enteropathy.

Netherton Syndrome
Patients with Netherton syndrome (secondary to SPINK5 
mutations) demonstrate congenital ichthyosis and have higher 
susceptibility to EV-associated HPV strains (53, 54). Although 
Netherton syndrome can have a mild humoral immune deficiency, 
the susceptibility to warts seems to be a result of disrupted local 
response to infection (55). The warts are generally controllable 
with local measures.

MST1 Deficiency
Serine–threonine kinase 4 (STK4), encoded by a gene called 
MST1, affects the FOXO1 transcription factor and thus impacts 
T cell lifespan and has been shown to increase susceptibility to 
HPV infections (56), as well as causing B cell lymphopenia. The 
phenotype also includes susceptibility to EBV and cutaneous viral 
infections.

Warts, Hypogammaglobulinemia, Infections, and 
Myelokathexis (WHIM) Syndrome
Warts, hypogammaglobulinemia, infections, and myelokathexis 
syndrome is caused by an autosomal dominant (AD) GOF 
mutation in CXCR4, which leads to increased susceptibility to 
HPV (57, 58). Varying degrees of pancytopenia can be seen, and 
hypogammaglobulinemia occurs in many (but not all) patients. 
Warts can be the most prominent susceptibility, but neutrope-
nia and hypogammaglobulinemia can drive diverse infectious 
susceptibilities. COPD and cutaneous carcinoma have been 
observed (59). WHIM can be treated with plerixafor or topical 
control measures for the warts.

WILD Syndrome
WILD (warts, depressed cell-mediated immunity, primary 
lymphedema, and anogenital dysplasia) is also correlated with 
severe warts without a known genetic etiology (60). Of note, this 
diagnosis does not lead to EV-defining HPV strain infections. 
A recent study demonstrates a case of a patient whose warts 
improved after quadrivalent HPV vaccination (61).

Clouston Syndrome
An ectodermal dysplasia syndrome with alterations in hair and 
nails (not generally in teeth) which can present with eccrine 
syringofibroadenomatosis that is reminiscent of EV and is associ-
ated with HPV infection (62).

Other Settings
Idiopathic CD4 T cell lymphopenia is associated with increased 
risk of cutaneous warts (63), and SCID patients post-HSCT can 
have an increased risk of warts, especially with specific underly-
ing mutations (64, 65).

Management
Management of cutaneous warts typically progresses from low 
level removal approaches involving topical therapy (freezing, 
electrosurgery, curettage, laser, chemical softening, and cantha-
ridin) to immune stimulants (imiquimod and antigens), bleomy-
cin, and antiviral therapy including cidofovir (66). Genital warts 
are treated with conceptually the same approach. Management of 
genital warts also includes special considerations for pregnancy, 
partners, and screening for malignancy (67–69). Interferon a2 and 
GM-CSF have been used successfully for papillomavirus (70, 71). 
In severe cases, therapy can be very unsatisfying. HSCT can result 
in prompt eradication, though JAK3 mutations and common γ 
chain SCID can have significant warts post-HSCT, which may 
be in part due to poor NK cell function (64). Topical cidofovir 
has recently been shown in a case report to be effective in some 
of these patients (72). In one case, regression was observed after 
papillomavirus vaccination (61).

Herpesviridae
The Herpes family of DNA viruses includes nine viruses patho-
genic for humans; CMV, EBV, HHV6a/b, HHV7, HSV1, HSV2, 
and KSHV, not all of which have skin tropism. Almost any type 
of T cell dysfunction is associated with an increased frequency 
of cutaneous HSV. The PIDD with a high likelihood of chronic 
or disfiguring cutaneous herpes are DOCK8, GATA2, NEMO/
IKBKG, STK4, WAS, STAT1 GOF, and WHIM (CXCR4 muta-
tions) as described above in association with warts. These same 
syndromes can manifest with severe primary varicella and an 
increased frequency and severity of zoster (73). Varicella and 
zoster can also be seen in settings with altered proportions of 
T cell subsets, as in STAT3 LOF deficient patients (AD-hyper IgE 
syndrome) (74) or cytokine signaling defects as seen in IFNGR1 
mutations (75). Thus, susceptibility to herpes viruses occurs in 
a broad range of T cells defects and is often part of a complex of 
susceptibility to many cutaneous viral infections. Herpes viruses 
can be particularly persistent and cause significant morbidity 
and mortality. Carcinoma is a feared consequence of recurrent 
or persistent infection and can be difficult to distinguish from 
persistently infected skin.

Management
Management includes acyclovir, valacyclovir, or famciclovir as 
initial options. IL-2 therapy has been used successfully in WAS 
(76). In WAS, it specifically improves NK cell function (77). Type 
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I and type II interferons have been used successfully in model 
systems (78, 79). Small studies of non-PIDD populations have 
supported its use in patients (80–83). Management should focus 
on prevention of recurrences and healing of cutaneous lesions. 
Malignant transformation relates in complex ways to persistence 
of infection.

Poxviridae
Poxviridae are double stranded DNA viruses. Molluscipoxvirus 
(i.e., molluscum contagiosum virus or MCV), orthopoxvirus (i.e., 
smallpox), parapoxvirus, and yatapoxvirus are the four genera 
that can infect humans. Susceptibility to poxviridae tends to 
be associated with susceptibility to other cutaneous viral infec-
tions. Therefore, many of the disorders described above have an 
increased susceptibility to poxviridae. Molluscum contagiosum 
in the most common pox virus infection in humans and in 
the general population is a self-limited infection with minimal 
residua (84). Severe molluscum contagiosum can be seen in 
DOCK8 deficiency, STK4 deficiency (56), GATA2, NEMO, STAT1 
GOF, and WHIM syndrome. Molluscum can be a significant issue 
for patients with WAS, as described in the Herpesviridae section.  
In addition, Orf virus, found in pasture animals, was found in a 
single patient with STAT1 GOF (85). Similar to herpes virus sus-
ceptibility described above, molluscum can be seen with nearly 
any T cell defect and typically arises in that setting as part of a  
susceptibility to many cutaneous viruses.

Management
Initial management of molluscum in a PIDD patient is control of 
spread through curettage, topical therapy such as salicylate, can-
tharidin, or immune stimulation with imiquimod (86, 87). Other 
topical approaches have also been used successfully. Retreatment 
2–4 weeks later is often required. If addressed early, spread may 
be controlled and the outbreak contained. For diffuse disease or 
disease that spreads despite all attempts at control, type I inter-
feron (interferon a2) has been suggested (88, 89). Intralesional 
immunotherapy with live antigen has been promoted but is 
contraindicated in PIDD patients with T cell defects (90, 91).

Persistent vaccine-Stain Rubella infection
Three studies have identified persistent vaccine-strain rubella 
in patients with moderate T  cell defects (91–93). Most of the 
patients have had ataxia telangiectasia but a wide range of PIDD 
diagnoses have been seen. Generally, the patients have had suf-
ficient T cell function to be leading relatively normal lives and the 
immune deficiency might not even be recognized at the time of 
the MMR vaccine administration. The manifestations have been 
largely cutaneous granulomas although chronic inflammation at 
other sites has been observed (91). Persistence of virus due to 
compromised T  cell control and acquisition of mutations that 
may further impact clearance is the proposed mechanism.

Diagnostic Considerations for Patients 
with Cutaneous viral infections
The above conditions are derived from defects in T cell, NK cell, 
and local tissue immunity. It is therefore nearly impossible to 

systematically screen for gene defects related to cutaneous viral 
infection susceptibility. A reasonable start is to define T  cells 
both quantitatively and functionally. If that is unrevealing and 
the phenotype suggests a PIDD, then whole exome sequencing 
may be appropriate.

GASTROiNTeSTiNAL (Gi) viRAL 
iNFeCTiONS

Chronic diarrhea (>6  weeks) is a frequent finding in PIDD 
patients. Given that the etiologies of chronic diarrhea in immuno-
deficient patients can be diverse, it is important to first distinguish 
if the diarrhea is infectious, malabsorptive, or inflammatory in 
nature as there are multiple types of PIDD that can present with 
autoimmune enteropathy or inflammatory bowel disease (94–96). 
PIDD patients are susceptible to multiple types of GI pathogens, 
and this section will focus on GI viruses. The concerted action of 
both the innate and adaptive immune system is necessary for viral 
clearance (97, 98). Therefore, there are a number of combined 
immunodeficiency phenotypes that result in susceptibility to GI 
viral pathogens, which manifest as prolonged illness as well as 
prolonged asymptomatic viral shedding.

Norovirus
Persistent infection with norovirus resulting in prolonged viral 
shedding and symptomatic disease has been noted in patients 
with SCID and various secondary immunodeficiency states 
(99). In a series of pediatric PIDD patients, it was the most fre-
quently isolated virus at 20.6%, with patients with SCID, major 
histocompatibility complex II deficiency, CD40L deficiency, and 
agammaglobulinemia represented in this series (100). Norovirus 
shedding can be prolonged in the stool of patients who were 
immunosuppressed following infection and norovirus can be part 
of multiple infections in the GI tract (101). In CVID, norovirus 
infection has been linked to development of severe enteropathy 
with prolonged viral carriage over the course of years (102). In 
several patients in this series, clearance of norovirus resulted in 
normalization of the GI enteropathy.

A concern about norovirus is the great difficulty in public 
health containment. A patient with PIDD who is shedding for a 
prolonged period of time is not only themselves at risk but also 
places those around at risk. Norovirus is a common pathogen 
in the general population, and exposures are therefore common. 
Norovirus is spread from the moment of illness to several days 
after clinical recovery. Both vomit and feces can spread virus. The 
virus lives on surfaces for up to 20 days, and alcohol-based clean-
ers are not completely effective. Patients with chronic norovirus 
should use bleach to clean surfaces. Vigorous hand washing with 
soap and water is also effective.

Hepatitis C
In the early 1990s, the United States FDA recommended that 
hepatitis C positive donors be excluded from the plasma donor 
pool resulting in loss of neutralizing hepatitis C viral antibodies 
from IVIG (103). Hepatitis C virus (HCV) infection was subse-
quently reported from several countries, which was due to the 
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TABLe 3 | Causes of increased susceptibility to herpes simplex encephalitis.

TLR3 [autosomal dominant (AD)]
TRIF [autosomal recessive (AR)]
UNC93B1 (AR)
TRAF3 (AD)
TBK1 (AD)
IRF3 (AD)
STAT1 (AR)
IKBKG (XL)
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presence of contaminating HCV virus from the small numbers 
of seronegative HCV positive donors (103–106). The severity 
of hepatitis seen in immunodeficient patients was variable, but 
subsets of patients with primary hypogammaglobulinemia were 
observed to have a more severe course of hepatitis, which in some 
cases was rapidly fatal (103, 105, 106). Younger age and early 
treatment with IFN were associated with better overall outcomes 
(103, 106). Following adoption of PCR screening for HCV and 
viral inactivation processes with solvent–detergent or pasteuriza-
tion there have been no subsequent reports of IVIG-associated 
HCV since 1996 (107). This cautionary tale supports surveillance 
of PIDD patients who have risk factors for HCV: blood product 
exposure, including IV drug use, infants born to HCV positive 
mothers, high-risk sexual behavior, shared personal items with 
potential blood exposure among HCV positive individuals. 
Today, therapy for HCV should improve outcomes compared to 
the cohort in the early 1990s.

Other Gi viruses
Adenovirus, enterovirus, and rotavirus have been isolated 
from single PIDD patients with chronic diarrhea, and the true 
incidence is not known (100). Chronic rotavirus infection has 
been described in patients with SCID and agammaglobulinemia 
(108). In patients with immunodeficiency, rotavirus can be 
poorly contained within the GI tract. On investigation at autopsy, 
active rotavirus replication has been identified in the liver and 
kidney of patients with SCID, complete DiGeorge syndrome, and 
acquired-immunodeficiency syndrome, illustrating poor control 
of viral replication in the setting of profound immunodeficiency 
(109). An important consideration is that SCID has been associ-
ated with susceptibility to the live rotavirus vaccine (110). Indeed, 
vaccine-strain illness is cleared only after immune reconstitution 
(110, 111).

CVID and agammaglobulinemia can rarely have prolonged 
asymptomatic shedding of vaccine-strain polio following immu-
nization with live-attenuated oral polio vaccine, which can pose 
risk to other immunocompromised members of the community 
(112–114). Additionally, central nervous system (CNS) infec-
tion can occur in agammaglobulinemia (see below). These are 
the main reasons that live polio vaccination is no longer used 
in the USA.

Management
Care for chronic GI viral infections in PIDD is primarily sup-
portive: optimizing hydration and nutrition. Orally administered 
immunoglobulin G (IgG) has been demonstrated to be effective 
as a therapy for chronic infectious diarrhea in antibody deficient 
patients (115, 116). Oral IgG survives passage through the stom-
ach and is bioavailable (116). Antiviral therapies are untested; 
however, they could be considered in severe disease.

viRAL iNFeCTiONS OF THe CNS iN PiDD

Viral infections of the CNS confer significant morbidity and mor-
tality in the general population (117–119). Therefore, they are not 
often considered to be indicators of primary immunodeficiency. 
There are two circumstances where an infection of the CNS is 

often associated with a primary immunodeficiency: atypical 
herpes simplex encephalitis and CNS enteroviral disease.

Herpes Simplex encephalitis
Herpes simplex encephalitis in the general population is most 
typically seen in newborns and is typically caused by herpes 
simplex type 2. Infection occurs at the time of delivery and infants 
present in the second week of life with agitation, obtundation, 
or seizures. Adults can develop herpes simplex encephalitis 
(120). Underlying immune compromise can be a risk factor for 
adult-onset herpes simplex encephalitis, and today HIV is the 
most common associated condition in adults. Herpes simplex 
encephalitis outside of the neonatal period may therefore sug-
gest an immunodeficiency. Among PIDD, defects in the toll-like 
receptor pathway are most strongly associated with this infection 
(Table 3) (121). Approximately 5% of children with herpes sim-
plex encephalitis have defects in the toll-like receptor pathway 
(122). Patients with these defects may present in childhood 
or adulthood, and some patients with just keratitis have been 
described (123). Recognition is important because therapy can 
be tailored if the defect is known. Surveillance and prevention of 
relapses is important. Several of these defects are inherited in an 
AD fashion, and therefore recognition of these PIDD is critical 
not only for management of the patient but also surveillance for 
other family members. A population study suggested that there 
may be additional defects inherited in an AR fashion yet to be 
defined (123). A key consideration is that the described toll-like 
receptor pathway defects are due to loss of local control in the 
CNS. Antibody and T cell responses are normal, and indeed, local 
mucosal recurrences are uncommon. As a consequence, testing 
of the hematopoietic cells is not revealing typically.

enteroviral Meningoencephalitis
Viral meningoencephalitis due to a prolonged infection with 
enterovirus is strongly suggestive of a specific class of PIDD. 
Enteroviruses are the most common cause of viral meningitis 
in the general population manifesting as acute onset headache 
with gradual resolution over days to a few weeks. In patients with 
agammaglobulinemia, manifestations are quite different (124). 
These children typically present with regression of developmental 
milestones. Ataxia or clumsiness may be noted by parents or on 
examination. Features early on are subtle, and the slow progres-
sion can lead to efforts at mitigation with physical therapy or 
behavioral strategies. In a patient with a known humoral immune 
deficiency, the index of suspicion should be high and a workup 
should not be delayed if there are clear neurologic signs or symp-
toms. CNS infection in patients with agammaglobulinemia has a 
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very poor prognosis. There can be other phenotypes associated 
with enteroviral disease in patients with agammaglobulinemia; 
however, CNS infection is the most common. Dermatomyositis 
and hepatitis have been described and have progressed in some 
cases to CNS infection. Treatment for enteroviral disease includes 
high dose immunoglobulin and when available, drugs directed at 
enterovirus.

A unique subset of CNS enteroviral infections occurs in 
either SCID or agammaglobulinemia with live-attenuated polio 
vaccine. Wild-type polio, occurring in three serotypes, has been 
nearly eradicated. Even early on, it was recognized that the live-
attenuated vaccine could cause disease (125) and that patients 
with hypogammaglobulinemia could excrete virus for years 
(126, 127). Currently, circulating wild-type polio is seen only in 
Afghanistan and Pakistan although virus can be isolated in sew-
age from other countries supporting ongoing risk for immuno-
deficient individuals (128). Vaccine-associated poliomyelitis can 
be due to infection of an immune deficient individual and spread 
to the CNS or to revertants of vaccine-strain virus (129, 130).  
In the latter case, even normal hosts can have overt paralytic 
disease. Vaccine-associated poliomyelitis can appear as acute flac-
cid paralysis or with a meningoencephalitis in immunodeficient 
individuals. The prognosis has generally been poor (131).

Diagnostic Approaches
Testing for defects related to herpes simplex encephalitis often 
involves genetic sequencing although functional analyses are 
available on a research basis. Table 3 lists the currently recognized 
genetic causes of susceptibility to herpes simplex encephalitis.

The diagnosis of enteroviral meningoencephalitis in PIDD 
patients requires a specific description. In a patient with agam-
maglobulinemia detection of enterovirus is surprisingly difficult. 
PCR analysis of cerebrospinal fluid or stool (less specific) should 
be performed. However, it is not unusual for children with 
agammaglobulinemia and suggestive clinical features to require 
a brain biopsy for diagnosis. The biopsy tissue can be tested for 
enterovirus by PCR. In a patient who presents with CNS entero-
viral disease, identification of an immune deficiency is critical 
because of the prognostic implications. The strong association 
of CNS enteroviral disease with agammaglobulinemia supports 
a strategy that begins with enumeration of peripheral blood 

B cells by flow cytometry. Only if that is negative and there are 
no other secondary immune deficiencies should alternatives such 
as CD40L or CVID be sought. A reasonable secondary screen 
would be to measure immunoglobulin levels and responses to 
vaccines.

Management
Management of herpes simplex encephalitis requires specific 
antiviral approaches as well as attention to seizures, increased 
intracranial pressure, and a comprehensive intensive care 
approach. Acyclovir delivered intravenously is the cornerstone 
of management. One should consider a prolonged course of oral 
therapy after initial management that could include oral acyclovir 
or valacyclovir because the relapse rate is high in these toll-like 
receptor pathway defects. The role of steroids is controversial. 
One small study of immune competent children supported the 
use of beta-interferon (132), and it could be argued that inter-
ferons specifically mitigate the underlying defect in the toll-like 
receptor pathway disorders.

Management of CNS enteroviral disease in agammaglobuline-
mia has recently been reviewed (124). In the USA, antiviral drugs 
are not available, but pocapavir is under study and may become 
available. High dose IVIG has been proposed as therapeutic, but 
survival rates remain dismal and functional outcomes are poor.

SUMMARY

Viral infections are a common cause of morbidity in patients 
with PIDDs. They can be a clue to the diagnosis when persistent 
or unusually severe and can represent a significant management 
challenge.
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Primary immunodeficiency disorders (PIDs) are a group of genetic defects characterized 
by abnormalities of one or more components of the immune system. While there have 
been several advances in diagnosis, management, and research in the field of PIDs, they 
continue to remain underdiagnosed, especially in the less affluent countries. Despite 
several limitations and challenges, India has advanced significantly in the field of PIDs in 
the last few years. In this review, we highlight the progress in the field of PIDs in India over 
the last 25 years, the difficulties faced by clinicians across the country, the current state 
of PIDs in India and the future prospects.

Keywords: primary immunodeficiencies, intravenous immunoglobulin, hematopoietic stem cell transplantation, 
india, newborn screening

iNtrODUctiON

Primary immunodeficiency disorders (PIDs) are a group of genetic defects characterized by abnor-
malities of one or more components of the immune system. More than 300 genetically defined 
single-gene inborn errors of immunity are now recognized as a cause of PID (1). The International 
Union of Immunological Societies Expert Committee on classification of PIDs has recently updated 
the phenotypic classification for PIDs (2). These diseases may affect innate immunity and/or adaptive 
immunity, and they result in a wide range of manifestations including, but not limited to, suscep-
tibility to infections, autoimmunity, inflammation, allergy, and malignancy. Contrary to common 
perception PIDs are not uncommon and may have prevalence rates as high as 1:1,200 in the general 
population (3). The diagnosis of PIDs is often delayed, or even missed altogether, especially in areas 
where infectious diseases are common as is the case in most developing countries.

Abbreviations: ALPS, autoimmune lymphoproliferative syndrome; APSID, Asia Pacific Society for Immunodeficiencies; CAR, 
Centre for Advanced Research; CDC, Centers for Disease Control and Prevention; CGD, chronic granulomatous disease; 
CMC, Christian Medical College; CME, Continued Medical Education; CVID, common variable immunodeficiency; FPID, 
Foundation for Primary Immunodeficiency Diseases; HLH, hemophagocytic lymphohistiocytosis; HSCT, hematopoietic 
stem cell transplantation; ICMR, Indian Council of Medical Research; IPOPI, International Patient Organization for Primary 
Immunodeficiencies; IPSPI, Indian Patients Society for Primary Immunodeficiency; ISPID, Indian Society for Primary Immune 
Deficiency; IUIS, International Union of Immunological Societies; IVIg, intravenous immunoglobulin; JIPMER, Jawaharlal 
Institute of Postgraduate Institute of Medical Education and Research; JMF, Jeffrey Modell Foundation; KGMU, King George’s 
Medical University; LAD, leukocyte adhesion defect; MMC, Madras Medical College; NBS, newborn screening; NIIH, National 
Institute of Immunohaematology; NIMS, Nizam’s Institute of Medical Sciences; PGIMER, Postgraduate Institute of Medical 
Education and Research; PID, Primary Immunodeficiency disorder; PIDPWS, Primary Immunodeficiency Patients Welfare 
Society; SCID, severe combined immunodeficiency; SGPGIMS, Sanjay Gandhi Postgraduate Institute of Medical Sciences; 
SGRH, Sir Ganga Ram Hospital; TREC, T-cell receptor excision circle; VAPP, vaccine-associated paralytic poliomyelitis; VDPV, 
vaccine-derived poliovirus; WAS, Wiskott–Aldrich syndrome; XLA, X-linked agammaglobulinemia.

37

http://www.frontiersin.org/Immunology/
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2017.00714&domain=pdf&date_stamp=2017-06-19
http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/Immunology/editorialboard
http://www.frontiersin.org/Immunology/editorialboard
https://doi.org/10.3389/fimmu.2017.00714
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
https://creativecommons.org/licenses/by/4.0/
mailto:surjitsinghpgi@rediffmail.com
https://doi.org/10.3389/fimmu.2017.00714
http://www.frontiersin.org/Journal/10.3389/fimmu.2017.00714/abstract
http://www.frontiersin.org/Journal/10.3389/fimmu.2017.00714/abstract
http://loop.frontiersin.org/people/435447
http://loop.frontiersin.org/people/447432
http://loop.frontiersin.org/people/432252
http://loop.frontiersin.org/people/420010


2

Jindal et al. Primary Immunodeficiency Disorders in India

Frontiers in Immunology | www.frontiersin.org June 2017 | Volume 8 | Article 714

While there have been several advances in diagnosis, manage-
ment, and research in the field of PIDs, they continue to remain 
underdiagnosed, especially in the less affluent countries. This is 
largely because of lack of awareness about these conditions both 
among the laity and medical professionals.

Although there are no nationwide data on prevalence of PIDs 
in India, based on statistical projections it is estimated that the 
number of patients with PID is likely to be more than one mil-
lion (4, 5). Hitherto, there was also paucity of published literature 
about PIDs from India as very few centers in the country had 
the clinical experience, laboratory facilities, and technical where-
withal for diagnosis and management of these conditions. As a 
result, an overwhelming majority of these patients continued to 
remain undiagnosed and untreated.

However, despite these limitations and challenges, India has 
advanced significantly in the field of PIDs in the last few years. 
The Indian Society for Primary Immune Deficiency (ISPID) was 
founded in 2011 in close liaison with the Foundation for Primary 
Immunodeficiency Diseases (FPID), USA. The Indian Council 
of Medical Research (ICMR) has also been at the forefront of 
activities related to PIDs in India. In this review, we highlight the 
progress in the field of PIDs in India over the last 25 years, the 
difficulties faced by clinicians across the country, the current state 
of PIDs in India and the future prospects.

stAtUs OF PiDs iN iNDiA PriOr tO 2011

The first two cases of PIDs in India were reported in the year 
1964—these were two case reports of boys with Wiskott–Aldrich 
syndrome (WAS) and agammaglobulinemia, respectively (6, 
7). Subsequently, five families with ataxia telangiectasia were 
reported in the year 1973 (8). Since then several cases of PIDs 
have been reported from Postgraduate Institute of Medical 
Education and Research (PGIMER), Chandigarh and many 
other institutions across the country; however, the diagnosis was 
largely clinical and the immunological workup rather limited. 
Prior to 1992 (between 1975 and 1991), 59 cases of PIDs had 
been diagnosed in the country (5). Gupta et al. published their 
experience of the spectrum of PIDs seen at two large pediatric 
centers in the country [Advanced Pediatrics Centre, PGIMER, 
Chandigarh and the National Institute of Immunohaematology 
(NIIH) and B.J. Wadia Children’s Hospital, Mumbai] and high-
lighted the difficulties in identification, evaluation (including 
molecular diagnosis) and management of these patients (5). The 
data were collected from 1992 onward. Between 1992 and 2010, a 
total of 153 and 122 patients had been diagnosed to have PIDs at 
Chandigarh and Mumbai respectively. There were important dif-
ferences in spectrum of PIDs seen at both these centers. Antibody 
deficiency disorders [including X-linked agammaglobulinemia 
(XLA), common variable immunodeficiency (CVID), selective 
IgA deficiency with or without IgG2 subclass deficiency, isolated 
IgG2 subclass deficiency, and transient hypogammaglobuline-
mia of infancy] were the most common PIDs diagnosed in 
Chandigarh; however, the most common PID diagnosed at 
Mumbai was familial hemophagocytic lymphohistiocytosis 
(HLH). Cases of disorders of immune regulation (including 
HLH and autoimmune lymphoproliferative syndrome) were 

predominantly seen at Mumbai while only a few cases had been 
diagnosed at Chandigarh. Similarly, phagocyte defects [including 
neutropenia, leukocyte adhesion defect (LAD), and disorders 
of IFNγ-IL12 pathway] were predominantly being diagnosed 
at Mumbai with only a handful of cases at Chandigarh. On the 
other hand, WAS, hyper-IgE syndrome, ataxia telangiectasia, 
hereditary angioedema, and chronic mucocutaneous candidi-
asis were more common at Chandigarh. There could be several 
reasons for the difference in spectrum of PID seen at these two 
centers. These could be (1) difference in genetic constitution of 
the population in North and West India due to differences in 
racial ethnicities; (2) referral bias (the Mumbai centre is primarily 
a hemato-oncology unit and tends to attract more cases of HLH 
and phagocytic defects; the Chandigarh facility on the other hand 
is a pediatric center and sees the entire spectrum of PIDs); and 
(3) difference in rate of consanguineous marriages (much higher 
in Western and Southern India as compared to North India). The 
diagnosis of PIDs at both centers was being established based on 
clinical manifestations supplemented by few laboratory investiga-
tions including protein expression by flow cytometry and a few 
functional assays. Facilities for molecular analysis were limited 
at that time. However, both centers had been able to get some 
molecular analyses done on individual patients for diagnostic 
purposes through collaborative efforts with overseas laboratories 
specializing in PIDs. Major challenges in the diagnosis and 
management of cases of PID in India prior to 2011 were lack 
of awareness among general population and physicians, lack of 
appropriate diagnostic facilities and cost constraints in manage-
ment of patients diagnosed to have PIDs especially with regard to 
access to immunoglobulin replacement and hematopoietic stem 
cell transplantation (HSCT).

the FPiD1

The FPID was co-founded by Dr. Sudhir Gupta and Dr. Abha 
Gupta in the USA. This foundation has the avowed aim of sup-
porting education, early diagnosis, genetic counseling, therapy, 
and research in PID in both India and the USA. The FPID is 
spearheading efforts at establishing PID centers in India and is 
currently supporting activities at five institutions in the country, 
i.e., at PGIMER, Chandigarh; Sir Ganga Ram Hospital (SGRH), 
New Delhi; Sanjay Gandhi Postgraduate Institute of Medical 
Sciences (SGPGIMS), Lucknow; Nizam’s Institute of Medical 
Sciences (NIMS), Hyderabad; and NIIH, Mumbai (Figure S1 in 
Supplementary Material). It is also supporting treatment of some 
patients with hypogammaglobulinemia in India by provision of 
intravenous immunoglobulin (IVIg) replacement and partial 
support toward HSCT.

indian society for Primary immune 
Deficiency2

The ISPID was registered in March 2011. Very few developing 
countries have a dedicated society for PID—India is one of them. 
ISPID has been working toward increasing awareness regarding 

1 www.fpid.org.
2 www.ispid.org.in.
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PIDs and establishment of diagnostic support and research cent-
ers in the country. ISPID organizes a national and an international 
conference on PID every alternate year and a Continuing Medical 
Education program every year with the support of FPID, USA. 
Till date four such national and international conferences have 
been organized by the ISPID in India. The faculty at these confer-
ences has consisted of world renowned scientists at the cutting 
edge of research in PID.

indian Patients society for Primary 
immunodeficiency (iPsPi)3

Indian Patients Society for Primary Immunodeficiency is a 
national non-profit organization for PIDs, which was established 
in 2004 and registered in 2005. It was the first patient society for 
PIDs in our country. It is based at Bhubaneshwar in Eastern India. 
IPSPI is affiliated with the International Patient Organization 
for Primary Immunodeficiencies. This organization works to 
improve the quality of life of individuals with PIDs in India.

Primary immunodeficiency Patients 
Welfare society (PiDPWs)4

The second patient care society for PID in India was founded 
in April 2012 and registered in September 2012. Like the IPSPI, 
this society has also been established by parents of the children 
suffering from PIDs. PIDPWS is based at Bengaluru in South 
India and has been working for the improvement in quality of 
life of PID patients.

stAtUs OF PiDs iN iNDiA AFter 2011

Since the inception of ISPID in 2011, there has been a significant 
progress in the spread of awareness and setting up of diagnos-
tic facilities for PIDs. The PGIMER, Chandigarh initiated a 
3 years postdoctoral (DM) training course in Pediatric Clinical 
Immunology and Rheumatology in January 2014. This course 
is the first of its kind in India. The basic aim of this program is 
to train pediatric fellows and to provide them enough expertise 
in the field of immunology that can be disseminated across the 
country. Two fellows have already completed their training and 
are now working in Guwahati (East India) and Bengaluru (South 
India), respectively. In addition, six more trainees are currently 
pursuing this course at the institute. The institute has also started 
a 3 years postdoctoral (DM) training course for adult physicians 
in July 2014. Though several other institutes in the country have 
been running similar postdoctoral (DM) courses in Clinical 
Immunology (e.g., SGPGIMS, Lucknow and Jawaharlal Institute 
of Postgraduate Institute of Medical Education and Research, 
Puducherry) and in Rheumatology (e.g., Madras Medical College, 
Chennai; NIMS, Hyderabad; Christian Medical College, Vellore; 
and King George’s Medical University, Lucknow). However, the 
major focus of these institutes has been clinical rheumatology 
rather than PIDs.

3 www.ipspiindia.org.
4 www.pidindia.net.

ceNtre FOr ADvANceD reseArcH 
(cAr) FOr PiDs iN iNDiA

Clearly, PID care in India is still in its infancy, and we have a long 
way to go. There are very few centers in the country with clinical 
expertise and diagnostic facilities for PIDs. As a result, majority of 
patients with PIDs continue to remain undiagnosed. The ICMR 
helped set up the CAR in primary immunodeficiency disorders 
at PGIMER, Chandigarh in January 2015. The second such ICMR 
CAR in PID has recently been set up at the NIIH, Mumbai. The 
major objectives for these CARs are training of physicians/sci-
entists, development and standardization of diagnostic facilities, 
establishment of normograms, and creation of state of the art 
facilities for diagnosis and management of PIDs.

Asia Pacific society for 
immunodeficiencies (APsiD)5

Asia Pacific Society for Immunodeficiencies was established in 
April 2015 by a group of Asian pediatricians and immunologists 
working in the field of PIDs. The aim of this society is to improve 
management of PIDs through increasing awareness and promot-
ing collaboration among member countries. The APSID has been 
organizing Spring Schools for young clinicians who are in train-
ing for immunology and infectious diseases. The first conference 
of the APSID was held in 2016 in Hong Kong from 30th April to 
1st May 2016. The APSID would provide a much needed fillip to 
PID-related activities across countries in the large Asia Pacific 
region which is home to ~60% of the world population.

PUBLicAtiONs ON PiD FrOM iNDiA—A 
MAJOr tHrUst iN LAst 6 YeArs

There has been a significant increase in the number and quality 
of publications on PID from India in the last 6 years. Publications 
prior to 2011 were mostly case reports and clinical reviews; how-
ever, the more recent ones contain a plethora of molecular and 
genetic details. This is a welcome change.

search strategy
The following search terms were used to find out the number of 
PubMed publications in PID in the last 50 years in India: India 
and Primary immune deficiency; Wiskott–Aldrich syndrome 
and India; Severe combined immunodeficiency and India; 
X-linked agammaglobulinemia and India; Chronic granu-
lomatous disease and India; Neutropenia and India; Leucocyte 
adhesion defect and India; Hyper IgE syndrome and India; 
Hyper-IgM syndrome and India; Chédiak–Higashi syndrome 
and India; Hemophagocytic lymphohistiocytosis and India; 
DOCK-8 deficiency and India; Papillon–Lefevre syndrome and 
India; Ataxia telangiectasia and India; Mendelian susceptibility 
to mycobacterial diseases and India; Chronic mucocutaneous 
candidiasis and India; HSCT and Primary Immune deficiency 
and India; Intravenous immunoglobulin and India and Primary 
immunodeficiency.

5 www.paed.hku.hk.
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Based on this search strategy, we were able to access 311 
publications on PID from India (Figure 1).

iMMUNOgLOBULiN rePLAceMeNt 
tHerAPY iN iNDiA

Immunoglobulin replacement therapy is the cornerstone of 
treatment for antibody deficiency diseases, arguably the most 
common clinically significant group of PIDs. Immunoglobulin 
can be administered by both intravenous and subcutaneous 
routes; however, subcutaneous immunoglobulin preparations 
are presently not being marketed in India. Cost of IVIg therapy 
is a major constraint in the management of children with PIDs 
in India, as also in other developing countries. However, with 
recent policy changes initiated by the Federal Government there 
has been a significant price reduction in IVIg formulations in 
India. A 5 g vial of IVIg presently costs around 120–140 USD. 
With the help of philanthropist organizations, FPID and several 
state governments, IVIg therapy is now being offered to many 
patients with hypogammaglobulinemia in India. The state gov-
ernment of Punjab (in North India) has taken a major step in this 
context and is freely providing IVIg to all patients with hypogam-
maglobulinemia. The state government of Karnataka (in South 
India) has also taken a major policy initiative and has agreed, in 
principle, to provide IVIg to patients with PIDs. Because of cost 
constraints, several of our patients with hypogammaglobuline-
mia are unable to get the recommended dose of IVIg. Suri et al. 
recently analyzed the trough levels of IgG in a cohort of 14 boys 

with XLA at a single center in Chandigarh and correlated the 
levels with the monthly replacement dose of IVIg and risk of 
infections (9). This study revealed that the mean dose of IVIg was 
414 mg/kg/month and the mean trough IgG level of the entire 
cohort was 435 mg/dl. It was further observed that a median dose 
of IVIg of 397 mg/kg and a median trough IgG level of 354 mg/
dl was protective for majority of the children. These cutoff levels 
are much lower that what has hitherto been considered the norm 
in patients with hypogammaglobulinemia. However, these find-
ings need to be corroborated by clinical results on long-term 
follow-up.

HeMAtOPOietic steM ceLL 
trANsPLANtAtiON FOr PiDs

Management of children with PIDs requires a multidisci-
plinary approach and HSCT plays a major role in improving 
the outcome of patients with PID. HSCT provides a definitive 
cure for several primary immune deficiencies including severe 
combined immunodeficiency (SCID), WAS, chronic granu-
lomatous disease (CGD), HLH, and many other immunodefi-
ciency disorders (10). There are little published data regarding 
the outcome of HSCT for PID from India (11). The major 
hurdles so far have been the lack of awareness about diagnosis 
and availability of expertise for carrying out this procedure 
in the setting of PID. Even though many centers in India are 
now routinely performing HSCT for a variety of malignant 
diseases in both children and adults, there is only a minority 
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that have the requisite expertise for carrying out transplant 
for PIDs (Figure S1 in Supplementary Material). Kapoor and 
Raj have recently published the data on HSCT in PID from  
India (11). Approximately 100 transplants have so far been 
carried out in 10 centers across the country. The indications 
included SCID, HLH and WAS.

vAcciNes iN PiD

Children with PIDs may not mount an immune response to a 
given vaccine (e.g., response to pneumococcal vaccine in children 
with XLA), and these vaccines may not be indicated (12). On 
the other hand, a live vaccine may be deleterious as once a live 
bacterium or virus from a vaccine strain is administered to these 
patients, it is very difficult to eradicate this organism from the 
body of an immunocompromised child (12). Oral live polio 
vaccine is still being used in India as a part of Polio Eradication 
and Endgame Strategic Plan and majority of children receive the 
first dose at birth. Subsequently, about three to four doses are 
given in the first year of life either as part of routine immuniza-
tion or pulse polio immunization program (which is conducted 
on two designated days per year, and all children below 5 years 
are given a dose of oral polio on these days). Similarly, all babies 
born in India receive BCG vaccination at birth. This contrasts 
with the policy in some of the developed countries where BCG 
is either not administered at all or, if administered, it is deferred 
until results of T-cell receptor excision circle (TREC) assay 
are available. Similarly, OPV has been discontinued in most 
of the developed countries. Thus, babies born in India with a 
significant cell mediated immune defect are at risk of develop-
ing disseminated BCG infection as well as vaccine-associated 
paralytic poliomyelitis (VAPP) (4). Recently, a case was reported 
from India in whom VAPP caused by vaccine-derived poliovirus 
(VDPV) (strain type 2) was the first presenting manifestation of 
CVID (13). The recent update on VDPV from India (January 
2015–May 2016) revealed three cases of VDPV (one each in 
XLA, CVID, and SCID) (14). The Jeffrey Modell Foundation in 
collaboration with Centers for Disease Control and Prevention, 
WHO—Global Polio Laboratory Network and The Task Force for 
Global Health recently conducted a surveillance to determine the 
prevalence of poliovirus excretion in immunodeficient children 
across 13 different countries (15). Twenty-three children with 
XLA from Chandigarh, India, were recruited in this multicenter 
study, and stool samples were cultured for detection of poliovirus 
excretion. While none of the patients from Chandigarh were 
excreting poliovirus, 13 patients from Iran, Tunisia, Turkey, and 
the Russian Federation were found to be doing so. These findings 
have implications for health planners and vaccinologists all over 
the world.

NeWBOrN screeNiNg (NBs) iN PiD

Early diagnosis of PIDs is of paramount importance before these 
children acquire a significant infection (16). HSCT is a curative 
treatment for several PIDs and the best outcome can be achieved 
if the transplant is performed before these children acquire an 
infection (17). SCID is usually not apparent at birth and these 

children can only be detected by NBS before they get any major 
illness. NBS for SCID is usually done using TREC assay, which is a 
measure of thymic output of T cells and is a sensitive assay (18, 19). 
NBS for SCID is now being routinely carried in all states of USA 
and many other developed countries. However, the cost of TREC 
assay is a major constraint for its inclusion in the NBS program in 
India. In the current scenario, where routine NBS is not available 
even for more common disorders such as hypothyroidism, NBS 
for SCID in the near future appears far-fetched. Early screening 
for SCID will also prevent administration of BCG and other live 
vaccines to these patients. The FPID is actively considering pilot 
studies on NBS for SCID in India.

NON-iNFectiOUs cOMPLicAtiONs iN 
PiD

Patients with PID are also predisposed to develop autoimmune, 
inflammatory, and allergic complications. While children with 
CGD have significant inflammatory disorders (20), autoimmune 
complications are characteristic of CVID and WAS. PIDs can also 
be associated with several malignancies. We recently reported a 
case of WAS with Hodgkin lymphoma from Chandigarh (21). A 
case of diffuse large B-cell lymphoma was reported in another 
child with WAS from Vellore in 2014 (22) and a case of multifocal 
extranodal non-Hodgkin lymphoma in a child with combined 
immunodeficiency and Epstein–Barr virus infection (23). We 
have also seen leiomyoma of liver in a boy with ataxia telangiec-
tasia (unpublished data).

stAtUs AND PrOsPects OF PiD iNDiA

The spectrum of PIDs diagnosed at a single center in India 
(PGIMER, Chandigarh) is shown in Figure  2. It is apparent 
that this spectrum is perhaps no different from that in any 
other developed country. In addition, PGIMER and many 
other institutions in India have now developed the facility for 
genetic analysis for common immunodeficiency diseases. At 
Chandigarh, facilities for genetic testing for WAS, CGD, XLA, 
HLH (PRF-1), and X-linked hyper-IgM syndrome are in place. 
Similarly, genetic testing for HLH, LAD, and several other PIDs 
is available at NIIH, Mumbai. In addition, a prenatal screening 
program is being offered to patients with PIDs at PGIMER, 
Chandigarh as also at NIIH, Mumbai and SGRH, New Delhi 
(Figure S1 in Supplementary Material). This has been a major 
advance in the field of PIDs in India. An effort is being made to 
establish a PID registry for the country; however, it has not been 
established till date.

etHNic cONstitUtiON AND 
cONsANgUiNitY iN iNDiA

India has large variation in ethnicity across various geographic 
regions with six different major religions being followed in 
the country (24). There is a huge burden of consanguineous 
and endogamous marriages in India (25, 26). The figure varies 
from 1% in some states to as high as 38% in others. The rate of 
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consanguineous marriages is much higher in southern parts of 
India (e.g., 38% in Tamil Nadu, 29% in Andhra Pradesh, and 28% 
in Karnataka) as compared to northern states (27). Several auto-
somal recessive disorders (as for instance thalassemia) are more 
commonly reported from regions in India that have increased 
rate of consanguineous and endogamous marriages, data on PIDs 
are scare. Our own data from PGIMER, Chandigarh have shown 
that proportion of autosomal recessive CGD is higher than the 
X-linked CGD and this is likely due to the high incidence of 
endogamous and consanguineous marriages in this part of the 
world (28). However, the increased likelihood of finding an HLA-
matched donor in immediate and extended families appears to be 
the “silver lining” amidst the baneful effects of consanguinity and 
endogamy (29, 30).

In conclusion, the outcome of patients with PIDs in India 
appears to be brighter with an increased awareness of these 
disorders among physicians and specialists. Availability of 
diagnostic facilities including candidate gene sequencing and 
prenatal diagnosis for common PIDs in few centers is also a big 
step forward from the last decade. HSCT is also being performed 
at more centers now. Although progress has been made during 
the last few years, we still have a long arduous journey ahead 
to provide PID patients in India the standard of care that they 
rightfully deserve.
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Middle East and North Africa region (MENA)1 populations are of different ethnic origins. 
Consanguineous marriages are common practice with an overall incidence ranging 
between 20 and 50%. Primary immunodeficiency diseases (PIDs) are a group of hetero-
geneous genetic disorders caused by defects in the immune system that predisposes 
patients to recurrent infections, autoimmune diseases, and malignancies. PIDs are 
more common in areas with high rates of consanguineous marriage since most have an 
autosomal recessive mode of inheritance. Studies of PIDs in the region had contributed 
into the discovery and the understanding of several novel immunodeficiency disorders. 
Few MENA countries have established national registries that helped in estimating the 
prevalence and defining common PID phenotypes. Available reports from those regis-
tries suggest a predominance of combined immunodeficiency disorders in comparison 
to antibody deficiencies seen in other populations. Access to a comprehensive clinical 
immunology management services is limited in most MENA countries. Few countries 
had established advanced clinical immunology service, capable to provide extensive 
genetic testing and stem cell transplantation for various immunodeficiency disorders. 
Newborn screening for PIDs is an essential need in this population considering the high 
incidence of illness and can be implemented and incorporated into existing newborn 
screening programs in some MENA countries. Increased awareness, subspecialty  
training in clinical immunology, and establishing collaborating research centers are 
necessary to improve patient care. In this review, we highlight some of the available 
epidemiological data, challenges in establishing diagnosis, and available therapy for PID 
patients in the region.

Keywords: immunodeficiency, Middle east, north Africa, consanguinity, primary immunodeficiency, SCiD, 
hematopoietic stem cell transplantation

1 MENA countries include the following: Saudi Arabia, Kuwait, Bahrain, Qatar, United Arab Emirates, Oman, Yemen, Jordan, 
Iraq, Israel, Palestine, Syria, Lebanon, Iran, Turkey, Egypt, Sudan, Tunisia, Libya, Algeria, Morocco, and Mauritania.
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inTRODUCTiOn

Primary immunodeficiency diseases (PIDs) are a group of inherited  
heterogeneous disorders caused by monogenetic immune defects 
that predispose patients to infections (1). In addition, PID patients 
have non-infectious manifestation related to disturbed immune 
regulation that might cause lymphoproliferative and/or autoim-
mune manifestations (2). In 1952, Bruton described the first case 
of agammaglobulinemia (3). Since then, over 300 forms of PIDs 
have been described and characterized. The International Union 
of Immunological Societies PIDs Classification Committee (4) 
classified PID in to immunodeficiencies affecting cellular and 
humoral immunity, combined immunodeficiencies with associ-
ated or syndromic features, predominantly antibody deficiencies, 
disease of immune dysregulation, congenital defects of phagocyte 
number, function, or both, defects in intrinsic and innate immu-
nity, autoinflammatory disorders, complement deficiencies, or 
phenocopies of PID. PIDs are considered to be rare disorders. 
Worldwide databases have shown geographical and racial vari-
ation in the epidemiology of PIDs. Published data from highly 
consanguineous population’s like the Middle East/Northern 
Africa (MENA) region showed that PIDs are not uncommon. A 
consanguineous marriage is usually defined in clinical genetic 
as a marriage between two couples who are second cousins or 
closer (5). Consanguineous marriages are common practice in 
MENA region with an overall incidence ranging between 20 and 
50% (6) [Bittles A. H. and Black M. L. (2015) Global Patterns & 
Tables of Consanguinity http://consang.net]. This has provided a 
background where autosomal recessive (AR) diseases are abun-
dant. For example, there are 955 genetic diseases that have been 
identified in Arabs from the MENA region, of which 586 (60%) 
are reported to be recessive diseases (7). In addition to high rates 
of consanguinity, the large family size and the rapid population 
growth all are factors responsible for the high prevalence of 
rare genetic diseases in the MENA region (8). Here, we present 
a review of PIDs status in a highly consanguineous population 
from the MENA region with particular emphasis on epidemiol-
ogy, diagnosis, and care.

MenA DeFiniTiOn, POPULATiOn,  
AnD eTHniCiTY

The MENA region covers a surface area of nearly 15 million 
square kilometers from Morocco in the west to Iran in the east. 
The MENA region includes 22 countries and territories and 
accounts for 385 million people representing 6% of the world’s 
population (9). The MENA region has an annual population 
growth rate of 1.8% compared to a 1.2% average global popula-
tion growth rate (United Nations, Department of Economic and 
Social Affairs-Population Division, Population Estimates and 
Projections Section-World Population Prospects, 2015 Revision). 
The pediatric age group (0–14 years) represents 31.1% of the total 
population in the MENA region in comparison to 26.1% globally. 
The MENA population has a mix of Asian, Caucasian, Arab, and 
African racial ancestries. MENA region captures pan-ethnic geo-
graphically defined groups that include Arab, Persian, Turkish, 

Kurdish, Berber, Amazigh, Assyrian, Chaldean, Armenian and 
others.

COnSAnGUiniTY

20% of world populations live in countries with a preference for 
consanguineous marriages (6). Among these, are the MENA 
region countries where consanguineous marriage is a normal 
practice for multiple sociocultural factors (10–15). The global 
consanguinity rate is 1–9% while it is 20–56% in the MENA 
region (4). PID population from the MENA region display a 
higher rate of consanguinity compared to their general popula-
tion. In addition, AR inheritance is predominant. The T-B-NK+ 
SCID represents the most common SCID phenotype in 90, 87, 
and 50% of Saudi Arabia, Kuwait, and Egypt SCID patients, 
respectively. Family history suggestive of PID is common among 
patients in MENA region as captured in several registries at a rate 
of 30, 44, 48, 61, and 80% in Tunisia, Oman, Iran, Saudi Arabia, 
and Egypt, respectively (16–24). Moreover, a significant number 
of these AR PIDs were first described in patients living in the 
MENA region (25).

ePiDeMiOLOGiCAL DATA  
AnD ReGiSTRieS

Ten countries from the MENA region have published epidemio-
logical data in medical literature. These data result from a national 
registry or survey as those from Morocco (21), Tunisia (20), 
Israel (26), Kuwait (17), and Iran (22), or from a major referral 
centers in; Egypt (19), Turkey (23), Saudi Arabia (16), Qatar (24), 
and Oman (18). A total number of 4,918 patients were included. 
The male to female ratio ranged (1.1 to 2). The overall prevalence 
of PID was ranging from 0.81 to 30.5 in 100,000 populations 
(Table  1). In most registries more than 80% of patients were 
diagnosed at pediatric age group. The mean age at symptoms 
onset was within the first 2 years of life, except in Turkey, where 
it was at 4 years of age. That is probably explained by the fact that 
70% of the patients of the Turkish registry are from a subgroup 
of predominantly antibody deficiencies while combined immu-
nodeficiencies are commoner among other registries. Family 
history of PID was documented in seven registries and ranged 
from 17.2 to 61% (Table 1). Eight main PID categories based on 
IUIS classification were captured in various MENA registries as 
shown in Figure 1A. The disease distribution was variable among 
registries from the different MENA countries, where combined 
immunodeficiencies were the predominant category among 
patients registered in Saudi Arabia, Kuwait, Iran, Egypt, Israel, 
Tunisia, and Morocco. Predominantly antibodies deficiency was 
noticeably the commonest PID type among patients registered 
in Turkey. In addition, other PID categories were variably 
distributed in the registries, as, for example, congenital defect 
of phagocyte had a higher percentage of registered patients in 
both Oman and Tunisia while autoinflammatory disorder was 
higher in Turkey and Egypt in comparison to the other countries 
(Figure 1B).
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TAbLe 1 | Patient’s characteristics from MENA region primary immunodeficiency disease registries.

Country (reference) Source of cases 
(no. of sources)

Period (number of 
years)

number 
of 

patients

Prevalence/ 
100,000

Gender 
ratio 
male: 

female

Pediatrics 
age at 

diagnosis 
(%)

Mean age 
in months 
at onset of 
symptoms

Mean age  
in months 

at diagnosis

Family 
history 

(%)

Morocco (21) National 1998–2012 (15) 421 0.81 1.17 94.1 16.8 74.5 19.1
Tunisia (20) National 1988–2012 (25) 710 4.3 1.4 N/A 6 (median) 24 (median) 30
Egypt (19) Center (1) 2010–2014 (5) 476 N/A 1.2 83 13 39 80
Israel (26) National 1994–2000 (6) 294 4.9 2 82 N/A N/A N/A
Turkey (23) Center (2) 2004–2010 (6) 1,435 30.5 1.6 94 49 62 N/A
Iran (22) National 2006–2013 (7) 731 Incidence (9.7/1 

million/year)
1.6 89 12 (median) 42 (median) 17.2

Kuwait (17) National 2004–2006 (2) 76 11.9 1.6 98 15 43 43
Saudi Arabia (16) Center (1) 2010–2013 504 7.2 1.1 93 17 39 61
Qatar (24) Center (1) 1998–2012 (15) 131 4.7 1.3 N/A 24 42 N/A
Oman (18) Center (1) 2005–2015 (10) 140 7 1.6 N/A 23 46 44
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DiAGnOSTiC FACiLiTieS

The extreme clinical, phenotypic, and genetic heterogeneity 
of many patients with PIDs represents significant diagnostic 
challenges to physicians in the MENA region. The capability to 
perform extensive immunologic investigations and mutation 
analysis is variable from one country to the other. In Saudi 
Arabia, an advanced clinical diagnostic immunology service at 
King Faisal Specialist Hospital and Research Centre (KFSHRC) 
had been established in the last 30 years that allowed access to 
diagnose most of the known PIDs. Extensive genetic testing that 
includes Sanger sequencing, Targeted next-generation sequenc-
ing PID gene panel, and whole exome sequencing is offered to 
affected patients (16, 27, 28). Sultan Qaboos University Hospital, 
the Royal Hospital, and Hamad General Hospital are the main 
PID centers in Oman and Qatar, respectively. AlSabah, Mubarak 
Al-Kabeer, and AlRahsid hospitals have PID centers in Kuwait. 
Genetic testing is performed through international diagnostic 
laboratories or through collaborative research facilities. The 
first immunology center in Turkey was established in 1972 at 
Hacettepe University in Ankara. There are now more than 10 
immunology centers in different cities around Turkey with facili-
ties to diagnose common PIDs (29). Departments of Pediatric 
Immunology at Uludag University Medical Faculty and Ege 
University Medical Faculty are the major centers reporting PID 
patients to European Society for Immunodeficiencies database 
from Turkey (23). Targeted next-generation sequencing PID 
genes panel and whole exome sequencing are offered to patients 
in Turkey. In Iran, there is at least one Medical University and 
immunology center at each of the 30 states of the country that 
could manage PIDs. National PID network is active in Iran, 
which allowed referring patients to the Research Center for 
Immunodeficiencies at Tehran University of Medical Sciences 
for further immunological and genetic testing (22). Queen Rania 
Children Hospital is the major pediatric immunology center in 
Jordan. In Lebanon, PID care is provided primarily by Pediatric 
infectious disease service at the American University of Beirut 
Medical center and few other medical centers. Several medical 
centers provide care and have diagnostic facilities to diagnose 
various types of PIDs in Israel with access to Sanger and whole 

exome sequencing (30). The Pasteur Institute of Tunisia is the 
main diagnostic facility in Tunisia with the ability to perform 
genetic testing for common PIDs. Ain Shams University center 
and Cairo University center are the main PID referral centers 
in Egypt; both are capable to diagnose major PID types while 
genetic testing is done at research diagnostic facilities in USA. 
In Algeria, there are five medical centers capable to diagnose 
and manage major types of PIDs. All are located in northern 
part of the country. Genetic testing for agammaglobulinemia, 
LAD, and MHC II deficiency is available and collaborates with 
research centers in France and USA to diagnose atypical PIDs. In 
other MENA countries, access is often limited because of either 
financial or personnel limitations.

PiD CARe AnD MAnAGeMenT

Specialist clinical immunology services and hematopoietic stem 
cell transplantation (HSCT) facilities emerged in a few countries 
driven by the health demands of the population. In Saudi Arabia, an 
HSCT program for PID had been established in 1984 at KFSHRC 
in Riyadh. More than 500 PID cases had been transplanted with an 
average of 35–40 transplants per year (16, 31–33). 70% of HSCTs 
are from HLA matched related donors whereas the remaining 
donor sources were either unrelated umbilical cord blood or 
haploidentical bone marrow. Another two centers recently 
started performing HSCT for PID at National Guard Hospital, 
Riyadh and KFSHRC, Jeddah. There are five centers performing 
HSCT for PID in Turkey, in Ankara (Hacettepe and Ankara 
University.), in Izmir (Ege University), in Antalya and in Istanbul 
(Medical Park Hospital). In Iran, there are two HSCT centers in 
Tahran (Hematology, Oncology and Stem Cell Transplantation 
Research Centre and Children’s Medical Center), and more than 
50 HSCTs for PIDs had been performed over last 10  years. In 
Jordan, Queen Rania Children Hospital is the main transplanting 
center with an average of 8–10/year in addition to King Hussein 
Cancer Center (34). HSCTs are offered at several medical centers 
in Israel. Twenty eight HSCTs had been performed for PIDs in the 
last 8 years at bone marrow transplantation center of Tunis (27 
genoidentical and 1 haploidentical). Sultan Qaboos University 
hospital in Oman performs two to four HSCTs for PID per year. 
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A few HSCTs trials had been performed in Algeria, Egypt, and 
Morocco. Access to immunoglobulin replacement therapy and 
HSCT is very limited or unaffordable for many patients in some 
of the MENA countries.

nOveL PiD DiSCOveRY

In the last three decades, more than 300 novel PIDs were 
discovered, and the list is continuously expanding. The inbred 
population of the MENA region provides a great opportunity 
to identify monogenic PIDs through novel next-generation 
sequencing technology. Studies of PIDs in the region had 
contributed into the discovery and the understanding of large 
numbers of these disorders. For example, more than 12 novel 
PID genes were discovered through studying patients from the 
MENA region in the last 2 years, which include DOCK2 (35), 
HOIP (36), IL-17RC (37), RORC (38), RLTPR (39), POLE2 (40), 
NEIL3 (41), TFRC (42), INO80 (43), LAT (44), MYSM1 (45), 
and CD70 (46).

GeneTiC COUnSeLinG AnD  
DiSeASe PRevenTiOn

In the MENA countries, the majority of patients has an AR mode 
of inheritance and come from families known to have the disease. 
Appropriate genetic counseling for affected families is an essential 
part of the management. In Saudi Arabia, Turkey, Iran, Israel, and 
Kuwait genetic counseling, prenatal and preimplantation genetic 
diagnosis and premarriage screening to identify carriers are 
offered to affected families. Such services are costly and require 
sophisticated diagnostic facilities not available in most of the 
MENA countries.

eDUCATiOn AnD TRAininG

Establishing a structural immunology educational and fellowship 
programs is essential to improve available immunology services in 
MENA region. In Saudi Arabia, allergy and immunology fellow-
ship training program had been established since 1989. Structured 
clinical immunology training had been also established in Iran 
30 years ago. A 3-year fellowship training is available in several 
universities in Turkey. Allergy and immunology fellowship 
program had been recently launched in Kuwait. Immunological 
centers at MENA region are actively involved in providing educa-
tion sessions and training for general practitioners, pediatricians, 
and internists. Dedicated conferences and workshops on PID had 
been organized in various MENA countries aiming to increase 
the health providers’ awareness.

newbORn SCReeninG FOR PiD

Most patients with PIDs are asymptomatic at birth. Early diag-
nosis and initiation of therapy improve the outcome. SCID have 
been recognized as candidates for population-based newborn 
screening using the T-cell receptor recombination excision 

circle assay (TREC) and found to be cost-effective means to 
improve the quality and duration of life for children with SCID. 
The high disease incidence as seen in MENA region is a critical 
driving force that would affect the incremental cost-effectiveness 
ratio. Implementing such a program in the MENA region is  
possible in resource-rich countries. However, the health authori-
ties should recognize the seriousness of the health problem and 
provide all required resources. Israel is the only MENA country 
performing universal SCID NBS. A NBS pilot study is ongoing 
in Saudi Arabia to identify the real incidence of SCID in Saudi 
population.

DiSCUSSiOn

The MENA region has a diverse ethnic background, but consan-
guineous marriages are common practice among this population. 
This practice is derived by cultural and socioeconomic interests 
aiming to strengthen family relations and structure. PIDs are 
more common in areas with high rates of consanguineous 
since most PIDs are inherited in an AR pattern and hence the 
observed increased incidence of combined immunodeficiencies 
among MENA populations in comparison to populations from 
the European countries (47) (Figure 1A). The higher incidence 
of combined immunodeficiency seen in Saudi Arabia in compari-
son to other MENA countries might be related to the availability 
of diagnostic facilities and to the fact that this was a single center 
registry. The lower rate of consanguineous marriage in Turkey 
had contributed to the reduced incidence of such disorders in 
their population. Moreover registries from the MENA region 
(16–21, 23, 24, 26) showed a high prevalence of PIDs when com-
pared to the rest of the world (48–53) (Figure 1B). The variable 
low or high PID reported prevalence might be a reflection of the 
accessibility and the availability for diagnostic facilities in this 
population among MENA countries.

The majority of patients with PID in MENA region have a fam-
ily history suggestive of PID. It would be cost effective to establish 
a family-based preventive program for PID in this region, which 
allows identifying all family carriers, offer genetic counseling, and 
premarriage screening. Affected couples can be offered preim-
plantation or prenatal genetic diagnosis. However, such program 
should respect social and religious beliefs.

A lot of excitements are observed among clinicians taking care 
of PID in MENA region, but they are confronted with lack of 
specialized centers dedicated to the care of PID patients, limited 
access to a diagnostic facilities and the costly burden for the 
therapeutic modalities. Molecular genetic testing is essential 
diagnostic tool for PIDs, it provides a definitive diagnosis, assists 
in genetic counseling, establishes the diagnosis in atypical cases, 
provides genotype–phenotype correlation and guide therapy for 
affected patients. Molecular genetic testing is complex, expensive, 
and unaffordable in most of MENA countries. It will be important 
to establish multicenter collaborations in the region to provide 
and share diagnostic facilities and therapy. This will require stra-
tegic support from heath authorities in the region. Governmental 
support and charity funding are essential to establish clinical 
services and ensure that patients can receive long term therapy 
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such as immunoglobulins replacement therapy or stem cell 
transplantation.

Establishment of a MENA primary immunodeficiency net-
work is essential to promote collaborations and experience shar-
ing. Collaboration with various international research centers  
through implementing advanced molecular genetic testing had 
led into several novel genetic discoveries in the field of PID. 
Multicenter collaborations especially between clinicians and basic 
scientists can contribute in development of efficient PID research 
in the region. Clinicians’ training is important to promote PID 
care in MENA region. This can be enforced through including 
clinical immunology in the undergraduate and postgraduate 
educational curriculum, implementing formal subspecialty train-
ing for pediatric and adult immunologist and through providing 
continuous medical education courses in clinical immunology.

This report highlights the need to improve awareness about 
PID in MENA region, enhances structural training in clinical 
immunology, and establishes national registries and centers of 
excellence in PID care and stem cell transplantation.
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During the last decades, the study of primary immunodeficiencies (PIDs) has contributed 
tremendously to unravel novel pathways involved in a variety of immune responses. 
Many of these PIDs have an autosomal recessive (AR) mode of inheritance. Thus, the 
investigation of the molecular basis of PIDs is particularly relevant in consanguineous 
populations from Middle East and North Africa (MENA). Although significant efforts have 
been made in recent years to develop genetic testing across the MENA region, few 
comprehensive studies reporting molecular basis of PIDs in these settings are available. 
Herein, we review genetic characteristics of PIDs identified in 168 patients from an 
inbred Tunisian population. A spectrum of 25 genes involved was analyzed. We show 
that AR forms compared to X-linked or autosomal dominant forms are clearly the most 
frequent. Furthermore, the study of informative consanguineous families did allow the 
identification of a novel hyper-IgE syndrome linked to phosphoglucomutase 3 mutations. 
We did also report a novel form of autoimmune lymphoproliferative syndrome caused 
by homozygous FAS mutations with normal or residual protein expression as well as a 
novel AR transcription factor 3 deficiency. Finally, we identified several founder effects for 
specific AR mutations. This did facilitate the implementation of preventive approaches 
through genetic counseling in affected consanguineous families. All together, these find-
ings highlight the specific nature of highly consanguineous populations and confirm the 
importance of unraveling the molecular basis of genetic diseases in this context. Besides 
providing a better fundamental knowledge of novel pathways, their study is improving 
diagnosis strategies and appropriate care.

Keywords: primary immunodeficiencies, consanguinity, autosomal recessive, founder effect, genetic counseling

inTRODUCTiOn

The expression of recessive genes inherited from a common ancestor, in consanguineous popula-
tions, underlies higher frequency of otherwise rare genetic diseases (1–3). Indeed, the molecular 
basis of many monogenic disorders has been first characterized in highly inbred populations. 
Furthermore, in a significant proportion of cases, a strong founder effect for specific mutations 
has been reported in these settings; some mutations might be unique to a particular endogamous 
community (4, 5).

Primary immunodeficiencies (PIDs) are a heterogeneous group of genetic disorders of the 
immune system that predispose patients to infections, autoimmune diseases, lymphoproliferation, 

51

http://www.frontiersin.org/Immunology/
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2017.00737&domain=pdf&date_stamp=2017-06-27
http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/Immunology/editorialboard
http://www.frontiersin.org/Immunology/editorialboard
https://doi.org/10.3389/fimmu.2017.00737
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
https://creativecommons.org/licenses/by/4.0/
mailto:ridha.barbouche@pasteur.rns.tn
https://doi.org/10.3389/fimmu.2017.00737
http://www.frontiersin.org/Journal/10.3389/fimmu.2017.00737/abstract
http://www.frontiersin.org/Journal/10.3389/fimmu.2017.00737/abstract
http://www.frontiersin.org/Journal/10.3389/fimmu.2017.00737/abstract
http://loop.frontiersin.org/people/254891
http://loop.frontiersin.org/people/451700
http://loop.frontiersin.org/people/451630
http://loop.frontiersin.org/people/451629


2

Barbouche et al. Genetics of PIDs in a Consanguineous Population

Frontiers in Immunology | www.frontiersin.org June 2017 | Volume 8 | Article 737

and malignancy. The exact prevalence of PIDs worldwide is 
unknown but is expected to be more common in areas with 
high rates of consanguinity (6). The autosomal recessive (AR) 
forms of these disorders represent the most frequent mode 
of inheritance as compared to X-linked (XL) or autosomal 
dominant (AD) forms. Indeed, according to the 2015 IUIS 
classification of PIDs, 206 out of 289 known forms of PIDs are 
AR (7). The occurrence of the disease in the progeny of unaf-
fected consanguineous parents is highly suggestive of an AR 
mode of inheritance. However, molecular studies are required 
to confirm the AR determinism of disease in these PIDs affected 
families.

Although significant efforts have been made in recent years to 
develop genetic testing across the Middle East and North Africa 
(MENA) region, very few comprehensive studies reporting 
molecular basis of PIDs in these settings are available. Herein, 
we review genetic characteristics of PIDs identified in a large 
series of inbred Tunisian (North-African) patients. We outline 
the molecular basis of disease in this population and its poten-
tial contribution to a better care through genetic counseling. 
Furthermore, we discuss the relevance of such studies in the 
discovery of new PIDs genes and novel modes of inheritance for 
known PIDs.

PiDs DiSTRiBUTiOn, PARenTAL 
COnSAnGUiniTY, AnD FAMiLiAL 
HiSTORY

This review analyzes data collected from different genetic stud-
ies performed in a total of 168 PIDs patients belonging to 122 
kindreds. This is at the best of our knowledge, one of the largest 
molecular studies of PIDs patients from highly consanguineous 
MENA populations along with the study from Saudi Arabia 
(8). The most frequently observed PIDs in this series include 
combined T and B  cell immunodeficiencies and congenital 
defects of phagocyte that account for 52 (30.95%) and 37 (22%) 
patients, respectively, contrasting with data from European 
series showing the predominance of antibody deficiencies (9). 
Indeed, only 15.47% of the patients had predominantly antibody 
deficiencies. Similar observations have been reported in others 
series from MENA region (10, 11). This could be due to the less 
severe clinical phenotype and to the lack of adult physicians’ 
awareness particularly with regard to common variable immu-
nodeficiency. Moreover, the high frequency of particular AR 
forms of combined immunodeficiencies among North-African 
PIDs patients could also account for such findings. Indeed, major 
histocompatibility complex (MHC) class II deficiency is the most 
frequently reported PID entity in this series with 27 patients,  
and the majority of patients reported worldwide are of North-
African origin (Algeria, Tunisia, and Morocco) (12). Other cat-
egories of PIDs included defects in intrinsic and innate immunity  
(23 cases), combined immunodeficiencies with associated or 
syndromic features (19 cases), and diseases of immune dysregula-
tion (11 cases). Furthermore, few patients presenting rare PIDs 
with peculiar clinical and/or immunological phenotype did also 
undergo genetic characterization. Altogether, the pattern of PIDs 

distribution in patients with established molecular diagnosis in 
this series is representative of the actual distribution of PIDs 
reported by the few national registries available from MENA 
region (13).

Interestingly, Tunisian and other MENA region countries are 
unique with regard to high prevalence of consanguinity in the 
general population varying between 20 and 50% of all marriages 
(13). Consistently, the patients studied in this series show a high 
rate of parental consanguinity that reaches 61.9% accounting for 
the high frequency of family history (55.35%) including early 
deaths, similar clinical features, and/or previously identified 
PIDs in relatives. Consanguinity rate was particularly high in 
patients with Omenn syndrome (88.8%), phosphoglucomutase 
3 (PGM3) deficiency (85.7%), leukocyte adhesion deficiency 
type 1 (LAD I) (76.4%), and MHC class II deficiency (70.3%) 
(Table  1). This is in accordance with the results obtained for 
one of the largest series of MHC class II North-African patients 
reporting a consanguinity rate of 81.8% (12), as well as for LAD 
I and Omenn syndrome in other patients series originating from 
MENA region (14–16).

MOLeCULAR STUDieS AnD MODe  
OF inHeRiTAnCe

In total, mutational studies of 25 candidate genes identified 
58 different mutations as detailed in Table 1. Among them, 30  
were novel (53.57%) with no records in three major databases 
including HGMD (The Human Gene Mutation Database), LOVD 
(Leiden Open Variation Database), and IDbases (databases for 
immunodeficiency-causing variations). Three mutations have 
been already reported for the first time in other patients from 
Tunisian origin (17–19) and nine mutations were recurrent. 
The identified mutations include 21 missense mutations, 10 
nonsense mutations, 10 splice-site mutations, 12 deletions, 1 
duplication, and 1 insertion. Interesting and rare mutational 
mechanisms included one complex mutation (2 pb insertion and  
5 bp deletion) in IGHM gene (20), and one de novo STAT1 muta-
tion was identified in AD chronic mucocutaneous candidiasis 
disease (21). Mutations generating a premature stop codon were 
frequently observed in severe combined immunodeficiencies 
patients (71%), particularly those with IL2RG gene defect. 
All novel missense mutations were predicted to be possibly 
or probably damaging by Polyphen2 and/or SIFT algorithms. 
Furthermore, a deleterious effect was confirmed by appropriate 
functional testing for several gene mutations including TCF3 
(22), AICDA (23), NCF2 (24), FAS (25), STAT1 (21), IL12B (26), 
and PGM3 (27).

These molecular studies confirm that the AR mode of inherit-
ance is the most common in Tunisian patients accounting for 
73% of all PIDs entities investigated. XL and AD modes were 
identified in only four and three different disorders, respec-
tively. The deeply rooted tradition of parental consanguinity 
in the Tunisian general population, which remained relatively 
constant during the last four decades (28), has resulted in an 
elevated burden of AR PIDs since consanguinity favors the 
expression of recessive alleles (29). This is the case for two 
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TABLe 1 | Mode of inheritance and molecular studies in the 170 Tunisian patients investigated.

PiD Gene Mode of 
inheritance

number 
of kindred

number of 
patients

Confirmed 
parental 

consanguinity

Molecular defects Recurrent 
mutation

novel 
mutation

cDnA Protein

immunodeficiencies affecting cellular and humoral immunity (n = 53)

SCID IL2RG XL 1 2 – c.865C>T R289X – –
1 3 – c.710G>A W237X – +
1 2 – c.222G>A W74X – +

RAG 2 AR 1 1 1 c.1219G>T E407X – –
2 2 2 c.1338C>G C446W – –

IL7RA AR 1 1 1 c.616 C>T R206X – –
PNP AR 1 1 1 c.181 + 1G>A – – +

Omenn syndrome RAG1 AR 7 9 8 631delT T173TfsX28 + –
MHC-II deficiency RFXANK AR 23 27 19 c.338-25_338del26 I5E6-25_I5E6 + 1 + –
HIGE—DOCK8 deficiency DOCK8 AR 1 1 1 Ex1-43 del – – +
HIGM—CD40 ligand deficiency CD40LG XL 1 1 – c.348_351dup Q118Vfs*5 – +

1 1 – c.782_*2del L261Qfs*50 – +
1 1 – c.[356G>A; 299_356del] p.([116G>S, D97_K115del]) – –

HIGM—CD40 deficiency CD40 AR 1 1 1 c.109T>G C37G – +

Combined immunodeficiencies with associated or syndromic features (n = 19)

HIES STAT 3 AD 1 4 – c.1298A>G M329V – +
1 1 – c.1858A>G T620A – –

PGM3 AR 3 12 10 c.1018_1020del E340del + +
1 2 2 c.248T>C L83S – +

Predominantly antibody deficiencies (n = 26)

XLA BTK XL 2 2 – c.1762T>G W588G – +
1 1 1 c.863G>A R288Q – –
2 2 1 c.435C>A C145X – –
1 1 – c.1117C>T L373V – +
1 1 – c.1567 − 1G>A – – +
1 1 1 c.1181C>G S394X – +
1 2 2 c.1631 + 1G>A – – –
1 1 1 c.653delA K218fsX228 – –
1 1 – c.1845_1846insGT L616fsX649 – +

IGHM AR 1 1 1 c.1789insCC1792-1796del CCAGC V378AfsX1 – +
TCF3 AR 1 2 2 c.808C>T Q270X – +

HIGM—AID deficiency AICDA AR 1 1 – c.91T>C Y31H – +
4 5 4 c.389A>C H130P + +
3 5 3 c.156 + 1G>T ([N53Lfs*15, N53Lfs*19]) + –a

Diseases of immune dysregulation (n = 10)

ALPS FAS AD 1 1 – c.266G>A A16T – –
1 1 – c.926G>A E194K – –
1 1 – c.365C>T T122I – –
1 1 – c.1009A>G E256G – –

AR 1 4 3 c.1017A>G N266S – +
1 2 1 c.581C>T R121W – +
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PiD Gene Mode of 
inheritance

number 
of kindred

number of 
patients

Confirmed 
parental 

consanguinity

Molecular defects Recurrent 
mutation

novel 
mutation

cDnA Protein

Congenital defects of phagocyte number, function, or both (n = 37)

CGD NCF2 AR 6 11 9 c.257 + 2T>C A59IfsX2 + –a

1 1 1 c.78A>T N419I – +
NCF1 AR 5 5 2 c.75_76delGT – – –
CYBA AR 1 1 – 295-301delGTGCCCG – – +

1 1 – c.70G>A G24R – –
CYBB XL 1 1 – c.1359G>A W453X – +

LAD I CD18 AR 10 15 11 c.119_128delGGCCCGGCTG G40A fsX7 + –
2 2 2 c.1777C>T R593C – –

Defects in intrinsic and innate immunity (n = 23)

MSMD IL12B AR 7 9 4 c.298_305del – + +
IL12RB1 AR 1 1 – 622C>A C185X – +

1 1 1 64 + 5G → A – – +
2 2 2 64 + 2T>G – – –
1 2 2 1386-1387delGT – – +
1 1 1 550-2A>G – – +
2 2 – 1791 + 2T>G – – –

IFNGR1 AR 2 3 2 c.131delC – + –a

CMC STAT1 
(GOF)

AD 1 1 1 c.876T4G L163R – +

1 1 – c.820C>T R274W – –

aThese mutations have been already reported for the first time in other patients from Tunisian origin.
XL, X-linked inheritance; AR, autosomal recessive inheritance; AD, autosomal dominant inheritance; SCID, severe combined immunodeficiencies; ALPS, autoimmune lymphoproliferative syndrome; AID, activation-induced cytidine 
deaminase; CGD, chronic granulomatous disease; MSMD, Mendelian susceptibility to mycobacterial disease; LAD, leukocyte adhesion deficiency; CMC, chronic mucocutaneous candidiasis; PID, primary immunodeficiency; MHC, 
major histocompatibility complex; LAD I, leukocyte adhesion deficiency type 1; HIGM, hyper-IgM syndrome; HIES, hyper-IgE syndrome.
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TABLe 2 | Identification of novel gene and novel mode of inheritance for known genes in Tunisian consanguineous families.

identification strategy Mutation Protein expression Functional consequences Reference

novel gene

PGM3 Homozygosity mapping/linkage analysis  
and selector-based sequencing

c.1018_1020del (Hypomorphic) Reduced Reduced PGM3 enzymatic activity (27)

c.248T>C (Hypomorphic)

novel mode of inheritance

FAS Sanger sequencing c.1017A>G (Loss of function) Present Resistance to Fas-mediated  
cell death

(25)

c.581C>T (Loss of function)
TCF3 Whole exome sequencing c.808C>T (Loss of function) Absent Hypogammaglobulinemia (22)
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otherwise rare AR PIDs, namely, MHC class II deficiency 
and LAD I, diagnosed in fewer than 200 and 300 patients  
worldwide (12, 30) but accounting for 56 and 30 patients in 
Tunisia, respectively (31, 32). One practical implication related 
to this high frequency is to recommend, at least for the MHC 
class II deficiency, routine investigation of DR expression for 
North-African patients presenting symptoms suggestive of 
combined deficiency. Furthermore, for PIDs with more than one 
known mode of transmission, the AR trait was the most frequent 
or proportionately more represented in our settings than in 
other series and registries from non-consanguineous popula-
tions. Indeed, this mode of transmission accounted for most 
kindreds with chronic granulomatous disease (CGD) (93%), 
hyper-IgM syndrome (HIGM) (75%), and hyper-IgE syndrome 
(HIES) (71.42%). Consistently, among CGD patients, only one 
had a mutation in CYBB gene whereas the remaining patients 
(19/20) bear mutations in AR CGD genes. This is in accordance 
with previous reports showing a higher frequency of AR CGD in 
consanguineous populations (13, 33). In contrast, the XL form 
caused by CYBB gene mutation is the most common CGD form 
accounting for 70% of all patients according to the European 
registry data (34). Similar findings have also been observed in 
Tunisian patients with HIGM. Indeed, we demonstrate that 11 
out of 15 patients are assigned to the AR form of the disease 
due to mutations in AICDA gene (20, 23). In contrast, the XL 
CD40L deficiency defines the most frequent type of HIGM in 
other series as it has been reported in 75% in North American 
and Asian patients (35), 42% in European patients (9), and 94% 
in Latin American patients (36). Thus, AR and XL forms for 
these diseases should be equally suspected in males originating 
from consanguineous regions. For HIES, PGM3 homozygous 
mutations account for 70% of Tunisian patients whereas the AD 
form due to mutations in signal transducer and activator of tran-
scription 3 is the most common form reported worldwide (37).

iDenTiFiCATiOn OF nOveL Gene AnD 
OF nOveL MODe OF inHeRiTAnCe FOR 
KnOwn GeneS

Because a majority of PIDs are inherited as AR traits, the iden-
tification of patients with singular clinical and immunological 

phenotype within informative consanguineous families has 
tremendously contributed to the discovery of novel disease-
causing genes. Accordingly, we did recently identify PGM3 gene 
defect due to homozygous hypomorphic mutations in patients 
from two Tunisian consanguineous families with hyper-IgE like 
syndrome (27). This gene has not been previously associated 
with human disease. The patients’ clinical phenotype included 
classical features of HIES; however, they showed neurologic 
impairment with a developmental delay and psychomotor 
retardation (27). PGM3 enzyme plays an important role in the 
glycosylation pathway by catalyzing a key step in the synthesis 
of UDP-GlcNAc required for the biosynthesis of N-glycans (38). 
Thus, leukocytes from PGM3 deficient patients showed aber-
rant pattern of glycosylation due to altered PGM3 enzymatic 
activity (Table 2). This new congenital disorder of glycosylation 
accounts probably for the patients’ clinical and immunological 
phenotype, although the underlying mechanisms remain to be 
fully understood. Concurrently, additional patients with hetero-
geneous clinical phenotypes carrying distinct PGM3 mutations 
have also been described (39, 40). Given that some congenital 
disorders of glycosylation are treatable with supplements of 
enzyme substrates (41), such an approach in these patients with 
hypomorphic mutations and residual enzymatic activity could be 
proposed to improve their condition while waiting the generally 
difficult access to bone marrow transplantation in our settings. 
Many other gene discoveries have been previously made follow-
ing the study of large consanguineous families from the MENA 
region. Indeed, as already reported by Barbouche and Eley (42), 
during the period 1994–2013, at least 21 novel underlying genes 
were first described in PIDs families living or originating from 
this region.

Families from areas with a high rate of consanguinity are 
important not only for the discovery of novel disease-causing 
genes but also for the identification of novel forms of known PIDs. 
Indeed, in autoimmune lymphoproliferative syndrome (ALPS), 
heterozygous germline mutations in the FAS gene inherited in 
an AD mode and associated with preserved protein expression 
are the most common cause of ALPS (25). These heterozygous 
mutations reported mainly in outbred human populations 
alter protein functioning by dominant-negative effect or by 
haploinsufficiency mechanisms (43–45). Very rare cases of total 
absence of Fas protein expression caused by homozygous FAS 
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mutations have been reported (46). Interestingly, we identified 
in two unrelated consanguineous Tunisian kindreds the first 
example of a human AR ALPS characterized by homozygous FAS 
gene mutations in either intracellular or extracellular domains 
associated with normal or residual Fas expression, respectively. 
Both mutations are associated with resistance to Fas-mediated 
cell-death (25) (Table 2).

In addition, we identified another mode of inheritance for 
the previously reported AD agammaglobulinemia due to het-
erozygous dominant-negative de novo mutation in transcription 
factor 3 (TCF3) gene (47). Indeed, we did recently report a patient  
with a homozygous nonsense mutation in TCF3 gene, who pre-
sented with severe hypogammaglobulinemia, very low number 
of B  cells and developed B-cell acute lymphoblastic leukemia  
(22) (Table 2).

Both novel modes of inheritance herein reported are supported 
by parents’ consanguinity, familial history, and segregation of 
clinical and immunological features with the homozygous status. 
Such findings expand the spectrum of ALPS and TCF3 deficiency 
types and should prompt clinicians to search for such patients 
in highly endogamous populations for appropriate clinical and 
immunological follow-up.

inveSTiGATiOnS OF HOMOZYGOSiTY 
MAPPinG AnD AGe eSTiMATiOn OF 
FOUnDeR MUTATiOnS

Another striking feature pinpointed in the study population 
is the high frequency of founder effects accounting for the 
recurrence of mutations, which were unique for several PIDs. 
The patterns of founder mutation distribution disclosed two 
types: those that are shared with other populations particularly 
from the North-African countries and those that are specific 
to Tunisia. One of the most illustrative PIDs examples for 
a regional founder effect is the AR MHC class II combined 
immunodeficiency that has been considered to be a “North-
African disease.” Indeed, we have identified a founder effect for 
the highly frequent c.338-25_338del26 mutation (also known 
as 752delG-25) in the RFXANK gene resulting in a 26-bp dele-
tion (31) that has been reported in other North-African studies  
(4, 5, 48). The founder event responsible for this mutation has 
been estimated to have arise approximately 2,250 years ago (12), 
a period concurrent to the Berber civilization. This is consist-
ent with previous reports showing that the population of the 
North Africa particularly in Tunisia, Algeria, and Morocco has 
a common substantial genetic background and that founder 
mutations could be shared in some of these countries (49). 
Additional MHC class II mutations have been since reported 
in the Middle East and other world regions (50–52). Another 
recurrent mutation in RAG1 gene (631delT) has been identified 
in nine Tunisian patients with Omenn syndrome; its descrip-
tion was limited to patients originating from North Africa 
as well (53–56) suggesting a possible founder effect for this 
variant. Furthermore, a recent study reported the recurrence 
of the same homozygous mutation (Q289X) in CARD9 gene in 
eight Algerian and four Tunisian patients from seven unrelated 

families with deep dermatophytosis (57). Such finding was due 
to a founder effect with the common ancestor living approxi-
mately 975 years ago (57).

Interestingly, other identified founder effects seem to be 
limited to Tunisian regions (49). Indeed, a founder effect for 
c.298_305del mutation in the IL12B gene has been reported 
in patients originating from the same Tunisian village. This 
mutation resulting in Mendelian susceptibility to mycobacterial 
disease is inherited as a common founder mutation arousing 
1,100  years ago (26). In addition, we have recently reported a 
recurrent homozygous mutation in NCF2 (c.257 + 2T>C) gene 
in 11 Tunisian patients CGD (24). The founder mutational event 
responsible of the recurrence of this mutation seems to be more 
recent since it was estimated to have occurred approximately 
175 years ago (24).

Deleterious founder mutations have been reported in con-
sanguineous populations to be the underlying cause of a large 
spectrum of monogenic AR diseases (28). In Tunisia, more than 
300 genetic disorders were reported. Among them, 42% were 
associated to the presence of potential founder effect including 
PIDs (49, 58). Several clinical implications of the existence of the 
founder effect are the implementation of preventive approaches 
through genetic counseling and prenatal diagnosis in affected 
families. Furthermore, early genetic diagnosis in patients 
originating from the same geographical area will help propose 
HSCT, which is often the unique curative treatment, prior to the 
development of a severe clinical phenotype.

COnCLUSiOn

This review shows evidence that AR forms of PIDs are frequent 
in our settings characterized by a high rate of consanguineous 
marriages. The presence of recurrent mutations and strong 
founder effects are shown to be common characteristics of PIDs 
patients from this population. Furthermore, these findings 
clearly demonstrate that the presence of an extended genetic 
homozygosity has the potential to reveal unusual patterns of 
inheritance. Thus, classical dominant disorders may assume 
a recessive pattern of inheritance in such population. Finally, 
it becomes obvious that PIDs in this region of the world is a 
relatively important health priority. The role of accurate molec-
ular diagnosis and appropriate genetic counseling will help 
moderate the burden of PIDs and its associated costs for the  
community.
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The global burden of fungal diseases has been increasing, as a result of the expanding number 
of susceptible individuals including people living with human immunodeficiency virus (HIV), 
hematopoietic stem cell or organ transplant recipients, patients with malignancies or immu-
nological conditions receiving immunosuppressive treatment, premature neonates, and 
the elderly. Opportunistic fungal pathogens such as Aspergillus, Candida, Cryptococcus, 
Rhizopus, and Pneumocystis jiroveci are distributed worldwide and constitute the major-
ity of invasive fungal infections (IFIs). Dimorphic fungi such as Histoplasma capsulatum, 
Coccidioides spp., Paracoccidioides spp., Blastomyces dermatiditis, Sporothrix schenckii, 
Talaromyces (Penicillium) marneffei, and Emmonsia spp. are geographically restricted to 
their respective habitats and cause endemic mycoses. Disseminated histoplasmosis, coc-
cidioidomycosis, and T. marneffei infection are recognized as acquired immunodeficiency 
syndrome (AIDS)-defining conditions, while the rest also cause high rate of morbidities and 
mortalities in patients with HIV infection and other immunocompromised conditions. In 
the past decade, a growing number of monogenic immunodeficiency disorders causing 
increased susceptibility to fungal infections have been discovered. In particular, defects 
of the IL-12/IFN-γ pathway and T-helper 17-mediated response are associated with 
increased susceptibility to endemic mycoses. In this review, we put together the various 
forms of endemic mycoses on the map and take a journey around the world to examine 
how cellular and molecular defects of the immune system predispose to invasive endemic 
fungal infections, including primary immunodeficiencies, individuals with autoantibodies 
against interferon-γ, and those receiving biologic response modifiers. Though rare, these 
conditions provide importance insights to host defense mechanisms against endemic 
fungi, which can only be appreciated in unique climatic and geographical regions.

Keywords: endemic mycoses, primary immunodeficiencies, human immunodeficiency virus, histoplasmosis, 
coccidioidomycosis, paracoccidioidomycosis, blastomycosis, Taloromyces marneffei

iNTRODUCTiON

Endemic mycoses are infections caused by a diverse group of fungi that occupy specific ecologic 
niche in the environment (1). The major pathogenic fungi in this group, including Blastomyces 
dermatiditis, Coccidioides immitis and C. posadasii, Paracoccidioides brasiliensis and P. lutzii, 
Histoplasma capsulatum, Sporothrix schenckii, Talaromyces marneffei (formerly known as 
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Table 1 | Endemic regions, natural habitats and risk factors of exposure to endemic mycoses.

Phylum Order endemic regions animal hosts Disease in human

Coccidioides immitis, 
C. posadasii

Ascomycota Onygenales Southwestern USA, northern 
Mexico, Central and South 
America

Non-human primates, domesticated 
or wide mammals, dogs, cats, horses, 
llamas, snakes

Coccidioidomycosis

Paracoccidioides 
brasiliensis, P. lutzii

Ascomycota Onygenales South America Domesticated and wild animals (monkeys 
and armadillos), dogs

Paracoccidioidomycosis

Histoplasma 
capsulatum

Ascomycota Onygenales Worldwide; hyperendemic in 
Mississippi and Ohio river valleys 
in USA

Cattle, sheep, horses Histoplasmosis

Blastomyces 
dermatitidis

Ascomycota Onygenales Worldwide (endemic in North 
America, autochthonous in Africa, 
South America, and Asia)

Dogs, cats, horses, marine mammals Blastomycosis

Emmonsia spp. Ascomycota Onygenales South Africa Wild rodents Emmonsiosis

Sporothrix schenckii, 
S. brasiliensis

Ascomycota Ophiostomales Worldwide Cats, occasionally dogs, horses, cows, 
goats, mules, pigs, rats, armadillos, 
camels, dolphins, birds

Sporotrichosis

Talaromyces 
(Penicillium) marneffei

Ascomycota Eurotiales Southwest and southern China; 
Southeast Asia

Bamboo rats, domestic animals such as 
dogs and cats

Penicilliosis
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Penicillium marneffei) and Emmonsia spp., belong to the phylum 
Ascomycota and are evolutionary related (2) (Table 1). They share 
the common characteristic of thermal dimorphism—they grow 
as saprophytic molds in the environment at temperatures rang-
ing from 25 to 30°C, and undergo morphological switch to the 
yeast form, or spherules in Coccidioides, at body temperatures 
of mammalian hosts. The yeast form serves to accommodate 
intracellular growth within host phagocytes (3). Majority of 
these organisms are primary pathogens that are able to cause 
disease in healthy human individuals. However, they may cause 
severe, disseminated infections in immunocompromised hosts, 
such as patients with human immunodeficiency virus (HIV) 
infection, organ transplant, or hematopoietic stem cell trans-
plant (HSCT) recipients, and those with autoimmune disorders 
receiving immunosuppressants (4–7). In particular, T. marneffei 
and Emmonsia spp. more typically cause disease in HIV-infected 
individuals (5–8). The HIV pandemic and the increasing use of 
immunosuppressive medications, such as calcineurin and tumor 
necrosis factor (TNF) inhibitors, have resulted in a rising trend 
of histoplasmosis and coccidioidomycosis in endemic regions 
(9, 10). Exposure to the specific environmental niche, either 
residential, occupational, or travel precedes the development of 
disease.

GeOGRaPHiCal DiSTRibUTiON OF 
eNDeMiC MYCOSeS

Endemic mycoses occur predominantly in specific climate 
zones. Coccidioidomycosis is present in semidesert areas, his-
toplasmosis and paracoccidioidomycosis (PCM) are prevalent 
in tropical regions while T. marneffei is endemic in subtropical 
regions, and blastomycosis belongs to temperate climates (6–8). 
Coccidioioidomycosis (11–13) and histoplasmosis (14–18) are 
widely distributed in the American continent and some tropical 

regions, while PCM is limited to Central and South America 
(19–21). T. marneffei is unique to Southeast Asia (22–24), and 
blastomycosis is found in North America, and Central and East 
Africa (25–27). S. schenckii is distributed around the world, 
mainly reported in those tropical and temperate zones with 
high humidity and mild temperatures (22–27°C) (28). Recently, 
an emerging thermally dimorphic fungus within the genus 
Emmonsia that is most closely related to E. pasteuriana has been 
recognized to be uniquely associated with in HIV infection in 
South Africa (29–31). The geographical distribution of endemic 
mycoses is shown in Figure 1 (1, 12–14, 18–20, 27, 28, 32–39).

The biological niche is specific for each endemic fungus 
and knowledge of their natural habitat provides understanding 
about the risk factors for exposure to these pathogens (Table 2). 
C. immitis and C. posadasii are saprophytic fungi, which exist 
in their mycelial form in dry, alkaline soil in deserts with very 
low precipitation and extreme temperature variations (11–13). 
Coccidioidomycosis is most prevalent in Arizona and California 
in the United States (US) (40, 41). In contrast, H. capsulatum 
thrive in the tropical zones with high relative humidity, and 
its growth is favored by soil contaminated by bird and chicken 
excreta or bat guano, which creates an environment with high 
nitrogen content (14, 15). P. brasiliensis is also found in the tropi-
cal and very humid regions, especially in acidic soil where coffee 
and sugar canes are cultivated (20). PCM is prevalent in South 
America (Brazil, Columbia, Venezuela, Paraguay) and some 
regions of Central America and Mexico (19–21). B. dermatitidis 
exists in wet soils, and the most significant endemic epicenter is 
in Eastern US between the Ohio and Mississippi River valleys 
(25–27). T. marneffei is highly endemic in Thailand, Vietnam, 
Southern China, and other subtropical areas in Southeast Asia 
(22–24). Bamboo rats (Rhizomys spp. and Cannomys spp.) and 
soil from their burrows are important enzootic and environmental 
reservoirs of T. marneffei, respectively (39). S. schenckii is found 
in the soil containing decaying vegetation such as dead wood, 
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mosses, hay, and cornstalks. Sporotrichosis is also widely preva-
lent in warm-blooded animals including cats, dogs, armadillos, 
birds, and parrots, which constitute a source of zoonotic trans-
mission (28). To date, disseminated emmonsiosis associated with 
HIV infection caused by the new Emmonsia spp. has only been 
described in South Africa (29–31).

PaTHOGeNeSiS aND CliNiCal 
MaNiFeSTaTiONS

The acquisition of endemic fungi relates to human activities and 
climatic conditions that increase the risk of exposure to these 
organisms in susceptible individuals. Coccidioidomycosis, PCM, 
histoplasmosis, blastomycosis, and T. marneffei infection are 
acquired by the respiratory route. Occupational or recreational 
activities causing disturbance of the soil environment lead to 
aerosolization of the conidia, which could then be inhaled 
by exposed individuals to cause infection (1, 6–8, 14, 20, 22,  
23, 27). In contrast, inhalation is not the major route by which  
S. schenkii is acquired. Instead, it typically occurs after traumatic 
inoculation or through microscopic breaks in the skin caused by 
pricks with plants, although the mode of transmission was not 
obvious in 60% of patients with sporotrichosis. Infection of the 
skin and subcutaneous tissues develops at the site of penetrat-
ing trauma and may spread to the muscles, fascia, cartilage, and 

bones (42, 43). The clinical features of these endemic mycoses are 
summarized in Table 3.

After entry to the body, inhaled conidia converts to the yeast 
form, which are taken up by tissue-resident macrophages. In 
most individuals, the pathogenic yeasts can be eliminated by 
the macrophages and the infection is usually asymptomatic or 
mild, and self-limiting in most cases. In patients whose immu-
nity is compromised, the yeasts continue to proliferate in the 
macrophages, which if uncontained, systemic dissemination 
may occur via the reticuloendothelial system (12, 23, 44–46). 
HIV infection is the most important risk factor for disseminated 
endemic mycoses (5). Other risk factors include malignancy and 
immunosuppression, as listed in Table 3 (4–7, 9, 10).

eNDeMiC MYCOSeS: iNSiGHTS FROM 
THe Hiv ePiDeMiC

Human immunodeficiency virus infection is the most common 
cause for disseminated or extrapulmonary forms of histoplasmo-
sis, coccidioidomycosis, and T. marneffei infection, particularly in 
patients with profound T-cell lymphopenia (CD4+ lymphocytes 
<200/μL) (12, 47–50). They are considered as acquired immu-
nodeficiency syndrome (AIDS)-defining conditions in the World 
Health Organization (WHO) clinical staging of HIV/AIDS for 
adults and adolescents (51). The association between PCM and 
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Table 2 | Endemic regions, natural habitats, and risk factors of exposure to endemic mycoses.

 Main endemic regions Other areas Natural 
habitat

Human activities/
conditions 
associated with 
increased risk of 
exposure

Occupations associated 
with increased risk of 
exposure

Coccidioidomycosis Arizona and California in 
the US

Other parts of Southwestern US: 
New Mexico, Nevada, Utah and 
Texas
Central America: Mexico, 
Guatemala, Honduras
South America: Venezuela, Brazil, 
Argentina, Paraguay

Alkaline soils 
in dry desert 
climates

Soil excavations
Dust storms, 
earthquakes

Construction site workers, 
farmers, military personnel, 
excavators, archeologists, 
inmates, and officers in 
correctional facilities

Histoplasmosis Histoplasma capsulatum 
var. capsulatum: Ohio and 
Mississippi River Valleys 
in the Upper Midwest and 
Southeastern US
H. capsulatum var. duboisii 
(African histoplasmosis): 
between 20° North and 20° 
South of the equator, and 
Madagascar

Southern Mexico
Central and South America,  
e.g., Brazil, Uruguay,  
Paraguay, Argentina,  
Venezuela
Mainland China: provinces along 
the Yangtze River (Yunnan, 
Sichuan, Hubei, Hunan, Jiangsu, 
Zhejiang)
Southeast Asia, e.g., Thailand 
India, especially West Bengal and 
Uttar Pradesh along the Gangetic 
plains
Europe: Italy (Po River Valley), 
Spain, Germany 

Soil 
contaminated 
by bird and 
chicken 
excreta, or bat 
guano; bat 
caves

Walking on 
contaminated 
grounds, setting up 
tents
Excavation, clearing 
foliage in a bird-
roosting site

Miners, cave explorers, 
guano workers, farmers, 
beekeepers, archeologists

Paracoccidioidomycosis Paracoccidioides brasiliensis: 
Brazil, Columbia, Venezuela, 
Paraguay
P. lutzii: Center-West of Brazil

Central America and Mexico Acid soils in 
area of coffee 
and sugar cane 
plantations

Soil exposure Farmers, outdoor workers
Women are less likely to 
develop clinical disease as 
estrogens inhibit conidial 
transformation to yeast 
cells

Blastomycosis US: Mississippi and Ohio 
River valleys, Midwestern 
states
Canada: provinces that 
border the Great Lakes  
and the Saint Lawrence 
Riverway, including  
Manitoba and northwestern 
Ontario

Middle and East Africa
India

Warm, moist 
soil with 
high organic 
content, 
e.g., animal 
droppings

Occupational, 
residential, or 
recreational exposures 
to wildlife, soil, or 
bodies of freshwater

Occupational, residential, or 
recreational exposures that 
occur in close proximity to 
bodies of freshwater

Talaromyces marneffei 
infection

Thailand, Vietnam, Southern 
China

Laos, Malaysia, Myanmar, 
Cambodia, Hong Kong, Taiwan, 
Northeastern India

Soil, particularly 
burrows of 
bamboo rats

Soil exposure during 
rainy season

Agricultural workers

Sporotrichosis Peru, Brazil, Mexico (Jalisco 
and Puebla mountain ranges)

Worldwide distribution in 
temperate and tropical regions—
US, Asia (China, India, Japan), 
Australia

Soil and 
decaying 
vegetation, 
e.g., dead 
wood, 
sphagnum 
moss, 
cornstalks, hay

Cutaneous trauma 
with wound 
contamination by 
plants or soil; contact 
with reeds after 
flooding, bites from 
mice, armadillos, 
squirrels, cats, and 
dogs

Farming, gardening, flower 
vending, handling hay, animal 
husbandry, armadillo hunting 
(in Uruguay), mining
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AIDS is relatively rare in contrast to the higher incidence of other 
systemic mycosis. HIV coinfection has been detected in about 
5% of patients with PCM (52, 53). Although PCM and sporo-
trichosis are not included as AIDS-defining conditions, they are 
increasingly recognized as an emerging neglected opportunistic 
infections in HIV patients in Latin America (7, 53, 54). Systemic 

sporotrichosis with organ involvement or widespread cutaneous 
lesions may occur in these patients, causing a mortality rate of 
up to 30% (54, 55). Blastomycosis infrequently develops in HIV 
patients, but disease tends to be more severe with increased risk 
of central nervous system (CNS) involvement with high mortality 
(46, 56). The new species of Emmonsia spp. discovered in South 
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Table 3 | Clinical manifestations of endemic mycoses and risk factors for disseminated disease.

asymptomatic 
infections

Sites of initial infection Distant spread/disseminated 
disease

Conditions predisposing to 
disseminated disease

Coccidioidomycosis Asymptomatic 
infections in 
majority of 
immunocompetent 
individuals

Pneumonia, often as mild respiratory 
illness
Rarely primary cutaneous lesions at 
the site of inoculation due to injury

Fungemia, lymphadenopathy, 
skin lesions (in the vicinity of 
infected lymph nodes manifesting 
as abscesses, ulcers, gummata, 
retracting scars), osteoarticular 
involvement, meningitis

HIV infection
PID
Patients on anti-TNF-alpha 
monoclonal antibodies
Chemotherapy, organ transplant and 
HSCT, immunosuppressants
Diabetes mellitus, cardiopulmonary 
disease, pregnancy
Higher risk of dissemination in 
African-American and Filipino

Histoplasmosis Mostly acquired 
during childhood 
as asymptomatic 
infection

Most are self-limiting
Acute pulmonary histoplasmosis: fever, 
cough, dyspnea, enlarged mediastinal, 
or hilar lymph nodes
Chronic pulmonary histoplasmosis: 
cavitating lung lesions
Rarely primary cutaneous lesions by 
injury—chancre, lymphangitis, nodular 
gummata

Fungemia, hepatomegaly, 
splenomegaly, bone marrow 
involvement, pancytopenia, reactive 
hemophagocytosis, oropharyngeal 
ulcers, gastrointestinal bleeding, 
endocarditis, skin lesions 
(molluscum-like papules, nodular/
gummatous lesions), meningeal 
involvement, adrenal (Addison’s 
disease)

HIV infection
PID
Patients on anti-TNF-alpha 
monoclonal antibodies
Chemotherapy, organ transplant, 
and HSCT, immunosuppressants

Paracoccidioidomycosis Asymptomatic 
infections in 
majority of 
immunocompetent 
individuals

Juvenile form: generalized 
lymphadenopathy, 
hepatosplenomegaly, lesions in the 
skin, oral and intestinal mucosa, bone 
involvement
Chronic (“adult”) form: pneumonia, 
mucosal lesions in the oropharyngeal 
or nasal region, palatal ulceration 
extending to the gums and tongue

Involvement of the digestive tract, 
pancreas and adrenal glands; 
hepatomegaly, splenomegaly

HIV infection
PID

Blastomycosis Asymptomatic 
infections in 
majority of 
immunocompetent 
individuals

Pneumonia
Rarely primary skin involvement at 
the site of inoculation due to injury, 
manifesting as lymphangitis, ulcers, 
nodules, verruca

Skin involvement (nodules, 
gummata, abscesses, ulcers)

Uncommon association with 
acquired immunodeficiencies; no 
case of PID identified in individuals 
with blastomycosis

Talaromyces marneffei 
infection

Asymptomatic 
infections in 
majority of 
immunocompetent 
individuals

Localized skin disease due to  
direct inoculation  
Lymphadenitis
Pneumonia

Fungemia, pneumonia, 
hepatomegaly, splenomegaly, 
lymphadenopathy, bone marrow 
involvement, osteoarticular 
involvement, cutaneous lesions, 
neurological manifestations

HIV infection
PID
Individuals with autoantibodies 
against IFN-gamma
Splenectomy, diabetes mellitus, 
autoimmune disease
Chemotherapy, organ transplant and 
HSCT, immunosuppressants
Novel anti-cancer target therapies, 
e.g., anti-CD20 monoclonal 
antibodies, kinase inhibitors

Sporotrichosis Most cases 
are acquired 
through traumatic 
implantations, often 
with spontaneous 
resolution

Skin infections may progress into 
chronic cutaneous, subcutaneous, 
or deeper infections involving the 
lymphatics, fascia, muscles, cartilage 
and bones

Occasional cases of pulmonary or 
disseminated disease: multiple skin 
lesions at non-contiguous sites, 
mucosal (nasal, oral, conjunctival), 
osteoarticular, pulmonary and 
meningeal involvement

HIV infection
PID
Chemotherapy, organ transplant and 
HSCT, immunosuppressants
Diabetes mellitus, alcoholism, 
cirrhosis, malnutrition

HIV, human immunodeficiency virus; HSCT, hematopoietic stem cell transplant; IFN, interferon; TNF, tumor necrosis factor; PID, primary immunodeficiencies.
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Africa was found to cause disseminated infection almost exclu-
sively in patients with AIDS (29–31).

The first case series of histoplasmosis in HIV-infected patients 
was described in 1982 in the US (57). Extrapulmonary or dis-
seminated histoplasmosis became an AIDS-defining disease 
in 1987 (58). The increase in morbidity and mortality from 

histoplasmosis has been largely contributed by the HIV pan-
demic. In the US, the availability of highly active anti-retroviral 
therapy (HAART) and lipid formulations of amphotericin B, the 
increased awareness of the disease, and the development of rapid, 
non-invasive diagnostic methods led to decrease in the incidence 
and mortality associated with histoplasmosis in patients with 
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AIDS (16). On the other hand, extrapulmonary or disseminated 
histoplasmosis is becoming an important health issue in the 
increasing number of patients receiving chemotherapy, solid 
organ or HSCT, immunosuppressive treatment especially TNF-α 
blockade (59), as well as a rare group of patients with primary 
immunodeficiencies (PIDs). In contrast, in endemic areas 
of Latin America histoplasmosis occurs in up to 25% of HIV-
infected patients and represents the first manifestation of AIDS 
in up to 50–75% of patients (60, 61). Due to the lack of diagnostic 
facilities and algorithm, histoplasmosis is undiagnosed in many 
HIV-infected patients and is considered as an “invisible burden” 
of AIDS in less resourced countries (62, 63). These phenomena 
illustrate how demographics of histoplasmosis could be shaped 
by HIV burden and socioeconomic forces in different endemic 
regions.

Shortly after the description of increased susceptibility to 
histoplasmosis in AIDS, Coccidioides infection emerged as 
an important form of mycosis in patients with HIV infection 
(64–66). A prospective study at an Arizona HIV clinic in 1988 
showed a cumulative incidence of active coccidioidomycosis of 
25% during 41 months of follow-up, corresponding to an aver-
age annual incidence of 7.3% (67). In contrast, in a retrospec-
tive review at the same clinic during 2003–2008, only 11.3% of 
HIV-infected patients (n = 257) had coccidioidomycosis, and the 
annual incidence was only 0.9% when compared to the previous 
study (47). Both studies showed that CD4 count was the only 
predictor for developing active coccidioidomycosis; factors such 
as a history of coccidioidomycosis and duration of residence in 
an endemic area or age, sex, race, ethnicity, plasma HIV RNA 
level, or receipt of HAART were not associated with increased 
risk for coccidioidomycosis (11, 47, 67).

While histoplasmosis and coccidioidomycosis are well recog-
nized as human pathogens long before the HIV epidemic, the 
importance of T. marneffei as a human disease was not recognized 
until the outbreak of HIV in Asia (22, 68, 69). In 1973, the first 
naturally occurring human case of T. marneffei infection was 
reported in an American minister with Hodgkin’s disease who 
had been residing in Southeast Asia (70). No more than 50 cases 
were reported in the literature during the early 1980s (68–76). 
From 1988, T. marneffei infection was increasingly observed in 
patients with advanced HIV infection, initially in foreign visitors 
who have been to endemic regions, and later in local residents 
who were native to endemic parts of Thailand and Vietnam  
(22, 23, 77–79). In Northern Thailand, T. marneffei infection is 
the third most common opportunistic infection, accounting for 
15–20% of all AIDS-related illness, after tuberculosis (TB) and 
cryptococcosis. T. marneffei infection is estimated to occur in 
2.3% of new AIDS cases, compared with 0.39% for histoplasmosis 
(80). The trend of T. marneffei infection closely paralleled that of 
HIV, and in areas where reduction of HIV transmission and avail-
ability of HAART have improved, a decrease in the prevalence of 
T. marneffei infection has been observed (23, 81).

Together with Emmonsia spp., which causes disseminated 
infection almost exclusively in advanced HIV infection in South 
Africa (29–31), it is apparent that the epidemiology of coccidi-
oidomycosis, histoplasmosis, and P. marneffei evolves with HIV 
epidemic. The close relationship between disease manifestation 

and severity with CD4+ cell count confirms the central impor-
tance of cell-mediated immunity against endemic fungi.

PiDs iN eNDeMiC MYCOSeS: NeeDleS 
iN a HaYSTaCK?

Primary immunodeficiencies are rare inborn errors of immunity. 
Defects of T-cell development and differentiation, phagocytic 
functions, and pathways involved in the innate recognition 
of pathogens and downstream signaling are associated with 
increased risk of fungal infections, the most common being can-
didiasis and aspergillosis. Endemic mycoses are rarely described 
in patients with PID, and little is known about the spectrum of 
PID associated with increased susceptibility to endemic fungi. 
On the other hand, as individuals who are apparently healthy 
can also develop disease caused by endemic fungi, recognition 
of those who may have an underlying PID could be a challenge.

Talaromyces marneffei infection is mostly seen in advanced HIV 
infection with CD4+ cell count <100/μL, and in fact, up to 80% 
or more of the cases have CD4+ count <50/μL (22, 81, 82). Only 
small proportion of disseminated T. marneffei infection occurs in 
patients with secondary immunodeficiencies (22, 23, 83, 84). It is 
otherwise rare in healthy persons, especially in children. The close 
epidemiological relationship between HIV and T. marneffei, and 
the fact that T. marneffei is an AIDS-defining illness (51) suggests 
that individuals who are HIV negative and without secondary 
immunodeficiencies may have underlying immune defects that 
are unrecognized. A systematic review by Lee et al (85) on more 
than 500 articles published in English and Chinese from 1970 
to 2011 on penicilliosis revealed 32 patients aged 3  months to 
16  years with T. marneffei infection but without known HIV 
infection. Twenty-four patients (75%) had disseminated disease, 
and 55% died of T. marneffei infection. Eight patients had PID 
or blood disorders, while four others had abnormal immune 
functions. Immune evaluations of the remaining patients were 
unstated. This observation highlights the knowledge gap in the 
immunological susceptibility to T. marneffei.

Two systematic reviews on PID in histoplasmosis and coc-
cidioidomycoses were recently published. Lovell et al. (86) sum-
marized all published cases of histoplasmosis in patients with PID 
up to August 2015 and revealed 47 patients with underlying PID, 
defined either molecularly or clinically. Together with the four 
patients described in their report, more than 50 PID patients have 
been documented to have Histoplasma infection. Disseminated 
histoplasmosis occurred in 68% of cases, and two deaths occurred 
because of progressive disease. Another systematic literature search 
on disseminated coccidioidomycosis yielded 370 case reports, and 
8 cases of PID were identified (87). The frequency of PID underly-
ing endemic mycoses is unknown. Given the rarity of PID, the 
proportion of PID accounting for disseminated endemic mycoses 
is likely to be small. However, the cellular and molecular defects 
of these PID can provide important mechanistic insights into host 
defense mechanisms against endemic fungi. More importantly, 
disseminated or extrapulmonary forms of endemic mycoses can 
be utilized as unique indicators for PIDs, which is of particular 
relevance to clinicians working in respective endemic areas (88).
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PiDs UNDeRlYiNG FUNGal iNFeCTiONS

Host immune response toward fungal pathogens is initiated by 
the recognition of invading fungi via pattern recognition recep-
tors (PRRs) expressed on neutrophils, monocytes, macrophages, 
and dendritic cells (DCs). Receptor-mediated signaling induces 
downstream events such as cytokine and chemokine release, 
phagocytosis, and respiratory burst ultimately leading to fungal 
killing (89–93). In addition, the cytokine responses shape the 
induction of Th-1 and Th-17 adaptive immune response. IL-12 
drives IFN-γ production by T-helper 1 (Th1) cells, which is cru-
cial for phagocyte activation. On the other hand, IL-1β, IL-6, and 
IL-23 promotes Th17 differentiation (89–91). The various PRRs 
that recognize fungal pathogen-associated molecular patterns 
and the downstream signaling pathways leading to induction of 
Th1 and Th17 response are shown in Figure 2A.

Defects of the dectin-1/CARD9-MALT1-BCL10 signaling 
pathway are associated with chronic mucocutaneous candidiasis 
(CMC) (94). Patients with CARD9 deficiency have defects in 
Th17 differentiation and impaired neutrophil killing (95), and 
they are susceptible to CMC (96), deep dermatophytoses (97), 
and invasive fungal infection, particularly Candida meningitis. 
Other monogenic disorders causing CMC include autosomal 
recessive (AR) IL-17 receptor A (IL17RA), AR IL-17RC, AR 
ACT1, and autosomal-dominant (AD) IL-17F deficiencies (98). 
These patients display deficiency of IL-17F and IL-17A/F (IL-17F 
mutations) or dysfunctional responses to IL-17A, IL-17A/F, and 
IL-17F (IL17RA, IL-17RC, and ACT1 mutations). In patients with 
autoimmune polyendocrinopathy-candidiasis-ectodermal dys-
trophy, high plasma titers of neutralizing autoantibodies against 
IL-17A, IL-17F, and IL-22 can be detected, as a result of the lack 
of AIRE expression in the thymus causing impaired T-cell toler-
ance (99). However, endemic mycoses have not been reported in 
patients with these genetic defects.

Opportunistic fungal infections are common in patients with 
severe combined immunodeficiencies (SCIDs) and phagocytic 
disorders. Infants with classical SCID often have recurrent or 
persistent mucosal and/or cutaneous candidiasis involving the 
orodigestive tract, genital area, nails, and skin. Pneumocystis 
jiroveci pneumonia (PCP) and invasive fungal infections (IFIs) 
including systemic candidiasis and aspergillosis are often life-
threatening (100, 101). Interestingly, endemic mycoses have not 
been described in SCID babies, at least in the English literature. 
It may be due to the fact that it is uncommon for infants to be 
exposed to the natural habitats containing those endemic fungi, 
but further epidemiological data would be required to address this. 
Numerical and functional defects of phagocytes such as severe 
congenital neutropenia, chronic granulomatous disease (CGD), 
and leukocyte adhesion deficiency (LAD) are major groups of 
PIDs predisposing to systemic candidiasis and invasive aspergil-
losis (102–104). Filamentous fungi other than Aspergillus causing 
pulmonary infections in CGD include Geosmithia argillacea and 
Trichosporon inkin. Osteomyelitis can also be caused by rare 
non-Aspergillus filamentous fungi, including Cladophialophora 
arxii, Inonotus tropicalis, Scedospoium apiospermum, Penicillium 
piceum, and P. variotii. Cerebral abscesses caused by dema-
tiaceous molds such as Exophiala spp., Phaeoacremonium spp., 

and Alternaria spp. have been reported (105–107). Interestingly, 
endemic mycoses have not been reported in CGD and LAD.

In the following sections, we highlight the spectrum of PIDs, 
which are associated with increased susceptibility to dissemi-
nated endemic mycoses. The genetic defects are summarized in 
Figure 2B.

Combined immunodeficiencies: CD40 
ligand, Nuclear Factor Kappa b (NF-κb) 
essential Modulator (NeMO), and DOCK8 
Deficiencies
Mucosal candidiasis is common in combined immunodeficien-
cies e.g. CD40 ligand (CD40L) deficiency, NEMO (IKBG) 
deficiency, IKBA gain-of-function (GOF) mutation and DOCK8 
deficiency, in addition to a broad range of viral, bacterial, and IFI 
(102, 103). CD40L is expressed on activated T-cells and signals 
through NEMO/NF-κB to induce IL-12 production. CD40L 
deficiency, also known as hyper-IgM syndrome, is inherited in an 
X-linked recessive manner. Patients are susceptible to opportun-
istic infections including PCP, cryptosporidiosis, and mycobacte-
rial infections due to impaired interaction between T-cells and 
antigen-presenting cells (APCs). In addition, the failure of B-cell 
immunoglobulin (Ig) isotype switching results in markedly low 
serum IgG and IgA, while IgM is elevated (108, 109). Disseminated 
and cutaneous forms of histoplasmosis have been reported in 
eight patients in patients with X-linked hyper-IgM disorder 
(Table  4). Five cases had disseminated histoplasmosis, while 
two had lymphadenitis and one had cutaneous involvement only 
(86, 110–115). All of them responded well to antifungal therapy, 
and only two patients had recurrent histoplasmosis (86, 111).  
One case of PCM was reported in Brazil (116). It was shown that 
mature DCs from patients with CD40L deficiency exhibited mark-
edly reduced IL-12 and increased IL-10 production in response 
to P. brasiliensis and C. albicans compared with normal controls, 
and T  cells had significantly reduced IFN-γ production when 
cocultured with their DCs, whereas IL-4 and IL-5 production 
was increased. In contrast, T-cell proliferation and generation of 
TGF-β and IL-17 were comparable with normal controls. These 
findings suggested that the absence of CD40L during monocyte/
DC differentiation leads to functional DC abnormalities, which 
may contribute to the susceptibility to fungal infections in patients 
with CD40L deficiency (117). Four cases of T. marneffei infection 
were reported in CD40L deficiency (118–120). One patient who 
had disseminated T. marneffei infection had rapid deterioration 
due to late diagnosis and died, and CD40L deficiency was diag-
nosed after he passed away (120).

One patient with NEMO deficiency was reported to have 
persistent nodal histoplamosis at the age of 52 years. Symptoms 
including worsening dyspnea and intermittent night sweats that 
lasted for 1  year, and imaging studies revealed perihilar mass 
and mediastinal lymphadenopathy. Positive culture of H. capsu-
latum was obtained from paratracheal lymph node biopsy. He 
responded well to posaconazole (86). A patient with DOCK8 
deficiency had miliary pneumonia caused by H. capsulatum. She 
also had numerous infectious caused by viruses (molluscum con-
tagiosum, recurrent herpes zoster, cutaneous human papilloma 
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FiGURe 2 | Continued  
Signaling pathways in innate recognition of fungal pathogens and differentiation of CD4+ T helper cells. (a) Pathogen-associated molecular patterns (PAMPs) 
expressed by fungi are recognized by host pattern recognition receptors (PRRs), including toll-like receptors (TLRs), C-type lectin receptors (CLRs) [e.g., dendritic 
cell (DC)-specific ICAM3-grabbing non-integrin (DC-SIGN), Dectin-1, Dectin-2, MINCLE, and mannose receptor] and complement receptor 3 (CR3). TLRs and CLRs 
activate multiple intracellular signaling pathways upon binding to specific fungal PAMPs, including β-glucans, chitin, O-linked mannan and N-linked mannan, and 
nucleic acids. These signals activate canonical or non-canonical nuclear factor-κB and the NOD-, LRR- and pyrin domain-containing 3 (NLRP3) inflammasome. The 
integration of simultaneously activated PRRs occurs at the level of intracellular adaptors and transcription factors shared between overlapping pathways. The 
resulting cytokine responses shape the activation of adaptive immune response. Induction of IL-12 drives IFN-γ production by T-helper 1 (Th1) cells, which is crucial 
for phagocyte activation. Induction of IL-1β, IL-6, and IL-23 promotes Th17 differentiation. Regulatory T-cells (Treg) act as host-driven homeostatic response to keep 
inflammation under control. (b) Th1 and Th17 differentiation. Polarization of naive T cells into Th1 leads to IFNγ production, and its signaling is mediated through the 
Janus kinase (JAK)–signal transducer and activator of transcription 1 (STAT1) pathway, leading to transcription of IFNγ-inducible genes. IL-6 and IL-21 upregulate 
the expression of the retinoic acid-related orphan receptor RORγt and RORα, leading to expression of the inducible component of the IL-23 receptor (IL-23R) and 
further Th17 development. IL-17A and IL-17F produced by Th17 cells augments neutrophil production in the bone marrow and their recruitment to the site of 
infection. IL-17A, IL-17F, and IL-22 promote production of antimicrobial peptides in epithelial cells. Molecules in which genetic defects have been identified to be 
associated with increased susceptibility to endemic mycoses are marked in bold red.
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virus infection), and dermatitis with Staphylococcus aureus 
superinfection (86, 121).

GaTa2 Deficiency
A syndrome of monocytopenia with susceptibility to non-
tuberculous mycobacterial (NTM) infections, often termed 
“MonoMAC,” is caused by haploinsufficiency of the hematopoietic 
transcription factor GATA2 (122). Majority of the patients have 
monocytopenia, natural killer (NK), and B lymphocytopenia, 
while CD4 lymphocytopenia and neutropenia are also common 
but less marked. Affected individuals are susceptible to a broad 
range of viral (human herpes virus and human papillomavirus), 
disseminated NTM, bacterial, and fungal infections (123, 124). 
In a cohort of 57 patients with GATA2 mutations evaluated at 
the National Institutes of Health in the US (124), severe fungal 
infections were observed in 16%, including invasive aspergillosis 
(9%), disseminated histoplasmosis (5%), and recalcitrant mucosal 
candidiasis (5%). Another patient with GATA2 deficiency and 
disseminated histoplasmosis was reported by Lovell et  al. (86). 
All the patients diagnosed to have GATA deficiency with dissemi-
nated histoplamosis were adults (86, 124). Apart from infections, 
other clinical features of GATA2 deficiency include congenital 
lymphedema, pulmonary alveolar proteinosis, and predisposi-
tion to myelodysplastic syndrome or acute myeloid leukemia, but 
considerable clinical heterogeneity exists.

inborn errors of iFN-γ-Dependent 
immunity
Host defense against intracellular bacterial and fungal patho-
gens depends on effective cell-mediated immunity, which is 
coordinated by APC and T-lymphocytes (89, 90, 125). Following 
phagocytosis, macrophages, monocytes, and DCs secrete 
IL-12p70, a heterodimer of IL-12p40 (IL12B) and IL-12p35 
(IL-12A) that stimulates T and NK  cells through its receptor 
IL-12R, a heterodimer of IL-12Rβ1 and IL-12Rβ2. IL-12Rβ1 
is bound to tyrosine kinase 2 (TYK2), and IL-12Rβ2 is bound 
to Janus kinase-2 (JAK2). IL-12 receptor signaling induces 
phosphorylation, dimerization, and nuclear translocation of 
signal transducer and activator of transcription-4 (STAT4) to 
induce IFN-γ production in T-cells and NK  cells, and drives 
Th1 polarization of CD4+ T-cells. Binding of IFN-γ to its 
heterodimeric receptor consisting of IFN-γR1 and IFN-γR2 

leads to signal transducer and activator of transcription 1 
(STAT1) phosphorylation by Janus kinase 1 (JAK1) and JAK2. 
The phospho-STAT1 (p-STAT1) homodimer translocates to 
the nucleus and modifies gene expression regulated by the 
γ-regulated sequencing, resulting in phagocyte activation 
including production of bactericidal ROS by NADPH oxidase, 
further IL-12 production, and killing of intracellular pathogens 
(126, 127). IL-12 production is augmented by a T-cell depend-
ent pathway through interaction of CD40 on the surface of APC 
with CD40L expressed on activated T-cells (128). The signaling 
pathway is shown in Figure 2B.

IL-23 shares the p40 component with IL-12p70, and IL-12Rβ1 
combines with IL-23 receptor (IL-23R) to form the IL-23R com-
plex (129). IL-23R signaling leads to STAT3/STAT4 heterodimer 
phosphorylation by TYK2 and JAK2, supporting the prolifera-
tion of Th17 cells, which are critical mediators of immunity at 
the mucosal surface (130). Activated Th17  cells produce IL-17 
and IL-22, which induce antimicrobial peptide production in 
epithelial cells, and the recruitment and activation of inflamma-
tory cells, especially neutrophils (131). These effector functions 
are critical in the control of mycobacteria, fungi, and bacterial 
pathogens such as salmonella (131–133).

Genetic defects of the IFN-γ-dependent immunity are col-
lectively known as the Mendelian susceptibility to mycobacterial 
disease (MSMD) (126, 127). These disorders encompass defects 
of IFN-γ production or response to IFN-γ, caused by mutations 
in IL12B, IL12RB1, ISG15, NEMO, IFNGR1, IFNGR2, STAT1, 
NEMO, IRF8, and CYBB. Altogether, they constitute 18 genetic 
etiologies of MSMD based on the mode of inheritance, complete 
or partial defect, expression of the mutant allele, and the func-
tional aberrations. Mycobacterial infection is the sole infectious 
phenotype in some of these disorders (AD IRF8 deficiency, AR 
ISG15 deficiency), while others have increased susceptibility to a 
broader range of pathogens (126, 127). Endemic fungal infections 
have been reported in AR IL12Rβ1, AR IFN-γR1, and AD GOF 
STAT1 defects.

AR IL12Rβ1 Deficiency
Autosomal recessive IL12Rβ1 deficiency is the most common 
form of MSMD, accounting for approximately half of the cases in 
which a genetic cause has been identified (126, 127, 134). Patients 
with IL12Rβ1 deficiency are recognized by their susceptibility to 
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Table 4 | Endemic mycoses in CD40 ligand deficiency.

Genetic 
defect

endemic fungal 
pathogen

Gender/age, 
residence

Clinical manifestations Other infections 
and comorbidities

Treatment and outcome

Tu  
et al. (110)

Not stated Histoplasma spp. M/3 years, US Disseminated histoplasmosis with 
esophageal ulcers and bone marrow 
involvement

Cyclical neutropenia 
and anemia

Not stated

Hostoffer  
et al. (111)

Not stated Histoplasma 
capsulatum

M/19 years, US Disseminated histoplasmosis with 
pulmonary infiltrates, pancytopenia 
and splenomegaly

Tongue and per-rectal 
ulcers

Treated with amphotericin 
B, recurrence due to poor 
compliance to itraconazole 
prophylaxis

Yilmaz  
et al. (112)

Not stated Histoplasma spp. M/5 years, 
Turkey

Facial lesions, cervical 
lymphadenopathy, bilateral pulmonary 
infiltration and bronchiectasis

Recurrent pulmonary 
infections

Treated with ketoconazole

Danielian  
et al. (113)

p.R11X H. capsulatum M/6 months, 
Argentina

Histoplasma lymphadenitis PCP and parvovirus 
B19 infection, 
recurrent pneumonia, 
adenitis, anemia

Not stated

Dahl and 
Eggebeen (114)

Not stated Histoplasma spp. M/14 years, US Disseminated histoplasmosis 
complicated by fungemia and 
macrophage activation syndrome 

Recurrent 
sinopulmonary 
infections and 
neutropenia

Liposomal amphotericin B 
for 14 days followed by oral 
itraconazole; macrophage 
activation syndrome treated 
with steroid and anakinra 
with prompt improvement

Lovell  
et al. (86)

c.289-15T > A Histoplasma spp. M/6 years 
(patient 2)

Disseminated histoplasmosis with 
fever, hepatomegaly; Histoplasma 
identified from bone marrow biopsy

Recurrent otitis 
media, streptococcal 
pharyngitis

Amphotericin B, itraconazole; 
recurrence 2 years later with 
abdominal histoplasmosis

c.289-15T > A Histoplasma spp. M/4 years 
(patient 3)

Lymphadenitis Recurrent otitis 
media, streptococcal 
pharyngitis, bronchitis

Amphotericin B, itraconazole

Pedroza  
et al. (115)

c.233_234 
delinsAA, 
p.S78*

H. capsulatum M/2.5 years, 
Ecuador

Cutaneous histoplasmosis Cryptosporidium 
parvum enteritis, 
oral candidiasis, 
pneumonia caused 
by Pseudomonas 
aeruginosa and 
Candida albicans

Amphotericin B for 4 weeks 
followed by itraconazole 
prophylaxis

Cabral-Marques  
et al. (116)

c.345_402del Paracoccidioides 
brasiliensis

M/11 years, 
Sao Paulo, 
Brazil

Prolonged fever and cough, 
mediastinal lymphadenopathy, bone 
marrow hypoplasia and tuberculoid 
granuloma

PCP, recurrent 
otitis media, and 
sinopulmonary 
infections

Treated with 8 months of 
itraconazole and recovered

Kamchaisatian 
et al. (118)

Complex 
mutation in 
exon 5

Talaromyces 
marneffei

M/14 months, 
Northeastern 
Thailand

Prolonged fever, cough, neck pain 
and bloody sputum; neck imaging 
showed prevertebral soft tissue 
swelling. Throat swab, sputum, blood 
and bone marrow cultures yielded T. 
marneffei

Recurrent pneumonia, 
oral ulcers, cyclical 
neutropenia

Treated with amphotericin 
B for 21 days, followed by 
itraconazole for 10–12 weeks

Not stated T. marneffei M/1 year, 
Northern 
Thailand

Fever, cough, dyspnea, 
lymphadenopathy and pleural 
effusion; lymph node biposy yielded 
T. marneffei

PCP Treated with amphotericin 
B for 21 days, followed by 
itraconazole for 10–12 weeks

Sripa  
et al. (119)

Not stated T. marneffei M/3 years, 
Thailand

Pneumonia, positive T. marneffei 
culture from tracheal aspirate

PCP, cyclical 
neutropenia

Treated with itraconazole 
with good response

Liu  
et al. (120)

g.IVS1-3T > G T. marneffei M/2 years, 
China

Disseminated T. marneffei 
infection with airway granuloma, 
hepatosplenomegaly and fungemia

BCG-itis, pneumonia Died of multi-organ failure

Location of residence is indicated wherever information is available.
PCP, Pneumocystis jiroveci pneumonia.
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mycobacterial infections (M. bovis BCG, NTM, and M. tuber-
culosis) and non-typhoidal salmonellosis of unusual severity or 
frequency, but some patients are also susceptible to Candida, 

Klebsiella, Nocardia, Leishmania, Histoplasma, Coccicioides, and 
Paracoccidioides (134). Peripheral blood mononuclear cells of 
these patients do not respond to IL-12 and IL-23, resulting in 
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Table 5 | Endemic mycoses in IL12RB1 deficiency and INFGR1 deficiency.

Genetic 
defect

endemic fungal 
pathogen

Gender/age, 
residence

Clinical manifestations Other infections 
and comorbidities

Treatment and outcome

il12Rb1 
deficiency

Moraes-
Vasconcelos 
et al. (138)

Homozygous 
p.L77F

Paracoccidioides 
brasiliensis

M/24 years, 
Brazil

20 years: fever, hepatosplenomegaly, 
generalized lymphadenpathy

BCG cervical 
adenopathy at 7 m, 
relapse at 2 years  
6 years; 
disseminated 
non-typhoidal 
salmonellosis which 
lasted for 7 years

Treated with trimethoprim-
sulfamethoxazole for 5 years with 
clinical resolution

de 
Beaucoudrey 
et al. (137)

Homozygous 
p.R521X

Histoplasma spp. F/5 years Disseminated histoplasmosis Tuberculosis Not mentioned

Vinh et al. (139) Homozygous 
p.C186Y

Coccidioides spp. Patient 1: 
F/22 years, 
US

Diffuse lymphadenopathy (cervical, 
supraclavicular, hilar, mediastinal, 
retroperitoneal)

Non-typhoidal 
salmonellosis 
(bacteremia and 
lymphadenopathy)

Fluconazole for 1.5 years without 
recurrence

Patient 2 
(brother of 
Patient 1): 
M/6 years, 
Arizona, US

6 years: coccidioidal pneumonia
14 years: right supraclavicular 
lymphadenopathy and a nasal lesion
16 years: osteomyelitis of the right 
proximal tibia

Nil Received fluconazole for 
2 years, developed osteomyelitis 
2 months after stopping 
fluconazole, treated with 
itraconazole with improvement

Hwangpo et al. 
(140)

IL12-receptor 
defect (by 
functional 
studies)

Histoplasma spp. M/8 years Disseminated histoplasmosis with 
miliary infiltration of the lungs, 
mediastinal lymphadenopathy, 
splenomegaly

Not mentioned Itraconazole

Falcão et al. 
(141)

Homozygous 
p.R283X

Histoplasma 
capsulatum

M/4 years, 
Brazil

4 years: fever, hepatosplenomegaly, 
generalized lymphadenopathy, bone 
marrow involvement  
6 years: CNS histoplasmosis 
complicated by hydrocephalus 

Tuberculous adenitis Antifungal treatment and 
itraconazole prophylaxis

Brother of the 
proband

Disseminated histoplasmosis Tuberculous adenitis, 
disseminated 
salmonellosis

Not mentioned

(Continued )
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impaired IFN-γ production by T and NK cells. The development 
of IL-17-producing T-cells is also impaired, due to defect of the 
IL-23R complex, which is composed of IL-12Rβ1 (135–137). This 
accounts for the susceptibility to develop CMC observed in 23% 
of patients (134–137).

The seven reported cases of coccidioidomycosis, PCM, and 
histoplasmosis in patients with IL12Rβ1 deficiency are summa-
rized in Table 5 (134, 138–141). The age at which disseminated 
mycoses developed varied from childhood to adulthood, some 
with past history of mycobacterial infection and salmonellosis. 
Two cases had recurrence disease, but could be controlled by 
antifungal treatment.

AR IFNγ Receptor Deficiency
IFN-γR1 and IFN-γ2 are the ligand-binding and transducing 
receptor chains of the INF-γ receptor, respectively. Biallelic null 
mutations in the IFNGR1 gene result in AR complete IFNγR1 
deficiency, which is characterized by high plasma concentra-
tion of IFN-γ and a lack of response to IFNγ in vitro (142, 143). 
These patients have early onset, life-threatening disseminated 

mycobacterial infections and the overall prognosis is poor with 
high rate of fatality. Other infections caused by viruses (cyto-
megalovirus, respiratory syncytial virus, varicellar zoster virus, 
human herpes virus 8) and bacteria (Listeria monocytogenes) 
have been described. In AR partial IFN-γR1 deficiency, the 
clinical phenotype is less severe (144). Apart from mycobacterial 
infections, bacterial, viral, and parasitic organisms have been 
reported (126, 127, 142, 144).

Autosomal dominant partial IFN-γR1 deficiency is caused by 
mono-allelic mutations affecting exon 6 and exon 7. A hotspot 
mutation, 818del4, accounts for over 80% of patients with AD 
IFN-γR1 deficiency (126, 127). In contrast with AR IFN-γR1 
deficiency, these is an increase in IFN-γR1 protein expression on 
the cell surface, due to the accumulation of truncated IFN-γR1 
receptors lacking the recycling domain. Despite the presence 
of receptors encoded by the wild-type IFNGR1 allele, the non-
functioning IFN-γR1 protein impedes the normal function of 
IFN-γR1 dimers by negative dominance and impairs the response 
to IFN-γ in vitro (145). The clinical features are less severe than 
those seen in patients in AR complete IFN-γR1 deficiency. Most 
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Genetic 
defect

endemic fungal 
pathogen

Gender/age, 
residence

Clinical manifestations Other infections 
and comorbidities

Treatment and outcome

iFNGR1 defect

Zerbe and 
Holland (146)

Heterozygous 
c.818del4

H. capsulatum M/3 years, 
Tennessee, 
US

3 years: fever, pneumonia, 
hepatosplenomegaly, cervical and 
paratracheal lymphadenopathy
4.5 years: fever, pneumonia, 
generalized lymphadenopathy,  
sinusitis; lymph node biopsy yielded  
H. capsulaum
4.8 years: right paranasal mass and 
osteomyelitis of the facial bones 
requiring debridement

Coexisting MAC 
infection:  
3 years: MAC found 
in gastric aspirate
7 years: cervical 
lymphadenopathy 
and osteomyelitis of 
rib, biopsy yielded 
MAC

Repeated courses of intensive 
antifungal and antimycobacterial 
therapy, subcutaneous IFN-γ 
injection led to clearing of all 
bone lesions. Remained well 
on prophylactic itraconazole, 
azithromycin, and IFN-γ

Vinh et al. (147) Heterozygous 
c.818del4

Coccidioides spp. M/11 years, 
Arizona, US

Lobar pneumonia, mediastinal 
and hilar lymphadenopathy; later 
developed osteomyelitis involving the 
vertebral spine and pelvic bone

Mycobacterium 
chelonae pulmonary 
infection at 
11 months;  
M. kansasii abscess 
involving the 
cervical spine and 
retropharyngeal 
space

Refractory coccidioidomycosis 
with progressive skeletal lesions 
despite prolonged use of 
antifungal therapy (amphotericin 
B and azoles). Surgical 
debridement with implantation 
of amphotericin B-impregnated 
beads. Adjunctive IFN-γ injection 
for M. kansasii infection with 
good response

Lee and Lau 
(manuscript in 
preparation)

Homozygous 
c.182dupT, 
p.V61fs

Talaromyces 
marneffei

F/5 months, 
Chiang Mai, 
Thailand

Generalized papular skin lesions, 
hepatosplenomegaly, osteolytic 
lesions in the skull, fungemia

11 months: 
fulminant salmonella 
septicemia

T. marneffei infection resolved 
with amphotericin B followed 
by oral itraconazole; died of 
salmonellosis and massive lower 
gastrointestinal bleeding

Location of residence is indicated wherever information is available.
IFN, interferon; MAC, Mycobacterium avium complex.
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patients have BCG or NTM infections, and salmonella infection 
was reported in only 5% of cases (126, 127, 142). Disseminated 
histoplasmosis (146) and coccidioidomycosis (147) were 
reported in two patients with IFN-γR1 deficiency and both had a 
refractory or relapsing course (Table 5). Our group diagnosed AR 
IFN-γ receptor 1 deficiency in a Burmese infant suffering from 
disseminated T. marneffei infection, and she eventually died of 
salmonellosis (manuscript in preparation).

IFN-γR2 deficiency is less common than IFN-γR1 deficiency. 
Similarly, AR complete or partial IFN-γR2 deficiency cause 
increased susceptibility to mycobacterial infections (148–150); 
other infections are rare and include salmonellosis in one patient 
and cytomegalovirus disease in three patients (126), but mycosis 
has not been reported. AD form of partial IFN-γR2 deficiency 
was diagnosed in a patient with mild BCG disease, and clinical 
penetrance is very low (151).

AD STAT1 Defect
Signal transducer and activator of transcription 1 (STAT1) is a 
transcription factor involved in cellular responses mediated by 
type I (IFNα/β), type II (IFN-γ), and type III (IFN-λ) IFNs (152). 
AR complete STAT1 deficiency is characterized by the absence 
of STAT1 expression and abolished cellular response to IFN-γ as 
well as IFN-α/β and IFN-λ, resulting in severely impaired antimy-
cobacterial and antiviral immunity (153, 154). Patients with com-
plete STAT1 deficiency caused by null mutations have increased 
susceptibility to mycobacterial, viral, and bacterial infections, 

whereas biallelic hypomorphic mutations in AR partial STAT1 
deficiency are associated with milder clinical severity (153–155). 
AD partial STAT1 deficiency with mono-allelic loss-of-function 
(LOF) STAT1 mutation predispose to mycobacterial infection 
(156); in contrast, AD GOF STAT1 mutation is recognized as the 
most common cause of CMC disease, accounting for half of the 
cases (157–159). Majority of the mutations affect the coiled-coil 
domain or DNA-binding domain of STAT1 (159). They increase 
STAT1 phosphorylation by impairing nuclear dephosphoryla-
tion. They are GOF for the STAT1-dependent cytokines including 
IFN-α, IFN-β, IFN-γ, and IL-27, which repress Th17 develop-
ment, accounting for the low numbers of IL-17-producing T-cells 
in these patients (160).

In addition to CMC, invasive mycoses caused by a variety of 
yeasts (e.g., Cryptococcus), molds (Aspergillus, Fusarium), and 
endemic fungi (Histoplasma, Coccidioides, T. marneffei) have 
been reported in patients with GOF STAT1 mutations, as sum-
marized in Table 6 (161, 162). The two patients who developed 
disseminated coccidioidomycosis during childhood had pro-
gressive disease, which persisted into teenage despite intensive 
treatment; one had spinal cord compression and one died of 
overwhelming coccidioidomycosis at 17 years. Of note, the latter 
patient did not have CMC or other unusual infections, implying 
that coccidioidomycosis could be the sole infection in patients 
with GOF STAT1 defect. Three patients had disseminated his-
toplasmosis and two of them had recurrent disease. All of them 
responded well to antifungal treatment (161).
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Table 6 | Endemic mycoses in AD signal transducer and activator of transcription 1 defect.

Genetic 
defect

endemic 
fungal 
pathogen

Gender/
age, 
residence

Clinical manifestations Other 
infections and 
comorbidities

Treatment and outcome

Sampaio 
et al. (161)

Heterozygous 
p.E353K

Coccidioides 
spp.

Patient 1: 
F/17 years, 
AZ, USA

Coccidioidal pneumonia, mediastinal 
lymphadenopathy, and sternocleidomastoid 
abscess; progressive disease with 
osteomyelitis of the vertebral spine and lesions 
in the skin, liver, and spleen at 20 years

Extensive 
persistent tinea 
capitis and kerion 
caused by  
T. tonsurans

Progressive disease despite 
prolonged antifungal therapy 
including amphotericin B, azoles 
and caspofungin. Developed spinal 
cord compression at 20 years due to 
intramedullary lesion

Heterozygous 
p.A267V

Coccidioides 
immitis

Patient 2: 
F/9 years, 
AZ, USA

Coccidioidal pneumonia and intrathoracic 
lymphadenopathy, osteomyelitis of the 
vertebral spine; progressive disease with CNS 
involvement, lymphadenopathy, retinal mass, 
and multifocal osteomyelitis

Nil Progressive disease despite 
prolonged antifungal therapy 
including amphotericin B, azoles, and 
caspofungin, suboptimal response 
to adjunctive IFN-γ therapy. Died of 
overwhelming coccidioidomycosis at 
17 years

Heterozygous 
p.T385M

Histoplasma 
capsulatum

Patient 3: 
M/21 years

Disseminated histoplasmosis at 12 years CMC, M. 
fortuitum cervical 
lymphadenopathy, 
recurrent 
pneumonia and 
herpes zoster, 
bronchiecatasis
Recurrent 
fractures, 
progressive 
bilateral upper limb 
muscle atrophy

Histoplasmosis treated with 
itraconazole with good response

Heterozygous 
p.R274G

H. 
capsulatum

Patient 4: 
M/31 years

17 years: disseminated histoplasmosis 
presenting with fever, weight loss, 
lymphadenopathy with liver, and bone marrow 
involvement
30 years: CNS histoplasmosis

CMC, warts, 
recurrent 
Salmonella 
septicemia
Type 1 DM at 
24 years
31 years: PML 
caused by JC virus

Histoplasmosis treated with 
amphotericin B for 6 months 
followed by fluconazole with multiple 
relapses that responded to intensified 
treatment

Heterozygous 
p.F172L

H. 
capsulatum

Patient 5: 
F/25 years

7 years: disseminated histoplasmosis 
presenting with fever, hepatosplenomegaly, 
lymphadenopathy, and dyspnea; recurrence 
at 8 years

CMC
Subclinical 
hypothyroidism at 
14 years, ovarian 
failure at 24 years

Histoplasmosis treated with 
itraconazole with good response

Lee et al. 
(162)

Heterozygous 
p.A267V

Talaromyces 
marneffei

Patient 1: 
M/14 years, 
Hong Kong

Disseminated T. marneffei infection at 15 years 
with generalized lymphadenopathy, positive 
culture of T. marneffei from lymph node biopsy

CMC Amphotericin B, itraconazole 
prophylaxis

Heterozygous 
p.L358F

T. marneffei Patient 2: 
F/8 years, 
Hong Kong

Cavitating pneumonia with cystic cavities; 
mediastinal and hilar lymphadenopathy, 
positive culture of T. marneffei from BAL

CMC
Recurrent 
sinopulmonary 
infections Influenza 
A (H1N1)

Liposomal amphotericin, itraconazole 
prophylaxis

Heterozygous 
p.T288I

T. marneffei Patient 3: 
F/16 years, 
Hong Kong

Cervical lymphadenopathy, positive culture of 
T. marneffei and M. tuberculosis from lymph 
node biopsy; concomitant axillary, mesenteric, 
and retroperitoneal lymphadenopathy

CMC
Recurrent 
sinopulmonary 
infections and 
herpes zoster
EBV-associated 
HLH
Disseminated 
aspergillosis

T. marneffei infection responded well 
to itraconazole
Disseminated aspergillosis and EBV-
associated HLH at 16 years, died of 
massive gastrointestinal hemorrhage

(Continued )
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Genetic 
defect

endemic 
fungal 
pathogen

Gender/
age, 
residence

Clinical manifestations Other 
infections and 
comorbidities

Treatment and outcome

Lee and 
Lau, 
unpublished

Heterozygous 
p.M390I

T. marneffei M/40 years, 
Hong Kong

10 years: cervical lymphadenopathy 
complicated by ulcerations; perforation of the 
hard palate, mediastinal lymphadenopathy 
causing SVC obstruction and sternal erosion, 
tissue culture yielded T. marneffei
17 years: osteomyelitis of the thumb, forearm, 
and tibia

CMC Relapsing and remitting disease 
course on prolonged treatment of 
amphotericin B and fluconazole 
till 20 years; infection cleared with 
residual scarring of the skin and 
dilated veins on the chest

Location of residence is indicated wherever information is available.
BAL, bronchoalveolar lavage; CMC, chronic mucocutaneous candidiasis; CNS, central nervous system; DM, diabetes mellitus; EBV, Epstein–Barr virus; IFN, interferon; PML, 
progressive multifocal leukoencephalopathy; SVC, superior vena cava.
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In Hong Kong, five pediatric patients were diagnosed to have 
T. marneffei infection from 1983 to 2009 in a single center (74, 
85, 162, 163). One patient was lost to follow-up after complete 
recovery from T. marneffei infection (163), while the remaining 
four patients underwent thorough immunological investigations 
and genetic studies, and all were found to have GOF STAT1 defect 
(162). They all had CMC, and two had recurrent sinopulmonary 
infections, herpes virus infections (cytomegalovirus, Epstein–
Barr virus and varicella zoster), TB, and disseminated aspergil-
losis (85, 162). The patient with chronic relapsing T. marneffei 
infection first reported by Yuen et al. in 1986 was subsequently 
investigated when his son was referred for CMC, and both were 
confirmed to have AD GOF STAT1 defect in 2015.

An increased incidence of herpes virus infections as well as 
TB and NTM infections (e.g., M. bovis BCG) has been observed 
in patients with GOF STAT1 defect, and it was thought that the 
enhancement of signaling downstream to IFN-α/IFN-β and 
IFN-γ caused by GOF STAT1 mutations could lead to exhaus-
tion of virus-specific T-cells and refractory response to IFN-γ. 
Other clinical manifestations of GOF STAT1 mutations include 
autoimmunity (e.g., type 1 diabetes mellitus, thyroid disease, 
autoimmune cytopenia, and hepatitis), vascular aneurysms, 
and malignancies, particularly squamous cell carcinoma of the 
esophagus (159, 160, 164).

inborn errors of immunity associated with 
impaired Th-17-Mediated immunity
Autosomal-dominant hyper-IgE syndrome caused by LOF STAT3 
mutation, also known as Job’s syndrome, is characterized by recur-
rent staphylococcal cold abscesses, pneumonia, and eczema. In 
addition, patients often display joint hyperextensibility, skeletal 
abnormalities and pathological fractures, delayed dental decidu-
ation, coronary artery aneurysms, brain lesions, and Chiari’s mal-
formation (165, 166). Pneumonia is typically caused by S. aureus, 
Haemophilus influenzae, or Streptococcus pneumoniae, and is 
often complicated by pneumoatocele formation. Approximately 
20% of patients with AD hyper-IgE syndrome develop invasive 
infection caused by Aspergillus, which has angioinvasive prop-
erties with tendency to cause hematogenous dissemination  
(167–170). STAT3 promotes the expression of the gene encoding 
the retinoic acid receptor-related orphan receptor-γt (RORγt), 

and important transcription factor that drives differentiation 
of naïve CD4+ T-cells to Th17 cells. Dominant negative STAT3 
mutation leads to impaired RORγt induction in response to IL-1β, 
IL-6, and IL-23, causing severe deficiency of IL-17-producing 
effector cells (171, 172).

Three cases of coccidioidomycosis, 10 cases of histoplasmosis 
and two cases of T. marneffei infection were reported in patients 
with hyper-IgE syndrome, as summarized in Table  7 (85, 87, 
173–183). The three cases of hyper-IgE syndrome with coc-
cidioidomycosis all had CNS involvement (87, 173, 174), while 
those with IL-12Rβ1 deficiency (139), IFN-γR1 deficiency (147), 
and GOF STAT1 defect (161) mainly had lymphadenopathy 
and osteomyelitis, so it appears that there is a predilection for 
Coccidioides to disseminate to the CNS in hyper-IgE syndrome. 
In contrast, disseminated histoplasmosis occurred in IL-12Rβ1 
deficiency (141), IFN-γR1 deficiency (146), and GOF STAT1 
defect (161), but 7 out of 10 cases of histoplasmosis in hyper-
IgE syndrome involved the aerodigestive tract only (175–182). 
Two cases of T. marneffei infection were reported in hyper-IgE 
syndrome (85, 183).

To summarize, the susceptibility to endemic mycoses in 
CD40L deficiency, IL12Rβ1 deficiency, and IFN-γR1 deficiency 
highlights the critical role of the IL-12/IFN-γ crosstalk in mac-
rophage activation and killing of these endemic fungi, while the 
deficiency of Th17 cells in patients with GOF STAT1 defect and 
AD hyper-IgE syndrome puts them at risk for both CMC and 
IFIs, and they frequently have CMC due to impaired mucosal 
immunity against C. albicans. Defective oxidative burst alone, 
as in CGD, is not sufficient to cause increased risk to endemic 
mycoses, suggestive that other mechanisms of phagosomal killing 
may compensate for the lack of NADPH oxidase activity to con-
trol these endemic fungi, distinguishing them from many other 
invasive fungi to which CGD patients are susceptible.

PROTeCTive iMMUNiTY aGaiNST 
eNDeMiC MYCOSeS CONFeRReD bY 
CYTOKiNeS: iNSiGHTS FROM biOlOGiCS 
aND aNTi-iFN-γ aUTOaNTibODieS

The development of biologic response modifiers (BRMs), such 
as monoclonal antibodies and receptor antagonists that target 
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Table 7 | Endemic mycoses in AD hyper-IgE syndrome (Job syndrome).

Genetic 
defect

endemic 
fungal 
pathogen

Gender/age, 
residence

Clinical manifestations Other infections and 
comorbidities

Treatment and outcome

Stanga 
and Dajud 
(173)

Not stated Coccidioides 
immitis

F/4 years Coccidioidal meningitis with cerebral 
infarct at multiple sites, gross left 
hemiplegia

Recurrent sinus and skin 
infections, eczema

Treated with amphotericin B and 
fluconazole, minimal residual 
deficits

Powers 
et al. (174)

Heterozygous 
p.T412S

C. immitis F/17 years, 
UT, USA

Coccidioidal meningitis and cerebral 
abscess, altered mental status 
requiring temporary intubation

Staphylococcus aureus skin 
and soft tissue infections, 
recurrent sinopulmonary 
infections

Improved with liposomal 
amphotericin, followed by 
fluconazole prophylaxis

Odio et al. 
(87)

Heterozygous 
p.V713M

C. immitis F/4 years, AZ, 
USA

Coccidioidal meningitis and 
pulmonary infection presenting with 
fever, headache, and seizure

Recurrent pneumonia and 
otitis, skin infections, eczema, 
thrush

Complicated by cerebral vascular 
accident and hydrocephalus, 
treated with liposomal 
amphotericin and fluconazole
Residual left hemiparesis

Alberti-
Flor et al. 
(175)

Not stated Histoplasma 
capsulatum

M/16 years Histoplasmosis with ileocecal 
involvement

Not stated Resection of terminal ileum 
and right colon, treated with 
ketoconazole with good response

Cappell 
et al. (176)

Not stated H. 
capsulatum

F/27 years Disseminated histoplasmosis with 
cecum, colon, and bone marrow 
involvement

Not stated Treated with amphotericin B and 
ketoconazole

Desai 
et al. (177)

Not stated H. 
capsulatum

M/33 years Histoplasmosis with pulmonary and 
tongue involvement

Eczema, recurrent 
sinopulmonary infections, 
thrush and onychomycosis, 
Staphylococcal septic arthritis, 
Cryptococcus meningitis at 
37 years

Histoplasmosis treated with 
amphotericin B and ketoconazole; 
lobectomy for bronchiectasis 

Steiner 
et al. (178)

Not stated H. 
capsulatum

F/14 years Histoplasmosis with ileocecal 
involvement

Staphylococcal pneumonitis 
complicated by cystic changes 
and bronchopleural fistula

Treated with 12 months of 
itraconzole with good response

Robinson 
et al. (179)

Heterozygous 
p.K591M

H. 
capsulatum

M/33 months Disseminated histoplasmosis with 
pneumonia and hepatosplenomegaly

Pneumonia, otitis, thrush, 
eczema, folliculitis, 
gastroenteritis, multiple 
fractures, pneumatocele, 
multiple allergy, developmental 
delay

Not stated

Rana et al. 
(180)

Not stated H. 
capsulatum

F/4 years, 
India

Histoplasmosis with rectal 
involvement

Recurrent subcutaneous 
abscess, giardiasis, 
Entamoeba infection, 
molluscum contagiosum, milk 
allergy

Good response to treatment

Jiao et al. 
(181)

Not stated H. 
capsulatum

M/21 years Terminal ileal perforation, 
histopathology showed H. 
capsulatum within histiocytes

Not stated Partial small bowel resection
Liposomal amphotericin, 
itraconazole

Odio et al. 
(182)

Heterozygous 
p.V432M

H. 
capsulatum

M/10 years, 
US

Disseminated histoplasmosis 
with pulmonary, liver, and spleen 
involvement

Not stated Treated with liposomal 
amphotericin, itraconzaole, and 
posaconazole

Heterozygous 
p.F621V

H. 
capsulatum

F/15 years, 
US

Histoplasmosis with gastrointestinal 
involvement, complicated by 
duodenal stricture

Not stated Treated with liposomal 
amphotericin and itraconazole

Heterozygous 
p.W479C

H. 
capsulatum

F/22 years, 
US

Histoplasmosis with laryngeal 
involvement requiring reconstructive 
largyngoplasty

Not stated Treated with ketoconazole

Ma et al. 
(183)

Not stated Talaromyces 
marneffei

M/30 years, 
Hong Kong

Lung abscess, massive hemoptysis Stenotrophomonas maltophilia 
lung abscess, recurrent 
pneumonia, skin infections

Treated with amphotericin B, died 
of respiratory failure due to rapid 
disease progression

Lee et al. 
(85)

Heterozygous 
p.D374G

T. marneffei F/12 months, 
Guangzhou, 
China

Disseminated T. marneffei 
infection with pancytopenia and 
hepatosplenomegaly, positive culture 
of T. marneffei from bone marrow

Pulmonary aspergillosis, 
Staphylococcus septicemia, 
pneumatocele, and 
pneumothorax

T. marneffei infection treated with 
itraconazole with good response

Location of residence and mutation of STAT3 gene are provided wherever information is available.
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pro-inflammatory cytokines and their receptors has led to major 
advances in the treatment of autoimmune and malignant 
disorders. However, they have the potential to suppress host 
immune response and increase the risk of infections. The use 
of biologics is associated with a small but important risk of IFI. 
Histoplasmosis is the most common IFI associated with TNF-α 
inhibitors (10, 59, 184, 185). In a survey of infectious disease 
specialists, histoplasmosis was second only to S. aureus as the 
cause of serious infection complicating anti-TNF and other 
BRM (184). In most cases, patients reside in areas where the 
fungus is endemic and have received other immunosuppressants 
concurrently. Up to 2% of patients receiving BRMs will develop 
coccidioidomycosis if they reside in an endemic region (186). 
The American Academy of Pediatrics (AAP) Committee on 
Infectious Diseases recommends that patients on BRM should be 
enquired about epidemiologic risk factors and possible exposures 
to histoplasmosis and coccidioidomycosis, which have symptoms 
and signs that significantly overlap with TB. If there is suspicion 
of signs or symptoms compatible with acute histoplasmosis or 
coccidioidomycosis, BRM should be discontinued immediately 
and patients will require evaluation with a combination of chest 
radiography and serologic, antigen detection, and culture tests, 
which are best conducted in consultation with an infectious 
diseases expert (186, 187).

Other targeted therapies have also been implicated as risk fac-
tors for endemic mycoses. In Hong Kong, four cases of dissemi-
nated T. marneffei infection were diagnosed in adult hematology 
patients receiving anti-CD20 monoclonal antibodies (rituximab 
and obinutuzumab) and kinase inhibitors (84, 188, 189). The 
observation is revealing, as the importance of B-lymphocytes and 
humoral immune response against fungus is not well defined, and 
T. marneffei infection has so far not been reported in patients with 
congenital agammaglobulinemia. Depletion of B-lymphocytes 
may lead to profound deficiency in the production of neutralizing 
antibodies against key virulence factors of T. marneffei. Kinase 
inhibitors such as ruxolitinib and sorafenib are increasingly used 
in treating hematological malignancies, solid tumors, psoriasis, 
and alopecia areata. Ruxolitinib is a selective JAK1 and JAK2 
inhibitor that interferes with the IFN-γ and its downstream JAK-
STAT signaling. Sorafenib is a multi-kinase inhibitor that exhibits 
immunomodulatory effect by impairing T-lymphocyte prolifera-
tion, production of IFN-γ and other pro-inflammatory cytokines, 
NK cell, and DC functions. The suppression of IFN-γ signaling 
pathway poses risk to develop T. marneffei infection (84). It would 
be important for clinicians to have a high index of suspicion on  
T. marneffei infection in patients receiving these targeted thera-
pies to avoid delay in diagnosis and treatment.

Autoantibody against IFN-γ has been reported to be associated 
with adult-onset immunodeficiency in patients from Asian coun-
tries (190–195). Disseminated NTM is the most common clinical 
presentation. In a cross-sectional, case-control study conducted 
in Chiang Mai, Thailand showed that patients with opportunistic 
infections including disseminated NTM, disseminated T. marnef-
fei infection, melioidosis and non-typhoidal Salmonellosis had 
anti-IFN-γ autoantibody level above 99th percentile of cut-off 
for healthy individuals, and the level of autoantibody in patients 
who had active opportunistic infection was relatively higher than 

those without active infection (193). Similar observations were 
also reported in Hong Kong and Taiwan (190, 192, 194, 195). HLA 
class II molecules HLA-DRB1*15:02–HLA-DQB1*05:01 and 
HLA-DRB1*16:02–HLA-DQB1*05:02 are specifically associated 
with anti-IFN-γ autoantibodies and NTM (196, 197). The high 
frequency of such alleles in Southeast Asia might account for the 
relatively high prevalence this condition in the Asian population. 
The study by Lin et al. showed that anti-IFN-γ autoantibody from 
patients recognizes an epitope at the C terminus of IFN-γ, and 
binding of the autoantibody neutralizes IFNγ-induced signaling. 
This epitope displays a high degree of sequence homology to the 
Aspergillus Noc2 protein. It was postulated that in the warm 
and humid environment of Southeast Asia where exposure to 
Aspergillus species is common in everyday life, some individu-
als might develop anti-IFN-γ autoantibodies due to molecular 
mimicry (198). The co-evolution of anti-IFN-γ autoantibody 
production as the susceptibility trait amongst Southeast Asians, 
and the high prevalence of T. marneffei, NTM, and mellioidosis 
in this region is a unique combination not observed in the rest 
of the world, and it is so interesting that exposure to a common 
environmental fungal agent could indirectly induce susceptibility 
to other pathogens.

FUTURe PeRSPeCTiveS

The understanding about inborn errors of immunity predisposing 
to endemic mycoses is limited. First, exposure to these environ-
mental fungal pathogens is often a chance event that depends on 
the natural habitat and climate, as well as the circumstances and 
activities in which the individual is engaged. Thus, the number 
of cases of endemic mycoses associating with PID is likely to be 
low. The proportion of patients with PID amongst those with 
disseminated endemic mycoses is unknown, due to the lack of 
information about the population incidence (i.e., the “denomi-
nator”). Second, some forms of endemic mycoses, particularly 
T. marneffei are prevalent in less resourced countries where 
well-developed clinical service for PID is lacking, and diagnosis 
is often delayed or missed. Third, the global health impact of 
these geographically restricted endemic fungi is probably less 
than those opportunistic fungal pathogens of worldwide distri-
bution causing high disease burden in immunocompromised 
patients (e.g., Candida, Aspergillus, P. jiroveci, Cryptococcus, 
and Rhizopus), and they probably generate less attractions  
and interests in the global public and scientific community  
(7, 199, 200). Regional and global effort in establishing registries 
on disseminated endemic mycoses is crucial, in order to collect 
patient demographic data and determine their true population 
incidence.

While endemic mycoses are geographically restricted to 
certain regions, clinicians looking after patients with PID or 
acquired immunodeficiencies should gain knowledge about these 
rare fungal infections so that appropriate advice can be given to 
their patients when planning for travels, and to have heightened 
awareness of such diagnostic possibility when they return from 
endemic areas. Climate, environment, and exposure (behavior) 
are the “triad” that determine the risk of endemic fungal infection 
in susceptible hosts. High-risk activities that increase the chance 
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Primary immunodeficiencies (PIDs) are genetic disorders impairing host immunity, 
leading to life-threatening infections, autoimmunity, and/or malignancies. Genomic 
technologies have been critical for expediting the discovery of novel genetic defects 
underlying PIDs, expanding our knowledge of the complex clinical phenotypes asso-
ciated with PIDs, and in shifting paradigms of PID pathogenesis. Once considered 
Mendelian, monogenic, and completely penetrant disorders, genomic studies have 
redefined PIDs as a heterogeneous group of diseases found in the global population 
that may arise through multigenic defects, non-germline transmission, and with variable 
penetrance. This review examines the uses of next-generation DNA sequencing (NGS) 
in the diagnosis of PIDs. While whole genome sequencing identifies variants throughout 
the genome, whole exome sequencing sequences only the protein-coding regions 
within a genome, and targeted gene panels sequence only a specific cohort of genes. 
The advantages and limitations of each sequencing approach are compared. The com-
plexities of variant interpretation and variant validation remain the major challenge in 
wide-spread implementation of these technologies. Lastly, the roles of NGS in newborn 
screening and precision therapeutics for individuals with PID are also addressed.

Keywords: primary immunodeficiency, next-generation sequencing, whole exome sequencing, gene panels, 
genomics

iNTRODUCTiON

Primary immunodeficiencies (PIDs) are genetic diseases that affect the development and/or 
function of the immune system, thereby increasing the susceptibility to infectious pathogens, 
autoimmunity (1), and malignancies (2). Classically, PIDs have been considered monogenic dis-
orders that follow the principles of Mendelian inheritance. However, advances in DNA sequencing 
technologies have facilitated the identification of multigenic and somatic causes of PIDs and have 
revealed the wide phenotypic variability of these diseases (3, 4).

The global incidence of PIDs has been estimated to be 1:10,000 live births (5) although this is 
considered an underestimation due to limited patient access to diagnostic technologies and the chal-
lenges of diagnosing patients with atypical clinical presentations (6). Although PIDs are rare diseases 
from a global perspective, PIDs are more prevalent in areas with highly consanguineous populations 
due to the predominance of autosomal recessive PIDs. The incidence of consanguineous unions 
is 65% in the Middle East, significantly higher than what has been found in Europe, the Western 
Pacific region, and Latin America (5.6, 2.3, and 0.96%, respectively) (7, 8). Correspondingly, the 
incidence of PID is 20 times greater in Middle Eastern countries compared with North America and 
Europe (9). Attempts in delineating the epidemiology of PIDs have utilized different data collection 
methodologies, including clinician registries, hospital/health insurance databases, and population 
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surveys (10–14). These epidemiologic studies have revealed a 
great need for more clinicians trained in the diagnosis of PIDs as 
well as access to inexpensive diagnostic technologies, particularly 
in resource-limited areas of the world (15). To compensate for the 
uneven distribution of clinical and technical expertise focused 
on PID, collaborative networks of PID specialists have been 
established throughout the globe. These networks have facilitated 
collaborative efforts for identifying novel genetic defects underly-
ing PIDs and improving the diagnosis of PIDs (16).

Traditionally, the initial evaluation of patients with sus-
pected PIDs has consisted of both quantitative and qualitative 
analysis of the immune system. Laboratories with expertise in 
the diagnosis of PIDs perform enumeration of lymphocyte 
subpopulations, lymphocyte proliferation studies, quantification 
of immunoglobulin levels and vaccine-specific antibody titers, 
evaluation of complement levels and function, as well as tests for 
specific pathways (e.g., assays for investigating Toll-like receptor 
function, neutrophil oxidative burst, or T cell receptor signaling 
pathways). This approach enables clinicians categorize the phe-
notype of a patient’s PID, with the aim of prioritizing the most 
likely causative genetic defects and guiding therapeutic decision 
(17, 18). However, this approach is time-consuming, costly, and 
requires viable cells from patients as well as personnel trained in 
a diversity of laboratory techniques. The shipping of patient blood 
to tertiary referral centers results in impaired cellular responses 
and viability that can compromise the accuracy of diagnostic tests 
(19, 20). Furthermore, the field of PIDs advances rapidly, since 
mutations in over 200 genes are known to cause PIDs and over 10 
novel PIDs are discovered annually (17, 21). Sanger sequencing, 
which is the conventional approach for gene sequencing, is much 
slower and more costly than next-generation DNA sequencing 
(NGS) (22). Therefore, there is a great need for improving patient 
access to leading-edge diagnostic technologies.

iMPACT OF NGS ON THe GeNOTYPe–
PHeNOTYPe CORReLATiON iN PiDs

Next-generation DNA sequencing has significantly changed our 
understanding of PIDs, which are no longer considered purely 
monogenic diseases following Mendelian patterns of inheritance. 
By enabling sequencing of the entire exome or genome, NGS 
has demonstrated the breadth of unusual phenotypes caused 
by mutations in genes known to cause PID. This is exemplified 
by patients who have a common variable immunodeficiency 
(CVID)-like phenotype due to hypomorphic mutations in genes 
classically associated with severe combined immunodeficiency 
(SCID). These include RAG1 (23), DCLRE1C (24, 25), and JAK3 
(26). The reported patient with the hypomorphic mutation in 
DCLRE1C did not receive a molecular diagnosis until his second 
decade of life. There are also reports of hypomorphic mutations 
in RAG1 and RAG2 resulting in a combined immunodeficiency 
less severe than classical SCID, thus permitting survival into 
adulthood (27, 28).

The unbiased nature of whole exome sequencing (WES) and 
whole genome sequencing (WGS) has facilitated the discovery of 
multigenic PIDs (4). In 28 patients with abnormal degranulation 
assays, Zhang et al. found heterozygous mutations in two genes 

associated with familial hemophagocytic lymphohistiocytosis 
(29). Additionally, the broad spectrum of clinical phenotypes in 
patients with PIDs may reflect the effects of modifier mutations. 
As an example, WGS of a patient with LRBA deficiency identi-
fied a homozygous mutation in the base excision repair enzyme 
NEIL3 (30). Studies of Neil3-deficent mice demonstrated its 
critical role in maintaining peripheral B cell tolerance and in 
providing protection against autoimmunity. Synergy of NEIL3 
deficiency and LRBA deficiency was proposed as the cause of 
the patient’s markedly severe clinical phenotype (30).

The high-throughput approach of NGS enables deep sequenc-
ing coverage, which refers to the average number of times any 
given nucleotide is sequenced. This is essential for identifying 
somatic variants, which occur in only a small subpopulation of 
cells. Although PIDs are classically considered to be germline 
defects, somatic mutations have now been recognized as a cause 
of PIDs (31). For example, autoimmune lymphoproliferative 
syndrome can arise from somatic mutations in TNFRSF6, KRAS, 
or NRAS. Certain mutations in TNFRSF6, which encodes the Fas 
receptor, in the lymphoid lineage have a dominant negative effect 
that allows increased survival and lymphoproliferation mimicking 
the phenotype of germline TNFRSF6 mutations (32, 33). Somatic 
gain-of-function (GOF) mutations affecting KRAS and NRAS have 
been reported to cause RAS-associated leukoproliferative disease, 
a syndrome that presents with autoimmunity, splenomegaly, and 
lymphadenopathies, with or without expansion of alpha beta 
double negative T cells (34, 35). Importantly, some of these somatic 
mutations have been found only after enriching for specific lym-
phocyte populations prior to DNA isolation, thus highlighting the 
importance of cell-specific NGS in some disorders (32).

NGS TeCHNOLOGieS

Next-generation DNA sequencing has revolutionized the 
diagnosis of genetic diseases by providing high-throughput and 
increasingly cost-efficient diagnostic technologies (Figure  1). 
The most comprehensive NGS technique is WGS, which 
sequences a patient’s entire genome and enables the identifica-
tion of variants in exonic and non-coding regions (36). WES is a 
more focused technology that sequences only the protein-coding 
regions within a genome, which contain approximately 85% of 
disease-causing mutations (37). The most focused NGS approach 
is the targeted gene panel (TGP), which sequences a specific 
cohort of genes. These three approaches differ primarily in the 
comprehensiveness of genetic sequencing, which translates into 
differences in the complexity of data analysis and cost (Table 1). 
Since the exome contains approximately 30,000 genes, or <2% 
of the human genome, the exome can be sequenced at a greater 
depth than the genome at a lower price. The cost of an average 
exome has been estimated at $800 (38), although the fee for a 
clinical-grade exome typically exceeds several thousand dollars 
due to the certifications and regulations applied to clinical testing. 
A TGP focused on genes specific to a clinical phenotype is even 
more cost efficient, with studies reporting a range of $250–500 
per sample for targeted PID gene panels (39). Barcoding and 
batching samples in sequencing runs is the key to cost efficiency: 
increasing the number of samples per sequencing run minimizes 
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TAbLe 1 | Comparison of targeted panels, whole exome sequencing (WES), and 
whole genome sequencing (WGS).

Targeted panel weS wGS

Target 300 genes 2% of genome Entire genome

Cost per 
sample 
(USD) 

$250–500 $800 $1,400–1,600

Variants 
detected

Variable: depends 
on the panel size

~20,000 ~4,000,000

Advantages 1. Customizable
2. Lowest cost

1. Identifies novel 
genetic causes 
of primary 
immunodeficiencies 
(PIDs) in coding 
regions

2. Low cost

1. Identifies novel 
genetic causes 
of PIDs in coding 
and non-coding 
regions

2. Detects structural 
variants

3. Most uniform 
depth of 
sequencing

Limitations 1. Variants limited 
to the pre-
selected gene 
panel

2. Requires 
updates as 
new diseases 
are discovered

3. Cannot detect 
structural 
variants

1. Sequencing depth 
affected by poor/
incomplete exome 
capture

2. Cannot detect non-
coding or structural 
variants

1. Highest cost
2. Largest volume of 

data and the most 
complex analysis

FiGURe 1 | Comparison of the variants identified by whole genome 
sequencing, whole exome sequencing, and targeted panel sequencing.
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the use of NGS reagents, which account for a significant amount 
of the overall operating costs (22). The decreasing costs of NGS, 
coupled with the stability of DNA, render NGS a potentially 
powerful tool even for resource-limited areas.

Diagnostic Yield
The diagnostic yield of NGS technologies is determined by the 
limitations specific to each approach. WES and TGP rely on the 
preparation of libraries containing fragments of patient DNA com-
plementary to the exome or panel of selected genes, respectively 
(40). Most NGS technologies require PCR amplification of librar-
ies to generate sufficient quantities of DNA for high-throughput 
sequencing (41). The preparation of incomplete libraries will 

lead to gaps in sequencing coverage that can potentially miss 
pathogenic variants. Furthermore, the detection of structural 
variations, such as large insertions or deletions, translocations, 
inversions, and copy-number variations, is much more difficult 
by WES or TGP because the target regions are not contiguous, as 
they are in WGS (42). The identification of structural variations is 
important for the diagnosis of PIDs, since pathogenic variations 
have been commonly identified in large, repetitive genes, such as 
DOCK8 and LRBA (43).

Studies utilizing patients with PIDs have reported wide vari-
ability in the diagnostic yield of NGS approaches. The only study 
directly comparing WES with WGS in patients with immunode-
ficiency demonstrated that WGS identified 656 more coding vari-
ants than WES in six patient studies; furthermore, WES in this 
small cohort was not reliable for the detection of copy-number 
variants, all of which involved non-coding regions (44). WES 
of patients from 278 families with PIDs achieved a diagnostic 
yield of 40%, resulting in a modified clinical diagnosis for 50% of 
patients, and alterations in the therapeutic management for 25% 
of patients (45). Another study applying WES to 50 patients with 
CVID found a similar diagnostic yield of 30% (46). The reported 
diagnostic yields using TGP in patients with PIDs are lower.  
A TGP of 170 genes associated with PIDs identified a diagnosis in 
15% of 26 patients sequenced (47); another study using a TGP of 
162 PID genes achieved a diagnostic yield of 25% in 139 patients 
with PIDs (22). Since TGPs are composed of pre-selected genes, 
these panels will not identify an unexpected or novel genetic 
cause of PID, thus leading to a lower diagnostic yield.

Pitfalls of NGS
Previously published studies utilizing WES or TGPs as diag-
nostic tools for patients with PIDs show that at least 60% of 
patients remain undiagnosed (22, 45–47). By comparison, con-
ventional genetic testing, such as Sanger sequencing for single 
genes, karyotyping, and chromosomal microarrays identifies a 
diagnosis in only ~15% of patients, thus leaving 85% without a 
diagnosis (48). Despite the increased diagnostic yield of NGS 
compared with conventional genetic testing, the fact that the 
majority of patients lack a diagnosis indicates that deficits in 
the technologies, data analysis, or our understanding of PIDs 
remain.

Depending on the depth of sequencing, NGS detects 
20,000–50,000 variants per patient sample (49). Sequencing 
a familial trio or quartet, consisting of the proband and his 
parents and/or siblings, is a common approach used to narrow 
the list of candidate mutations (49). However, this approach 
assumes complete penetrance of the disease. Misidentification 
of an ostensibly healthy family member as “unaffected” will 
eliminate all variants in this individual from the candidate vari-
ant list, including those pathogenic mutation in the individual 
that are incompletely penetrant. While incomplete penetrance 
is well-known to occur in autosomal dominant PIDs, such as 
CTLA4 haploinsufficiency (50), studies have begun to show 
variability in the genotype–phenotype association for auto-
somal recessive diseases as well. For example, a homozygous 
mutation in ICOS resulted in a combined immunodeficiency 
in the proband, but only mild hypogammaglobulinemia and 
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decreased antibody titers to some but not all vaccines in his 
sister (51). Both the proband and his sister had absent ICOS 
expression and severely decreased T follicular helper cells, 
demonstrating that a deleterious homozygous mutation can 
translate to clinical variability (51).

Potentially pathogenic variants are prioritized using com-
putational pipelines, comparisons with public databases of 
polymorphisms, software for predicting the effect of a given 
variant in  silico (Polyphen, SIFT, MutationTaster, among 
others), and knowledge of genetically modified cell lines and 
animal models (52, 53). Synonymous mutations, which do not 
alter the amino acid sequence of the protein in production, are 
typically considered benign variants and eliminated from the 
candidate mutation list. However, recent studies have shown 
that synonymous mutations can result in PIDs. A patient with 
T−B+NKlow SCID was found to have a synonymous mutation in 
exon 19 of JAK3, which served as a cryptic donor splice site that 
generated an unstable JAK3 mutant protein (54). In another 
report, a synonymous mutation in exon 3 of IL7R was found to 
cause aberrant splicing, leading to TlowB+NK+ SCID (55). Both 
of these studies demonstrate that NGS cannot serve as the only 
diagnostic tool for patients with PIDs, since functional studies 
are needed to determine the biologic effect of novel mutations.

interpretation of variants
Clinical criteria have been established to standardize the 
approach for interpreting genetic variants (56). The classifica-
tion of variants as pathogenic, likely pathogenic, benign, likely 
benign, or a variant of uncertain significance integrates genetic 
and biologic criteria. Strong criteria supporting pathogenicity 
include: a null variant in a gene in which loss of function has 
been previously shown to cause human disease, studies dem-
onstrating loss of altered protein expression and/or function, 
previously published evidence of a genotype-disease correla-
tion. Additional criteria include the identification of the vari-
ant only in individuals demonstrating the disease phenotype, 
location of the variant in a highly conserved genomic locus, and 
in silico predictions of pathogenicity. In contrast, benign vari-
ants include those with a high (>5%) minor allelic frequency 
in established databases, those that fail to segregate with the 
disease phenotype, those with no demonstrated biologic effect 
through in  vitro testing. Additionally, mutations in genes 
expressed strictly in organs without immune function (e.g., 
genes encoding olfactory receptors) are unlikely to be the cause 
of PIDs. Variants of uncertain significance are those that do not 
meet sufficient criteria for classification as pathogenic, likely 
pathogenic, benign, or likely benign. These variants of uncer-
tain significance include mutations in genes whose relevance 
to human disease is not yet known. This is particularly relevant 
to patients with PIDs, since the pace of discovery in the field is 
rapid: 34 novel genetic causes of PIDs were discovered between 
2013 and 2015 (18). GOF variants constitute another chal-
lenging category. These mutations are typically predicted to be 
benign by in silico algorithms because these mutations enhance, 
rather than impair gene function. However, GOF variants in 
PIK3CD, STAT1, STAT3, and CARD11 result in immune dys-
function or dysregulation, and thus, biologic assays delineating 

the mechanisms linking a GOF mutation to a disease phenotype 
are essential (18).

The primary limitation of genomic diagnostics is the lack of 
functional evidence provided by sequencing alone: functional 
assays are required to demonstrate the biologic effect of a 
variant. This is particularly important for non-coding variants 
whose effects are challenging to predict in silico. The importance 
of functional validation has been underscored in a study of 33 
missense mutations in 23 genes essential for immune function. 
Only 15–20% of those predicted to be deleterious in silico were 
shown to have a pathogenic effect in vivo using mouse models 
(57). Due to the rarity of PIDs, novel defects often occur in 
single patients and thus lack the burden of proof provided by 
multiple unrelated patients sharing the same genotype–phe-
notype correlation. Therefore, criteria have been proposed 
for establishing the causal relationship between the patient’s 
genotype and phenotype: firstly, the candidate genotype must 
not be found in healthy individuals; secondly, the variant must 
be proven to destroy or significantly impair the expression or 
function of the gene product; thirdly, the causal relationship 
between the patient’s genotype and phenotype must be repli-
cated in a relevant cellular or animal model (3). The increasing 
breadth of public databases, such as the dbSNP, 1,000 genomes, 
and ExAC databases, enables researchers and clinicians to 
determine the prevalence of a given mutation in the general 
population. A diverse array of assays may be required to confirm 
the biologic effect of mutations identified by NGS. For example, 
defects impairing gene expression can be evaluated by Western 
blotting or flow cytometry (58, 59). Receptor activation can 
be assessed by the phosphorylation of downstream proteins 
or upregulation of target gene expression (60). Mutations in 
genes important for lymphocyte activation can be evaluated 
by assessing upregulation of activation markers, quantifying 
proliferation in response to mitogens and antigen stimulation, 
and measure the secretion of cytokines and immunoglobulins 
after T or B cell activation, respectively (61). Cellular modeling 
requires the use of patient-derived cells that may not be readily 
available. The use of induced pluripotent stem cells (iPSCs) is 
one way to circumvent this obstacle. iPSCs are pluripotent cells 
derived from terminally differentiated patient cells that can be 
subsequently re-differentiated into relevant cell types (62–66). 
As an example, the reprogramming of iPSCs from dermal 
fibroblasts of TLR3- or UNC-93-deficient patients into neural 
stem cells, astrocytes, oligodendrocytes, and neurons provided 
in vitro evidence that deficiencies in TLR3 and UNC-93B result 
in neuronal cell susceptibility to herpes simplex virus 1 (67).

Animal models of PIDs complement cellular studies by 
enabling investigations of a molecular defect within the context 
of an in vivo immune system on a uniform genetic background. 
In the field of PIDs, the mouse and zebrafish are the two most 
commonly used animal models for demonstrating the biologic 
effect of mutations. Mice are the most frequently used animal 
model system due to the high level of homology between the 
mouse and human immune systems, their rapid reproduc-
tive rate, and their small size. Mouse models are particularly 
useful for delineating the contribution of genes with poorly 
understood contributions to human immunity. This was the 
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case for transferrin receptor 1 (TfR1), a ubiquitously expressed 
cell surface receptor known to be essential for erythropoiesis 
(68). A missense mutation impairing TfR1 internalization was 
shown to result in combined immunodeficiency due to its role 
in lymphocyte proliferation and class-switching, but permit-
ted normal erythroid development due to the presence of an 
erythroid cell-specific accessory pathway for TfR1 endocytosis 
(68). Zebrafish are another in vivo system for studying the bio-
logic effect of novel mutations because the majority of human 
genes have orthologs in the zebrafish genome and their rapid 
development, high reproductive rate, and transparent bodies 
are conducive to gene editing and live-imaging studies (69). 
Zebrafish have been used to model multiple types of SCID 
using mutants lacking RAG1, ZAP-70, TBX1, JAK3, IL7R, AK2, 
BCL11B, or EXTL3 (64, 70–72), as well as warts–hypogam-
maglobulinemia–immunodeficiency–myelokathexis (WHIM) 
syndrome (73). While these animal models provide invaluable 
opportunities for delineating the mechanisms driving PIDs 
in  vivo, the genetic differences among species constitutes the 
major limitation of these models. To circumvent this, recent 
studies have begun to used humanized mice to model PIDs. 
Humanized mice are generated by transplanting human hemat-
opoietic stem cells (HSCs) into immunodeficient mice, such as 
the Il2rg knockout mice, which then generate human immune 
cells de novo. By combining this approach with iPSC technol-
ogy, dermal fibroblasts or PBMCs from patients with PIDs can 
be de-differentiated into iPSCs, which are then re-differentiated 
into HSCs to generate a humanized mouse model of the patient’s 
PID. This approach has been used to generate a humanized 
mouse model of JAK3 deficiency; gene editing using clustered 
regularly interspaced short palindromic repeat (CRISPR)/
CRISPR-associated protein (Cas) successfully corrected the 
JAK3 mutation and restored T cell development in this model 
(74). This humanized mouse model therefore provided in vivo 
proof of concept for CRISPR/Cas9 gene editing as a therapeutic 
strategy for JAK3 deficiency.

Collectively, these studies demonstrate that NGS is only 
one of many steps in the diagnosis of a PID (Figure 2). DNA, 
due to its stability, can be easily shipped to diagnostic centers 
with genomics expertise for NGS and in silico interpretation of 
variants. Therefore, a TGP can serve as a screening test. However, 
the validation of previously unreported mutations even in 
well-described genes requires multidisciplinary expertise in 
molecular and cellular biology, biochemistry, and immunology. 
Biologic outcomes from a mutation in a poorly characterized or 
novel gene require cellular and animal modeling of the mutation. 
This remains a major limitation in the diagnosis of the PIDs in 
resource-limited areas of the world.

NGS AS A TOOL FOR PReCiSiON 
MeDiCiNe iN THe FieLD OF PiDs

Newborn Screening (NbS)
The global prevalence and the severity of PIDs indicate a need for 
improved diagnosis of these disorders, particularly in resource-
limited areas of the world. Hematopoietic stem cell transplant 

(HSCT), the standard cure for patients with SCID, has better 
outcomes in younger patients. The largest multicenter study 
of transplantation outcomes in patients with SCID found that 
the 5-year survival rate and reconstitution were significantly 
better in patients who received matched sibling donor HSCT, 
but that the survival rate among infants transplanted prior to 
3.5  months of age was high, independent of donor type (75). 
This has increased the momentum for SCID NBS. The current 
method of NBS for SCID quantifies T  cell receptor excision 
circles (TRECs), which reflect generation of naïve T  cells. 
Likewise, kappa light chain-deleting recombination excision 
circles (KRECs) assays are used to measure the generation of 
naïve B cells. Although relatively inexpensive, these tests do not 
provide a molecular diagnosis and are limited to defects affect-
ing naïve T and B cell generation. While the current cost of NGS 
greatly exceeds that of TREC/KREC assays, the falling cost of 
sequencing may enable targeted panels to serve as an early diag-
nostic tool, as demonstrated by several feasibility studies. A 2015 
study performed NGS on DNA extracted from the dried blood 
spot to screen for 48 different CFTR mutations in 67 newborns 
with known pathogenic mutations in CFTR (76). NGS was in 
complete concordance with the previously confirmed mutations 
in this cohort. Another study, in which NGS was used for the 
screening of inherited metabolic diseases, used a custom gene 
panel to sequence 97 genes. This panel identified 244 variants in 
269 infants, 94% of which were validated by Sanger sequencing 
(77). Previously undetected pathogenic mutations were also 
identified in 10 newborns in the same study, suggesting that 
NGS may increase the sensitivity of NBS.

Precision Therapeutics
The rapid identification of pathogenic mutation facilitates the 
use of gene therapy as a potential treatment option, an approach 
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that has been used for ADA-SCID, X-linked SCID, chronic 
granulomatous disease, and Wiskott–Aldrich Syndrome, with 
varying degrees of success (78). Additionally, a molecular 
diagnosis also enables the selection of biologics that target the 
affected signaling pathway. For example, abatacept, a soluble 
CTLA4 fusion protein, has been shown to improve autoimmune 
complications seen in patients with CTLA4 haploinsufficiency 
or LRBA deficiency, two disorders characterized by immune 
dysregulation due to impaired expression of the inhibitory 
molecule CTLA4 (79). Diseases caused by GOF mutations have 
been shown to be amenable to treatment by targeted inhibitors. 
Ruxolitinib, an inhibitor of JAK1 and JAK2, improved mucocu-
taneous candidiasis and autoimmune disease in a patient with a 
GOF mutations in STAT1 (80). Tocilizumab, an IL-6 inhibitor, 
improved arthritis and contractures in a patient with an STAT3 
GOF mutation, a finding notable because the two patients who 
were treated with HSCT in this study died of transplant-related 
complications (81). Patients with GOF mutations in CXCR4, 
resulting in WHIM syndrome, have been treated successfully 
with the CXCR4 antagonist plerixafor (82). Ongoing clinical 
trials are underway to assess the efficacy of selective PI3K delta 
inhibitors in patients with GOF mutations in PIK3CD, resulting 
in activated PI3K delta syndrome (83). Precision therapeutics 
do not provide germline correction of the molecular defect, 
but provide an important alternative for patients who have 
no matched HSC donor, who have a PID with a high rate of 
HSCT-related mortality, or who have no access to a medical 
center with expertise in the PID-focused HSCT. The possibility 
of developing and utilizing targeted biologics depends on the 
efficient identification of pathogenic mutations in patients with 
PIDs, thus opening a therapeutic niche for NGS beyond HSCT.

CONCLUSiON

While NGS has been used extensively in PID-related research, 
it has a relatively nascent role in clinical immunology. This is 
due, at least partly, to the time needed for sequencing costs to 
decrease and to validate the technologies in patients with PIDs. 
Although the cost of whole genome/exome sequencing remains 
high for most clinical labs, the field of oncology has shown the 
effectiveness of targeted NGS panels (84). Targeted NGS allows 
for a high-throughput, low-cost pipeline with a very short 
turnaround time due to the limited number of sequenced genes. 
DNA is inexpensive to isolate and can be easily shipped from 
remote areas of the world to centers with NGS capabilities, thus 
circumventing the difficulty inherent in shipping viable cells. 
The genetic basis of PIDs and the field’s focus on molecular 
mechanisms, along with the available corrective therapies, 
render patients with these diseases ideal candidates for NGS. 
The integration of TGPs into NBS protocols will enable the early 
diagnosis and treatment of PIDs in a comprehensive manner 
that is yet achieved by current standard of care.
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Introduction: Interleukin 12 receptor beta 1 (IL12Rβ1) deficiency is a primary immuno-
deficiency resulting mainly in susceptibility to opportunistic infection by non-tuberculous, 
environmental mycobacteria and severe infection caused by Salmonella spp. Till now, 
less than 300 patients with IL12Rβ1 deficiency have been reported. Among them, only 
three have been described to develop autoimmunity.

Case presentation: We present the case of a 50-year-old male with IL12Rβ1 defi-
ciency due to compound heterozygosity [c. 1623_1624delGCinsTT (pGln542Stop) and 
c.1791  +  2T  >  C (donor splice site)], who—18  months after diagnosis of dissemi-
nated BCGitis—presented with recurrent fever and sicca syndrome. No indication of 
an infectious origin of these symptoms could be found at that point. The diagnosis 
of a Sjögren’s syndrome (SS) was made on the basis of fulfilled American-European 
consensus classification criteria, including a positive minor salivary gland biopsy.

Conclusion: Apart from persistent antigenic stimulation, which may drive autoimmune 
inflammation in primary immunodeficiency, evidence on the involvement of interleukin 12 
in pathogenesis of SS suggests that the same immunological mechanism may underlie 
both defense against infection and the maintenance of tolerance. To our knowledge, 
this is the first report of a case of autoimmunity in the form of SS in a patient with 
a primary immunodeficiency and one of the rare cases of IL12Rβ1 deficiency with 
manifested autoimmunity.

Keywords: interleukin-12, interleukin-12 receptor beta 1 subunit, sjögren’s syndrome, primary immunodeficiency, 
autoimmunity, Mendelian susceptibility to mycobacterial disease, interleukin-12 receptor beta 1 subunit deficiency

INtRoDUCtIoN

The capability to produce or respond to interferon γ (IFNγ) is important in controlling infection by 
intracellular bacteria such as mycobacteria and Salmonella spp. (1, 2). Mutations in genes encod-
ing for type I cytokines and molecules involved in their signaling have been identified in patients 
with infection due to environmental mycobacteria. In particular, mutations of the IL12RB1-gene 
resulting in Interleukin 12 receptor beta 1 (IL12Rβ1) deficiency are the most common cause of 
Mendelian susceptibility to mycobacterial disease (MSMD) (2). IL12Rβ1 deficiency follows an 
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FIgURe 1 | Computer tomography (CT) scans, revealing axillary (upper row), 
mediastinal (mid row), and abdominal lympadenopathy (lower row) at the 
three different time points: diagnosis of disseminated infection with Bacillus 
Calmette–Guérin (0, left column), escalation of antimycobacterial therapy  
(11, mid column), and diagnosis of Sjögren’s syndrome (18, right column).  
CT scan of right row was performed in the context of a positron emission 
tomography/CT (see Figure 4).
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autosomal recessive pattern of inheritance, although the clinical 
outcome of IL12Rβ1-deficient individuals, carrying two mutant 
alleles, is variable, ranging from early death to an asymptomatic 
outcome. This incomplete penetrance may reflect differences in 
the genetic background of IL12Rβ1-deficient individuals and/
or the environmental exposure to relevant pathogens. Accord-
ing to the study by de Beaucoudrey et  al., including over 140 
IL12Rβ1-deficient individuals, in more than 90% of cases, 
IL12Rβ1-deficiency was symptomatic with mycobacterial infec-
tions representing the most common phenotype, found in 77% 
of IL12Rβ1-deficient individuals. The second most common 
infection was Salmonellosis, affecting 40% of IL12Rβ1-deficient 
individuals. Disease onset occurred in early and middle child-
hood in most cases and a lethal outcome was observed in up to 
a third of patients (3).

Interleukin 12 receptor beta 1 physically associates with 
p40, which is a common subunit of interleukin 12 (IL-12) and 
interleukin 23 (IL-23) (4). IL-12 and IL-23 are proinflamma-
tory cytokines, whose biological activities depend on IL12Rβ1. 
IL12Rβ1 is bound to the non-receptor protein tyrosine kinase 2,  
whereas IL12Rβ2—its IL-12 receptor (IL-12R) counterpart 
chain—is bound to the Janus kinase 2. Activation of IL-12R 
results in the phosphorylation, homodimerization, and nuclear 
trans location of the signal transducer and activator of transcrip-
tion 4 (STAT4), which induces the expression of IFNγ. IL12Rβ1 
deficiency and the consequent reduced IL-12 responsivity result 
in impaired production of IFNγ by NK cells and T cells, which 
impairs control of infection by mycobacteria and other intracel-
lular bacteria (1).

Primary immunodeficiency diseases are often associated 
with autoimmunity, which may reflect the fact that common 
mechanisms account for both defense against possible pathogens 
and the maintenance of tolerance (5, 6). Apart from that, it  
has been suggested that persistent or recurrent antigenic stimu-
lation as a consequence of infectious diseases in patients with 
primary immunodeficiency may cause or contribute to breaking 
of tolerance.

In contrast to other primary immunodeficiency diseases, 
there is only scarce evidence for association of defects of the 
IL-12/IFN-γ axis, including IL12Rβ1 deficiency with autoim-
munity. Here, we present the case of a 50-year-old male with 
IL12Rβ1-deficiency, who presented with fever episodes and 
sicca syndrome 18 months after starting of an antimycobacterial 
therapy due to the diagnosis of a disseminated infection with 
Bacillus Calmette–Guérin (BCG). In the absence of evidence of 
infectious origin of these symptoms and on the basis of fulfilled 
American-European consensus classification criteria (7), we 
diagnosed a Sjögren’s syndrome (SS).

Case RepoRt

A male infant, only child born to non-consanguineous Caucasian 
parents of German descent in 1966, developed after birth an 
inguinal lymphadenopathy, which was treated with a single 
antibiotic for approximately 2 weeks. At the age of 20 years, he 
developed a left-sided axillary lymphadenopathy, which led to the 
dissection of an axillary lymph node. Histological examination 

yielded no relevant pathological findings. A 2-week-treatment 
with antibiotics resulted in regression of the lymphadenopathy.

At the age of 47, the patient developed a disseminated lym-
phadenopathy; a computer tomography (CT) scan revealed a 
pathological enlargement of abdominal, mediastinal, supra-
clavicular, and axillary lymph nodes (Figure  1, left column).  
An infection by BCG was diagnosed after a biopsy of a right axil-
lary lymph node in a peripheral hospital of our region. Detection 
of BCG was achieved by culture of the biopsy sample and analysis 
of the genomic “region of difference 1” (RD1) of the cultured 
mycobacteria. In line with this diagnosis, is the fact that the patient as 
an infant had received vaccination with BCG. An antimycobacte-
rial therapy with rifampicin, isoniazid, ethambutol, and azithro-
mycin was started. A macrolide antibiotic, i.e., azithromycin was 
added to achieve coverage of other environmental mycobacteria.  
At that time, the patient was referred to our department for Clinical 
Immunology due to a suspected immunodeficiency. On admis-
sion, the C-reactive protein (CRP) was elevated (82 mg/l, normal 
<5 mg/l). The rest of routine laboratory tests were normal, except 
for a slight increase of gammaglutamyltransferase (gGT, 100 U/l, 
normal <55  U/l). A serum protein electrophoresis revealed a 
polyclonal hypergammaglobulinemia. Immunoglobulin classes 
revealed increased levels for serum immunoglobulin G (27.7 g/l, 
normal range: 7–16 g/l). Serum and urine immunofixation were 
negative. Immunophenotyping of blood lymphocyte subsets 
revealed a slight absolute reduction in B cell count with normal 
absolute and relative counts for the rest of lymphocyte subsets 
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FIgURe 2 | (a) Absence of interleukin 12 receptor beta 1 expression on the surface of phytohemagglutinin-stimulated T cells. (B) Further, absence of signal 
transducer and activator of transcription 4 phosphorylation in interleukin 12 (IL-12)-stimulated T cells.
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taBle 1 | Immunological findings on admission, directly after diagnosis of 
disseminated infection with Bacillus Calmette–Guérin in a 47-year-old male  
with interleukin 12 receptor beta 1 deficiency.

Immunological test Value Normal range  
(or control value)

serum Ig concentration
IgG (g/l) 27.7 7.0–16.0
IgA (g/l) 4.4 0.7–4.0
IgM (g/l) 1.8 0.4–2.3
IgE (IE/ml) 680 1–100

Complement
Total complement activity CH50 (%) >165 90–150
C3c (g/l) 1.91 0.9–1.8
C4 (g/l) 0.14 0.1–0.4

lymphocyte subset analysis
Lymphocyte count (cells/μl) 4,030 1,000–2,800/μl
CD3+ (relative %/cells/μl) 89%/3,909 700–2,100
CD3+/CD4+ (relative %/cells/μl) 34%/1,370 500–1,400
CD3+/CD8+ (relative %/cells/μl) 44%/1,773 200–900
CD3+/human leukocyte antigen-antigen  
D related+ (relative %/cells/μl)

13%/524 30–200

CD3−/CD16+/CD56+ (relative %/cells/μl) 8%/322 90–600
CD19+ (relative %/cells/μl) 2%/81 100–500

lymphocyte proliferation assay
Medium control (cells/μl) 2,741 2,379
Phytohemagglutinin (cells/μl) 42,100 34,295
Concanavalin A (cells/μl) 26,008 7,928
Pokeweed mitogen (cells/μl) 13,487 10,151
Tuberculin purified protein derivative (cells/μl) 2,580 1,484
Interleukin 2 (cells/μl) 4,887 2,505
Isotype control (cells/μl) 601 218
Anti-CD3-antibody (cells/μl) 26,326 24,235

granulocyte phenotyping
CD16 (%) 98 99
CD32 (%) 99 99
CD64 (%) 3 1
CD18 (%) 100 100
CD11b (%) 100 100
CD15s (%) 100 99

granulocyte function tests
Phagocytosis of E. coli (%) 94 96
Oxidative burst induction (oxidation  
of 2′,7′-dichlorofluorescin diacetate)
Medium control (%) 2 1
N-formylmethionyl-leucyl-phenylalanine (%) 4 3
E. coli (%) 100 98
Phorbol 12-myristate 13-acetate (%) 100 100
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and an increased expression of human leukocyte antigen-antigen 
D related (HLA-DR), indicating lymphocyte activation. T  cell 
activation with distinct stimuli (including interleukin 2, anti- 
CD3-antibody, phytohemagglutinin (PHA), concanavalin A,  
and pokeweed mitogen) resulted in an adequate T cell prolifera-
tion. Testing of granulocytes for oxidative burst and phagocytic 
potential yielded adequate responses. Searching for the underly-
ing cause of a BCGitis, we also tested for an abnormality of the 
IL-12/IFNγ-pathway, which showed the absence of IL12Rβ1 
on the surface of PHA-stimulated T  cells. Further, there was 
no STAT4 phosphorylation after T cell stimulation with IL-12. 
Results of flow cytometric analysis of IL12Rβ1 expression/
STAT4 phosphorylation and the rest of immunological inves-
tigations are presented in Figure  2 and Table  1, respectively.  

We then performed genetic analysis focused on the IL12RB1-
gene (NM_005535), which revealed a compound heterozygo-
sity [c. 1623_1624delGCinsTT (pGln542Stop) and c.1791  +   
2T > C (donor splice site)], explaining the absence of IL12Rβ1 
expression (2).

Two months later, ethambutol was stopped and 8 months later, 
B symptoms (fever, weight loss, and night sweats), which were 
present at the first presentation of the patient in our clinic, reap-
peared. CRP, which had been steadily decreasing after beginning 
of the antimycobacterial therapy, was again elevated (78  mg/l).  
A CT-scan revealed persistence of the lymphadenopathy (Figure 1, 
mid column), so that we assumed a relapse of the BCGitis.  
We, therefore, escalated the antimycobacterial therapy by adding 
ethambutol, terizidone, and moxifloxacin to the at that time point 
ongoing therapy with rifampicin, isoniazid, and azithromycin.

Despite initial regression of B symptoms under the six-drug 
antimycobacterial therapy, 6 months later, the patient developed 
once more fever with night sweating. Serologic inflammation 
activity was again increased as exemplified by elevated CRP 
(117 mg/l). In a follow-up, we performed a CT scan combined 
with positron emission tomography. We detected a regression 
of the lymphadenopathy (Figure 1, right column), with diffuse 
increased uptake of F-18 fluoro-2-deoxyglucose (18FDG) in bone 
marrow (Figure 3). Increased uptake of 18FDG was also localized 
in the area of the right lacrimal gland. With these findings, we 
performed a bone marrow biopsy, which revealed a minor hyper-
plastic granulopoiesis and megakaryopoiesis with a non-specific 
inflammatory reaction. Further, a biopsy of the right lacrimal 
gland revealed focal lymphocytic infiltrates with periductal dis-
tribution (Figure 4). Microbiological testing of bone marrow and 
lacrimal gland samples, including polymerase chain reactions to 
detect mycobacteria, remained negative.

Taken the absence of evidence for an infectious cause of 
the aforementioned symptoms and findings, we suspected an 
autoimmune inflammation. Serum immunological tests showed 
an increased titer of antinuclear antibodies (ANA 1:320, normal  
<1:160) with no specification in the extractable nuclear anti-
gen screening test. The test for rheumatoid factor was highly 
positive (2,750  IE/ml, normal <15.9  IE/ml) with a negative 
test for anti-cyclic citrullinated peptide antibody. Further, anti-
alpha-fodrin antibodies of IgG and IgA class could be detected 
(IgA anti-alpha-fodrin 16  U/ml, normal <15  U/ml, and IgG 
anti-alpha-fodrin 38, normal <15 U/ml). The rest of performed 
autoantibody tests [anti-double-stranded DNA, antineutrophil 
cytoplasmic antibodies (pANCA and cANCA), IgG and IgM anti-
cardiolipin, anti-Smith antigen (Sm), anti-ribonucleoprotein, 
anti-Ro (SSA), anti-La (SSB), anti-Jo1, and anti-topoisomerase 
I (Scl-70)] were negative. The patient complained of xeroph-
thalmia, which could be confirmed by a positive Schirmer’s 
test. Suspecting a SS, we also performed a labial salivary gland 
biopsy, which revealed a focal lymphocytic sialadenitis of grade 
3 according to the Chisholm–Mason classification (Figure  4). 
On the basis of fulfilled American-European consensus clas-
sification criteria (chronic xerophthalmia, positive Schirmer’s 
test, positive rheumatoid factor and ANA titer of 1:320, positive 
labial salivary gland biopsy), we made the diagnosis of a SS and 
started a treatment with methotrexate (p.o. 15  mg 1×/week) 
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FIgURe 3 | Positron emission tomography/computer tomography scan after completion of an 18-month antimycobacterial therapy, including a 6-month 6-drug 
regimen, revealing significant homogenous hypermetabolism in the area of the right lacrimal gland (marked with an arrow).

FIgURe 4 | Histological findings of Sjögren’s syndrome in an interleukin  
12 receptor beta 1-deficient male. Right panel: lymphocytic infiltrates with 
periductal distribution in a lacrimal gland biopsy section, stained with 
hematoxylin and eosin (10× magnification, bar size: 0.5 µg) Left panel:  
focal lymphocytic infiltration in a minor salivary gland biopsy section,  
stained with hematoxylin and eosin (10× magnification, bar size: 0.5 µg).

and prednisolone (initially 20 mg and after a week gradual dose 
reduction till a maintenance dose of 5 mg daily). The intensified 
6-drug antimycobacterial regimen was discontinued. Starting 
an immunosuppressive therapy in the presence of a primary 
immunodeficiency was done with caution, under close monitor-
ing of the patient in the hospital setting. Considering the absence 
of evidence of a residual infection with BCG after completion 
of an 18-month antimycobacterial regimen, the diagnosis of SS 
and the sustained response to the immusuppressive therapy with 
maintenance of normal body temperature and CRP reduction as 
well as the rarity of recurrence or of multiple mycobacterial infec-
tions in case of IL12Rβ1-deficiency, especially after an infection 
with BCG (3), we did not start a prophylactic antimycobacterial 
therapy. However, we suggested close monitoring though family 

physician, including testing for inflammatory markers. In the 
follow-up in our outpatient clinic, 2 and 8 months after starting 
the treatment with methotrexate the patient remained afebrile 
and the CRP was reduced (46 mg/l).

DIsCUssIoN

We describe a patient with an inherited IL12Rβ1 deficiency, 
who developed SS approximately 18 months after the diagnosis 
of a disseminated infection with BCG. A few hundred patients 
with IL12Rβ1 deficiency have been reported in the literature (3). 
To our knowledge, till now only three patients with IL12Rβ1-
deficiency and clinically significant autoimmune manifestations, 
including SLE-like disease and autoimmune hemolytic anemia, 
have been presented (8, 9). This is the first association of a pri-
mary immunodeficiency with autoimmunity in the form of SS  
and a very rare case of manifested autoimmunity in case of 
IL12Rβ1-deficiency.

Human and mouse-derived evidence implicates IL-12-
signaling in the development of SS-like/SS-autoimmunity. 
Il-12rb2-knockout mice, which produce but cannot respond to 
IL-12, develop SS-like disease with lymphoid infiltration involving 
the salivary glands and ANA-positivity in serum (10). Interestingly, 
autoimmunity develops late in these mice, starting at the age of 
4 months and worsens as the mice get older. Although not a direct 
model of IL12Rβ1-deficiency, as IL12Rβ2 is an exclusive constitu-
ent chain of IL-12 receptor and not of IL-23 receptor, il-12rb2-
knockout mice apart from developing late–onset autoimmunity, 
exhibit similarly to human IL12Rβ1-deficiency a propensity to 
infection with intracellular pathogens (11). The largest available 
genome-wide association study on SS recognized variants in 
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Primary immunodeficiency diseases (PID) result from defects in genes affecting the 
immune and other systems in many and varied ways (1, 2). Until the last few years, treat-
ments have been largely supportive, with the exception of bone marrow transplantation. 
However, recent advances in immunobiology, genetics, and the explosion of discovery 
and commercialization of biologic modifiers have drastically altered the landscape and 
opportunities in clinical immunology. Therapeutic options and life expectancy of PID 
patients have also improved dramatically, in large part as a result of better prevention and 
treatment of infections as well as better understanding and treatment of autoimmune 
complications (3). As early-life infection-related mortality declines we should anticipate 
the emergence of other conditions that were previously not appreciated, including 
malignancies and degenerative disorders unmasked by increasing longevity (4). The 
genomic revolution has identified literally hundreds of new genetic etiologies of immune 
dysfunction, many of which are or will soon be eligible for targeted therapies. These 
emerging immunomodulatory agents represent new therapeutic options in PIDs (5).

Keywords: immunodeficiency, immune modulation, chronic granulomatous disease, leukocyte adhesion 
deficiency, interferon gamma

THeRAPY BASeD ON CLiNiCAL PRACTiCe

Prophylaxis
Invasive bacterial, fungal, viral, and mycobacterial infections carry a high morbidity and mortality 
in the immunocompromised, and therefore, enormous effort has been directed at prevention. The 
advent of antibiotics in the last century was critical for the survival of patients with primary immu-
nodeficiency disease (PID) (6). Even before the advent of antibiotic prophylaxis in advanced HIV 
infection, which transformed AIDS from a rapidly fatal to a more manageable disease, long-term 
prophylactic antibiotics were widely implemented in chronic granulomatous disease (CGD), with 
excellent effects (7). CGD also served as the first PID for which cytokine therapy with interferon 
gamma (IFNγ) (8) and antifungal prophylaxis was indicated and approved (9). The reasons that CGD 
played such a prominent role in the development and study of prophylaxis were that it was relatively 
survivable with medical management and bone marrow transplantation was relatively infrequent 
until recently. Therefore, a relatively large population of patients was able to participate in clinical 
trials, which markedly assisted the exploration and development of therapeutics. This paradigm 
has been missing from several other diseases, either because they are not as survivable or because 
bone marrow transplantation has been more aggressively practiced [e.g., severe combined immune 
deficiency, Wiskott–Aldrich syndrome (WAS), hyper-IgM syndrome]. For these reasons, many of 
the approaches discussed below will not have significant prospective clinical validation, making it 
necessary to rely upon mechanistic explanations and anecdotal reports. While it is likely that in the 
relatively near future treatments to replace (transplantation) or repair (gene therapy) the underlying 

96

http://www.frontiersin.org/Immunology/
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2017.00937&domain=pdf&date_stamp=2017-08-09
http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/Immunology/editorialboard
http://www.frontiersin.org/Immunology/editorialboard
https://doi.org/10.3389/fimmu.2017.00937
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
https://creativecommons.org/licenses/by/4.0/
mailto:smh@nih.gov
https://doi.org/10.3389/fimmu.2017.00937
http://www.frontiersin.org/Journal/10.3389/fimmu.2017.00937/abstract
http://www.frontiersin.org/Journal/10.3389/fimmu.2017.00937/abstract
http://loop.frontiersin.org/people/287328


2

Marciano and Holland PID Therapies

Frontiers in Immunology | www.frontiersin.org August 2017 | Volume 8 | Article 937

B cell, T cell, and NK cell defects will be available, it is most likely 
that immunopathology will continue to be a prominent and 
recurring cause for PID patients to seek care.

The dual and somewhat conflicting demands of immune 
deficiency, with its recurrent and severe infections, and immune 
dysregulation, with its associated autoimmunity or autoinflam-
mation, are now well appreciated as a hallmark of PID (10). This 
means that balancing close attention to infection susceptibility 
against needs for immunosuppression poses a major therapeutic 
challenge (11).

Steroids
Corticosteroids have been the backbone of immune modulation 
since their discovery in the 1930s and their use in rheumatoid 
arthritis (RA) in 1948 (12, 13). Despite their long use, their long-
term toxicity remains significant and their specific mechanisms 
poorly understood. However, they continue to be a mainstay 
and first-line approach to immune modulation, especially when 
needed urgently. Their broad, rapid onset of effects on all the 
major actors of immune response (T, B, NK, neutrophils) as well 
as nominally non-immune pathways (e.g., wound healing, glu-
cose metabolism, adrenal suppression) make them both highly 
effective and very difficult to clearly understand. Their significant 
complications such as polyphagia, diabetes, cataracts, osteopenia, 
and infections limit their utility and keep provider and patient 
anxiety levels high.

Despite these concerns, corticosteroids effectively manage the 
hollow viscera obstructive and inflammatory disorders in CGD 
and are surprisingly well tolerated with minimal additional infec-
tious complications at low doses (14). In CGD, steroids have also 
been used in the treatment of “mulch pneumonitis,” the acute 
inflammatory and necrotizing granulomatous lung disease that 
follows inhalation of organic matter, such as mulch, compost, dirt, 
or hay (15). In the CGD mouse model, fatal pulmonary granu-
lomatous inflammation can be caused by either live Aspergillus 
hyphae, which cause invasive fungal infection, or, more surpris-
ingly, by dead Aspergillus hyphae, which cause a severe fatal 
granulomatous response (16). Further, in CGD, steroids have been 
used in the setting of staphylococcal liver abscess, where they can 
largely obviate the need for surgery and better preserve long-term 
liver function (17). They have also helped with the management 
of necrotizing Nocardia pneumonias (18). Therefore, in CGD 
both invasive infection and hyper-inflammation vie as causes of 
morbidity and mortality and can be successfully managed with 
judicious coadministration of both steroids and antibiotics.

Cytokine Therapy
Interferon Alpha (IFNα)
Defects in the TLR3 pathway have been clearly defined as causes 
of recurrent herpes simplex encephalitis (HSE) in children due to 
mutations in TLR3, UNC-93B, TRIF, TBK-1, TRAF-3, and IRF3 
(19). All of these genes converge on the pathways for neuronal 
IFNα production, mutations in which put neurons at risk for 
uncontrolled herpesviral replication. Importantly, in some of 
these defects (TBK1, TLR3, TRAF3) peripheral blood mono-
nuclear cell IFNα production is normal, even though fibroblast 

and neuronal production are impaired. Therefore, the search 
for defects involved in HSE should be done genetically and not 
based entirely on the in vitro responses found in peripheral blood 
samples. Exogenous IFNα or IFNβ therapy clearly rescue the viral 
phenotype in vitro, suggesting that IFNα or IFNβ therapy might 
be useful in cases of HSE associated with defects in the TLR3 
pathway (20, 21). Whether IFNα therapy might have activity 
in cases of HSE without defects in the TLR3–IRF3 pathway is 
unclear at this point.

Interferon Gamma (IFNγ)
After its early cloning and production, expectations for the 
clinical applications of IFNγ were high. Unfortunately, very few 
of those expectations were realized. However, the observation 
that IFNγ increased superoxide production from monocyte-
derived macrophages in vitro led to interest in using it in therapy 
for chronic granulomatous disease (CGD). An international, 
prospective, randomized double-blind trial in CGD patients 
showed clear reduction in severe infections in the IFNγ  
(50  μg/m2 subcutaneously three times weekly) group without 
exacerbation of granulomatous or inflammatory complications 
(22). IFNγ is essential for the killing of many intracellular 
microbes and has been used to enhance anti-mycobacterial 
immunity in patients with partial dominant IFNγ receptor 1 defi-
ciency and chemotherapy-resistant mycobacterial infection (23). 
Higher doses of IFNγ (200 µg/m2) have been used in those with 
mycobacterial infections in the dominant partial forms of IFNγ 
receptor deficiency and in recessive IL12Rβ1 deficiency (24).

THeRAPY BASeD ON MeCHANiSM

interleukin-2
Interleukin-2 is secreted from T cells and supports T cell prolif-
eration, NK cell activation, and can promote activation-induced 
cell death (25, 26). However, at low does, recombinant IL-2 
has also been shown to selectively increase T regulatory (Treg) 
cells. In the WAS, IL-2 therapy was recognized to enhance kill-
ing activity in vitro (27). In a prospective study WAS patients 
responded to low-dose IL-2 (0.5  MU/m2 for 5  days every 
3 weeks) with modest increases in lymphocyte counts. However, 
consistent with the narrow dose range for many cytokines, at 
the 1 MU dose several patients had worsened thrombocytopenia 
(28). In the setting of bone marrow transplantation low-dose 
and very low-dose IL-2 have been shown to increase Treg cells, 
but their long-term value in preventing graft-versus-host disease 
(GVHD) is still being determined (29).

Cell Depletion
CD 20
Rituximab (anti-CD20) is active in the treatment of lymphoma 
and in many autoimmune diseases, presumably through B  cell 
depletion and also through disruption of autoantibody produc-
tion. However, depletion of CD20+ B cells also removes potent 
antigen presenting cells, so it may have more than one mechanism 
of action. Improved quality of life has been observed in those with 
B-cell class-switch defects (hyper-IgM syndrome), who received 
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rituximab for the treatment of autoimmune manifestations and 
generalized lymphadenopathy (30). Rituximab has been used as 
immunomodulatory therapy, especially as part of the treatment 
of granulomatous lymphocytic interstitial lung disease (31) in 
CVID as well as in CVID-associated autoimmune cytopenias 
(32–34). In patients with anti-IFNγ autoantibodies who have 
severe disseminated infections with intracellular pathogens, 
especially non-tuberculous mycobacteria, rituximab has helped 
to reduce antibody levels allowing clearance of infection (35).

Cytokine Antagonists
Anti-IL-17 and Anti-p40 (Anti-IL-12/23)
IL-17 is an important mediator of inflammation, especially at 
epithelial surfaces. It is itself induced in CD4 + T cells by IL-23 
and in turn induces the generation of G-CSF and IL-22. IL-17 
neutralization has profoundly beneficial effects on the clini-
cal courses of psoriasis and colitis (36). IL-23 is formed by the 
heterodimerization of IL-23p19 and IL-12p40, while IL-12 is 
formed by the heterodimerization of IL-12p35 and IL-12p40. In 
a mouse model of colitis, neutralization of IL-23 using an IL-23-
specific anti-p19 antibody significantly alleviated both emerging 
and established colitis, through the downstream inhibition of 
IL-17 expression, leading to diminished neutrophil infiltration 
(37). One case of severe CGD colitis treated with ustekinumab 
(anti-p40, the common chain of IL-12 and IL-23) showed clinical 
improvement but developed a severe infection (38).

Leukocyte adhesion defect (LAD) 1 is characterized by a severe 
periodontal disease and premature loss of teeth. Moutsopoulos 
et al. showed that excessive IL-17 expressing T cells in periodontal 
tissue is responsible for the inflammation and bone loss in human 
and mouse models of LAD1. These observations support target-
ing IL17 production through inhibition of IL-12/23 p40 (39).

IL-1
IL-1 is induced in response to numerous inflammatory stimuli 
and is the critical mediator of fever; it was previously known 
as “endogenous pyrogen.” Its natural antagonist, IL1RA, 
inhibits IL-1’s activation of its receptor and, therefore, blocks 
IL1-mediated inflammation. IL-1 is generated from proIL-1 
by the action of the IL-1 inflammasome, mediated by NLRP3, 
previously known as CIAS. Gain-of-function (GOF) mutations in 
NLRP3 lead to autoinflammatory diseases, so-called because they 
do not depend on antigen-specific triggers or T or B responses. 
Anakinra has been used extensively in disorders of inflammation. 
de Luca et al. showed that inhibition of IL-1 receptor activation 
using the receptor blocker anakinra resulted in inflammasome 
inactivation, restoration of autophagy, improvement in colitis, 
and protection from invasive aspergillosis in p47phox−/− mice. 
Studies in human subjects are essential to derive data on safety, 
dosage, and duration and complete efficacy of anakinra therapy 
in patients with CGD.

IL-6
IL-6 is a cytokine that induces signal transducer and activator of 
transcription (STAT) 3 phosphorylation and leads to fever and 
the acute phase response. Interestingly, it is also a myokine that is 
produced by muscle during activity. IL6 is elevated in RA and has 

been successfully targeted in that disease by tocilizumab, which 
inhibits downstream STAT3-mediated effects. In the disease 
caused by GOF STAT3 mutations, signaling is pathologically aug-
mented, leading to fever, arthritis, rashes and lung disease. Milner 
et  al. showed that tocilizumab led to marked improvement of 
peripheral arthritis and scleroderma-like skin lesions in a patient 
who had failed multiple other immunosuppressive therapies (40).

Signal Blockade
CTLA4
CTLA4 is expressed on Treg cells and activated T cells, providing 
an inhibitory signal to effector T lymphocytes through its bind-
ing to CD80/CD86. Therefore, reduced CTLA4 expression leads 
to reduced Treg activity, which in turn leads to autoimmunity. 
CTLA4 deficiency is characterized by cytopenias and the triad 
of granulomatous brain lesions, granulomatous lung lesions and 
gut involvement; these manifestations can be separate or together, 
and either immunodeficient or autoimmune phenomena may 
predominate. Abatacept is a protein formed by the fusion of the 
Fc domain of IgG1 to the extracellular domain of CTLA4, thereby 
mimicking the binding of CTLA4 to CD80/CD86 and helping to 
tamp down autoimmunity. Lee et  al. reported the effectiveness 
of abatacept in an adolescent girl with a mutation in CTLA4 and 
severe gut and other disease (41).

T Cell-Directed Therapies
In ALPS-associated autoimmune cytopenias steroids are the first 
line of treatment, followed by mycophenolate mofetil (a prodrug 
of mycophenolic acid that inhibits inosine monophosphate 
dehydrogenase and suppresses T and B cells) and sirolimus [an 
mechanistic target of rapamycin (mTOR) inhibitor] that more 
effectively targets double-negative T cells (32, 42).

In other PIDs, such as CGD, methotrexate and cyclosporine 
have been used to control T-cell-mediated complications. 
Hydroxychloroquine, a moderately effective but less immu-
nosuppressive drug, can be used as a single drug therapy or in 
combination with low-dose steroids. Hydroxychloroquine may 
enhance CLTLA4 expression through the inhibition of lysosomal 
CTLA4 degradation (43).

Janus-Associated Kinase/STAT Inhibitors
Gain-of-function mutations in STAT1 lead to sustained 
levels of phosphorylation of STAT1 upon stimulation, which 
result in increased expression of interferon-simulated genes. 
Autoimmunity and infection caused by STAT1 GOF mutations 
are thought to be the result of dysregulated T  cell responses. 
Janus kinase inhibitors may be effective targeted treatments for 
long-term disease control of severely affected patients for whom 
hematopoietic stem cell transplantation is not available (44–46). 
The experience with transplantation for STAT1 GOF has so far 
been disappointing, suggesting that there are complex issues that 
will need novel approaches in terms of preparative regimen, in 
particular (47).

mTOR Inhibitors
Mechanistic Target of Rapamycin is a serine/threonine protein 
kinase that regulates a dizzying array of cellular and metabolic 
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activities, especially including T  cell proliferation. Conditions 
that constitutively or aberrantly activate the mTOR pathway lead 
to excess signaling, and are associated with abnormal cell prolif-
eration and autoimmunity. Rapamycin is a small molecule that 
blocks mTOR activity and has found extensive clinical application 
in the maintenance of transplant tolerance. It has also achieved 
good clinical responses in patients with immune dysregulation, 
polyendocrinopathy, enteropathy, X-linked (IPEX) syndrome, 
probably related to the decrease in proliferation of T effector 
cells with relative preservation of Treg cells. It leads to reduction 
in hepatosplenomegaly and lymphadenopathy, improvement in 
naive T cell counts, and restitution of lymphocyte IL-2 secretion 
(48, 49).

In activating mutations in PIK3CD, Lucas et  al. demon-
strated that rapamycin restored the abundance of naive T cells, 
largely “rescued” the in  vitro T  cell defects and improved the 
clinical course (50). In LRBA deficiency, which is associated with 
impaired CTLA4 display due to LRBA’s role in CTLA4 recycling, 
the CTLA4 mimetic abatacept caused dramatic and sustained 
improvement (43).

Apoptosis
Programmed cell death protein 1, PD-1, binds to PD-1 ligand, 
PDL-1, and downregulates the activity of inflammatory 
T cells. This interaction forms the basis of one of the immune 
checkpoints, a node at which immune reactivity can either be 
encouraged (PD-1 inhibition) or diminished (PD-1 expression). 
This fundamental recognition has served as the basis for the 
newer immune therapies in cancer, which use PD-1 inhibition 
to disinhibit high PD-1 expression leading to antitumor immune 
response. High PD-1 expression is generally associated with 
exhaustion of T  cells, such as during chronic viral infections, 
and is associated with poor responses to antigen activation. 
Importantly, blockade of this PD-1/PD-1-ligand interaction 
restores antigen-specific responses in vitro (51). PD-1 receptor 
blockade increased JC virus-specific T-cell immune responses 
in a subgroup of progressive multifocal leukoencephalopathy 
(PML) patients in vitro, suggesting that this pathway might be 
important in the control of JC virus-associated PML (52).

Miscellaneous Agents
Magnesium
LOF mutations in the gene encoding the X-linked magnesium 
transporter 1 (MAGT1) result in an immunodeficiency char-
acterized by EBV infection and lymphoma (XMEN), due to 

impaired magnesium-dependent intracellular signaling, which 
is especially important in NK cell function (53). Treatment with 
high-dose magnesium, supplied by the oral preparation magne-
sium threanate has been able to restore NK activity and reduce 
EBV viral loads in a small number of cases.

Pioglitazone
Peroxisome proliferator-activated receptor γ (PPARγ) is a central 
mediator of metabolic responses, which has made it a target for 
endocrine therapies. PPARγ is involved in numerous cellular 
pathways, including reactive oxygen species (ROS) generation 
in mitochondria, fatty acid metabolism, and gluconeogenesis. 
Activation of intracellular PPARγ by agonists such as piogl-
itazone improved neutrophil ROS production and enhanced 
microbicidal action against Staphylococcus aureus in a murine 
CGD model (54). Apparently, pioglitazone leads to increased 
mitochondrial ROS, which then supplements the intracellular 
killing of certain microbes. Pioglitazone may also regulate other 
pathways, including IL-17, which is aberrantly high in CGD.

STATe-OF-THe-ART TReATMeNTS

Chronic and refractory viral infections remain a cause of sig-
nificant mortality both before and after HSCT in patients with 
PID. Reconstitution of T cell immunity is critical for control of 
viral infections. Adoptive immunotherapy with virus-specific 
T lymphocytes (VSTs) is an attractive option for addressing the 
underlying impaired T  cell immunity (55). Infusion reactions 
are uncommon, mild and likely related to the cryopreservation 
additive rather than the VST themselves. To date, with limited 
phase 1 and 2 studies, cytokine release syndrome has not been 
described, though it remains a theoretical risk, particularly in 
patients with disseminated viral disease. And also it is unclear if 
the rate of GVHD in those receiving VST therapy is different from 
the background rate of GVHD in patients undergoing HSCT.
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Individuals with primary immunodeficiency disorder may excrete poliovirus for extended 
periods and will constitute the only remaining reservoir of virus after eradication and 
withdrawal of oral poliovirus vaccine. Here, we analyzed the epidemiology of prolonged 
and chronic immunodeficiency-related vaccine-derived poliovirus cases in a registry 
maintained by the World Health Organization, to identify risk factors and determine the 
length of excretion. Between 1962 and 2016, there were 101 cases, with 94/101 (93%) 
prolonged excretors and 7/101 (7%) chronic excretors. We documented an increase in 
incidence in recent decades, with a shift toward middle-income countries, and a predom-
inance of poliovirus type 2 in 73/101 (72%) cases. The median length of excretion was 
1.3 years (95% confidence interval: 1.0, 1.4) and 90% of individuals stopped excreting 
after 3.7 years. Common variable immunodeficiency syndrome and residence in high-in-
come countries were risk factors for long-term excretion. The changing epidemiology of 
cases, manifested by the greater incidence in recent decades and a shift to from high- to 
middle-income countries, highlights the expanding risk of poliovirus transmission after 
oral poliovirus vaccine cessation. To better quantify and reduce this risk, more sensitive 
surveillance and effective antiviral therapies are needed.

Keywords: polio eradication, primary immunodeficiency, vaccine-derived poliovirus, oral poliovirus vaccine, 
immunodeficiency-related vaccine-derived poliovirus

inTrODUcTiOn

Since the launch of the Global Polio Eradication Initiative in 1988, there has been substantial progress 
toward eradication, documented by a decline in the incidence of cases from >350,000 in 1988 to 37 in 
2016, and a decrease in the number of endemic countries from 125 to 3 (1). Although wild poliovirus 
type 1 continues to circulate in Afghanistan, Nigeria, and Pakistan, no wild poliovirus type 2 or wild 
poliovirus type 3 have been detected globally since October 1999 (2) and November 2012 (3), periods 
of 17 and 4 years, respectively.

Abbreviations: AFP, acute flaccid paralysis; CVID, common variable immunodeficiency; iVDPV, immunodeficiency-related 
vaccine-derived poliovirus; OPV, oral poliovirus vaccines; PID, primary immunodeficiency disorder; VDPV, vaccine-derived 
poliovirus; WHO, World Health Organization.
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These achievements have been accomplished through the 
extensive use of oral poliovirus vaccines (OPV), which are easy to 
administer, suitable for mass campaigns, and able to induce both 
humoral and mucosal immunity (4). However, in rare instances, 
live Sabin strains contained in OPV can cause vaccine-associated 
paralytic poliomyelitis, with paralytic manifestations indistin-
guishable from those caused by wild poliovirus (4). Furthermore, 
these viruses have the potential to revert to neurovirulence and 
re-acquire the transmissibility characteristics of wild poliovirus, 
resulting in outbreaks of circulating vaccine-derived poliovirus 
(VDPV) (5). In the presence of high population immunity, 
VDPVs rarely emerge and cause outbreaks. However, in areas 
with low population immunity, these viruses could potentially 
re-establish endemic transmission (6).

Immunodeficiency-related vaccine-derived poliovirus 
(iVDPV) is a type of VDPV in which individuals with a primary 
immunodeficiency disorder (PID) excrete Sabin polioviruses; in 
some cases, for substantially longer periods than immunocompe-
tent individuals (4). After exposure to OPV, immunocompetent 
individuals usually excrete the vaccine virus for 4–8  weeks (7). 
However, in immunodeficient individuals, an inability to mount an 
adequate immune response can result in persistence of the intesti-
nal infection with poliovirus and prolonged viral shedding (8). In 
the process, the virus can mutate to re-acquire the neurovirulence 
and transmissibility characteristics of wild poliovirus (9–12).

To address the risks associated with OPV use, the Strategic Plan 
of Action 2013–2018 of the Global Polio Eradication Initiative 
calls for a sequential global withdrawal of OPV, starting with the 
Sabin type 2 component that was removed in April 2016 and fol-
lowed by Sabin type 1 and Sabin type 3 after certification of wild 
type 1 and 3 eradication, respectively (13). Although this strategy 
may minimize the long-term risk of circulating VDPV outbreaks, 
iVDPV cases will remain a potential source of live poliovirus 
in communities after the withdrawal of OPV and in the post 
eradication era, and could pose a substantial risk of poliovirus 
reintroduction in the population. The post-OPV cessation risks 
of long-term excretors have been modeled previously (14–16).

A number of case reports and case series of iVDPV excretors 
have been published with a systematic review of published cases 
undertaken (17), and more recently, studies have assessed iVDPV 
excretion among persons with PIDs (18–20). However, many of 
these works focus on only a subset of iVDPV cases, with case 
reports often limited to upper-middle income and high-income 
countries and patients with paralysis.

We present analysis of iVDPV cases known to the World 
Health Organization (WHO), from the inception of widespread 
OPV use (1962–2016). The main objectives of this study are 
to conduct demographic, risk factor, and survival analysis of 
reported iVDPV cases to determine the populations most at risk 
and to better understand the threat posed by iVDPV cases to 
global poliovirus eradication.

MaTerials anD MeThODs

study Population
This study analyzed cases in the iVDPV case registry main-
tained by WHO, containing reported cases from 1962 to 2016, 

irrespective of reporting source or paralysis status (see Table S2 
in Supplementary Table). The main sources contributing cases to 
the registry include: (1) the acute flaccid paralysis (AFP) surveil-
lance system, which is the routine way countries report cases; (2) 
the regional polio laboratory network; (3) specific studies and 
pilot poliovirus surveillance projects targeting PID patients; and 
(4) regularly conducted systematic literature reviews of scientific 
journals reporting on iVDPV cases, where key search terms 
include VDPV, iVDPV, immunodeficiency, immunocomprised, 
excretion, polio, and “vaccine-associated paralytic poliomyelitis.” 
In order to obtain the most recent information on ongoing cases, 
corresponding authors of case reports and/or relevant scientific 
and medical personnel, including regional laboratory coordina-
tors, were contacted.

Inclusion criteria comprised: excretion of poliovirus for greater 
than 6 months; confirmed PID; and laboratory-confirmed VDPV. 
A prolonged excretor was defined as a person excreting virus for 
≥6 months and ≤5 years, and a chronic excretor was defined as 
excreting for >5 years (14).

Primary immunodeficiency disorder in the registry includes 
individuals with congenital onset of B-cell deficiency, T-cell 
deficiency, major histocompatibility complex deficiency, or a 
combination of the above. For the purposes of these analyses, 
immunodeficiency disorders were divided into the following 
broad categories:

•	 Antibody disorder, including hypogammaglobulinemia, 
agammaglobulinemia, X-linked agammaglobulinemia, and 
other antibody deficiencies.

•	 Severe combined immunodeficiency disorder and other com-
bined humoral/T-cell deficiencies.

•	 Common variable immunodeficiency disorder (CVID).
•	 Other, including major histocompatibility complex deficien-

cies, the immunodeficiency, centromere instability, and facial 
anomalies syndrome, as well as other unknown or undiag-
nosed causes of immunodeficiency.

laboratory Processing of Poliovirus 
isolates
Until the establishment of sensitive surveillance for polio eradica-
tion, viruses were mainly isolated in a few specialized laborato-
ries. With implementation of surveillance for polio eradication, 
poliovirus was increasingly isolated from patient stool samples by 
laboratories participating in the WHO Global Polio Laboratory 
Network. Isolates were identified by several steps: first, specimens 
were grown in tissue culture; second, molecular methods were 
used to identify the serotype; and third, intratypic differentiation 
to determine vaccine or wild strains was done either by enzyme-
linked immunosorbent assay using highly specific cross-absorbed 
antisera and/or by diagnostic reverse transcriptase-polymerase 
chain reaction (21). If the enzyme-linked immunosorbent 
assay and molecular intratypic differentiation methods yielded 
discordant results, the ~900-nucleotide interval encoding the 
major capsid protein, the viral protein 1 (VP1), was sequenced. 
Poliovirus genomes appear to evolve at a rate of ~1.1% mutations 
in VP1 region per year (22) and VDPVs are defined as having 
a VP1 nucleotide divergence >1% for type 1 and 3, and >0.6% 
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FigUre 1 | Year of detection of 101 reported chronic and prolonged 
immunodeficiency-related vaccine-derived poliovirus cases from 1962 to 
2016, by income classification of country of residence: low income (n = 1), 
lower-middle income (n = 24), upper-middle income (n = 47), and 
high-income (n = 29). Income classification based on 2016 World Bank 
Classification.
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for type 2, from the corresponding parenteral OPV strain (23), 
consistent with prolonged replication or transmission.

Demographic and clinical Variables
Cases were recorded with the following demographic and clinical 
parameters: year of detection; country of residence and its income 
classification [based on the 2016 World Bank classifications (24)]; 
date of birth; date of onset; age at onset; gender; PID; presence or 
absence of paralysis; OPV vaccination history; clinical outcome 
(alive, alive and stopped excreting, dead or unknown); and first 
and most recent positive specimen dates, serotype of virus, 
percentage VP1 divergence from the parenteral Sabin strain, and 
recombination with other non-polio enteroviruses.

statistical analysis
Descriptive analysis was conducted to identify demographic and 
clinical characteristics of iVDPV cases. According to available 
information, duration of excretion was estimated following the 
algorithm provided in Table S1 in Supplementary Material. 
The algorithm bases the length of excretion on either the time 
period between OPV administration (or exposure) and the last 
iVDPV isolate, the time period calculated by VP1 divergence 
from parental Sabin strain based on an evolution rate of ~1.1% 
divergence per year (22), or where this information was not avail-
able, the excretion time under observation. To model the length 
of excretion, Kaplan–Meier survival analysis was employed and 
log-rank tests used to determine difference in survival times 
between groups. To allow for multiple comparisons, the P-value 
for significance was set at P < 0.01. All analyses were conducted 
using the statistical software R 3.3.1 (25) and Stata MP 13 (26).

resUlTs

Demographics
As of July 2016, the WHO registry included 110 suspected iVDPV 
cases with onset of excretion or paralytic symptoms during 
1962–2016. Of these, 101 (91.8%) met the definition of prolonged 
or chronic iVDPV excretion and were included in the analysis. 
Figure 1 shows the number of reported iVDPV cases over time 
since 1962. There has been an increase in the number of reported 
cases since the year 2000, with the highest number the period 
since 2010 (56/101). Within this, there are two divergent trends: 
an increase in cases reported from low- and middle-income 
countries and a decrease in the number of cases reported from 
high-income countries (Figure 1).

Figure  2 provides the geographic location of these cases by 
associated serotype, illustrating a large concentration of cases 
around the Middle East. The characteristics of the 101 prolonged 
and chronic iVDPV cases are presented in Table 1. The residence 
of cases by worldwide region shows the highest proportion of 
cases 43/101 (43%) occurred in the Eastern Mediterranean 
Region. There were 24/101 (24%) cases in lower-middle-income 
countries, 47/101 (47%) in upper-middle income countries, and 
29/101 (29%) in high-income countries, with all seven chronic 
excretor cases resident in high-income countries. Only one 
case was reported from a low-income country, which was in 
Afghanistan in 2013.

Out of the 101 cases, 63/98 (64%) were males, 71/100 (71%) 
presented with paralytic manifestations, as defined by AFP, and 
the most common age of onset was <1 year in 46/100 (46%) cases, 
followed by 1 to <5 years old in 37/100 (37%) (Table 1).

Underlying PiD
The underlying immunodeficiency disorders of cases are 
shown in Table 1. Antibody disorders were the most frequent, 
accounting for 31/91 (34%) of the cases, primarily composed of 
hypogammaglobulinemia, agammaglobulinemia, and X-linked 
agammaglobulinemia. Severe combined immunodeficiency dis-
order and CVID were also common, present in 25/92 (27%) and 
21/92 (23%) of cases, respectively. All the seven chronic excretors 
had CVID.

Virological Factors
The serotype of excreted virus was predominantly type 2 polio-
virus, in 68/101 cases (67%), followed by type 1 in 15/101 cases 
(15%) and type 3 in 13/101 cases (13%) (Table 1). Among the 
six cases with multi-serotype infections, two were type 1 and 2 
co-infections and three were type 2 and 3 co-infections, result-
ing in 73/101 (72%) cases in the database associated with type 2 
poliovirus.

survival analysis
The length of excretion was calculated for all 101 iVDPV 
cases, of which 94 (93%) were prolonged excretors and 7 (7%) 
were chronic excretors. At the time of analysis, 48/101 (48%) 
individuals had died and 36/101 (36%) had stopped excreting. 
There were 8/101 (8%) individuals who were still alive and 
excreting at last specimen and 9/101 (9%) were lost to follow-
up (Table 1).
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FigUre 2 | Geographic location of 101 reported chronic and prolonged immunodeficiency-related vaccine-derived poliovirus cases, 1962–2016. Shown by 
serotype of virus in most recent specimen available: 1 (n = 15), 2 (n = 68), 3 (n = 13), 1 + 2 (n = 2), and 2 + 3 (n = 3).

4

Macklin et al. Prolonged Excretion of Poliovirus among Individuals with PID

Frontiers in Immunology | www.frontiersin.org September 2017 | Volume 8 | Article 1103

The median length of excretion for all 101 cases was 1.3 years 
[95% confidence interval (CI): 1.0–1.4], with a range of 0.5–
28.6 years. Figure 3 shows the Kaplan–Meier survival curves for 
time to cessation of poliovirus excretion, stratified by PID and 
country income classification. After 2.4 and 3.7 years, 80 and 90% 
of individuals had stopped excreting, respectively (Figure 3A). 
There was a significant difference in the Kaplan–Meier curves 
for length of excretion between different PIDs (P < 0.001), with 
individuals with CVID having the longest length of excretion, 
a median of 3.0 years (95% CI: 1.6–6.7) (Figure 3B). There was 
also a highly significant difference between different income 
classification of countries (P  <  0.001), with a longer median 
length of excretion for high-income countries (2.5  years, 95% 
CI: 1.3–3.7) than upper-middle income countries (1.0 year, 95% 
CI: 0.9–1.3), lower-middle income countries (1.0 years, 95% CI: 
0.8–1.5), and low-income countries (0.8 years) (Figure 3C). No 
statistical significance was found in the Kaplan–Meier curves 
for sex (P = 0.68) or poliovirus serotype (P = 0.21) (results not 
shown).

evolution of length of excretion
To understand the risk of iVDPV2 to the communities, we 
stratified the length of excretion by the date of onset (Table 2). 
Only those cases that were known to have stopped excreting 
(outcome alive and stopped excreting or dead) were included in 
this analysis to ensure comparability of the length of excretion 
between the two time periods 1962–2010 and 2011–2016. There 
was a decrease in the median length of excretion from cases with 
onset in 1962–2010 to 2011–2016: 1.75 years (95% CI: 1.3–2.5) 
and 1.0 years (95% CI: 0.8–1.4), respectively. The difference in 
length of excretion for the two time periods was found to be 

highly statistically significant when all serotypes (P < 0.001) were 
considered and specifically for type 2 (P < 0.001).

DiscUssiOn

Our analyses document the changing epidemiology of iVDPV 
cases since the turn of the millenium, when the incidence of 
reported cases dramatically increased. The cases reside primar-
ily from middle-income countries and are concentrated in the 
Middle East and North Africa. We confirm that the preponder-
ance of cases are excreting poliovirus type 2, and demonstrate 
that the length of virus excretion has decreased in recent years. 
We also estimated that the last reported chronic excretor (greater 
than 5 years of excretion) had onset in 1998 and, finally, identified 
CVID as the major risk factor for chronic excretion.

The documented increase in number of reported iVDPV cases 
since the year 2000 was consistent with previous reports (17) and 
could be attributed to better case ascertainment, improved health 
care allowing immunodeficient patients to survive longer, or a 
combination of these factors. The surveillance sensitivity for AFP 
has risen in parallel with case incidence since 2000; however, this 
system is designed to capture cases with paralytic manifestations 
only (28), including those with PID. During the same period, 
capabilities of PID diagnostics have been enhanced and may 
now be available in many low- and middle-income countries. 
Therefore, it is possible that the increase in iVDPV cases is a 
surveillance artifact.

The shift in iVDPV cases from high-income to middle-income 
countries likely reflects two different trends: (1) high-income 
countries have changed their immunization schedules and 
switched to exclusive inactivated poliovirus vaccine use (thus 
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Table 1 | Baseline characteristics of 101 reported chronic and prolonged immunodeficiency-related vaccine-derived poliovirus cases at time of detection, 1962–2016.

characteristic number of cases, n/N (%) Prolonged excretor casesa, n/N (%) chronic excretor casesb, n/N (%)

Total 101 94 7

gender
Male 63/98 (64) 59/91 (65) 4/7 (57)

Female 35/98 (36) 32/91 (35) 3/7 (43)

age at onset or first positive specimen
<1 year 46/100 (46) 46/93 (49) 0/7 (0)

1 to <5 years 37/100 (37) 37/93 (40) 0/7 (0)

5 to <10 years 7/100 (7) 6/93 (6) 1/7 (14)

10 to <20 years 5/100 (5) 2/93 (2) 3/7 (43)

20 to <30 years 3/100 (3) 1/93 (1) 2/7 (29)

≥30 years 2/100 (2) 1/93 (1) 1/7 (14)

Paralysis
Yes 71/100 (71) 67/93 (72) 4/7 (57)

No 29/100 (29) 26/93 (28) 3/7 (43)

country of residence income classificationc

High income 29/101 (29) 22/94 (23) 7/7 (100)

Upper-middle income 47/101 (47) 47/94 (50) 0/7 (0)

Lower-middle income 24/101 (24) 24/94 (26) 0/7 (0)

Low income 1/101 (1) 1/94 (1) 0/7 (0)

WhO region of residence
Eastern Mediterranean Region 43/101 (43) 43/94 (46) 0/7 (0)

African Region 6/101 (6) 6/94(6) 0/7 (0)

Western Pacific Region 10/101 (10) 7/94 (7) 3/7 (43)

European Region 14/101 (14) 10/94 (11) 4/7 (57)

South-East Asian Region 13/101 (13) 13/94 (14) 0/7 (0)

Region of the Americas 15/101 (15) 15/94 (16) 0/7 (0)

immunodeficiency disorder
SCID and other combined humoral/T-cell deficiencies 27/92 (29) 27/85 (32) 0/7 (0)

SCID 25/92 (27) 25/85 (29) 0/7 (0)

CVID 21/92 (23) 14/85 (16) 7/7 (100)

Antibody disorders 31/92 (33.7) 31/85 (36) 0/7 (0)

HGG 10/92 (11) 10/85 (12) 0/7 (0)

XLA 12/92 (13) 12/85 (14) 0/7 (0)

AGG 5/92 (5) 5/85 (6) 0/7 (0)

Other disorders 13/92 (14) 13/85 (15) 0/7 (0)

MHC II 6/92 (7) 6/85 (7) 0/7 (0)

HLA-DR 4/92 (4) 4/85 (5) 0/7 (0)

serotyped

1 15/101 (15) 12/94 (13) 3/7 (43)

2 68/101 (67) 64/94 (68) 4/7 (57)

3 13/101 (13) 13/94 (14) 0/7 (0)

1 + 2 2/101 (2) 2/94 (2) 0/7 (0)

2 + 3 3/101 (3) 3/94 (3) 0/7 (0)

All type 2 associated 73/101 (72) 69/94 (73) 4/7 (57)

Outcome status
Dead 48/101 (48) 45/94 (48) 3/7 (43)

Stopped excreting 36/101 (36) 34/94 (36) 2/7 (29)

Alive (and excreting at last specimen) 8/101 (8) 7/94 (7) 1/7 (14)e

Unknown 9/101 (9) 8/94 (9) 1/7 (14)

AGG, agammaglobulinemia; CVID, common variable immunodeficiency disorder; HGG, hypogammaglobulinemia; HLA-DR, human leukocyte antigen-antigen D related; MHC II; 
major histocompatibility complex type II; SCID, severe combined immunodeficiency disorder; WHO, World Health Organization; XLA, X-linked agammaglobulinemia.
aDefined as excreting virus for ≥6 months and ≤5 years.
bDefined as excreting for >5 years.
cBased on 2016 World Bank Classification.
dSerotype of virus in most recent specimen available.
eThis case has been published (27).
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Table 2 | Kaplan–Meier Estimates of the length of excretion for 84 prolonged and chronic immunodeficiency-related vaccine-derived poliovirus cases with outcome 
dead or stopped excreting, stratified by date of onset, 1962–2016.

serotypea Total number of 
cases

Date of onset 1962–2010 Date of onset 2011–2016 P-valuec

number of cases Median length of 
excretion, years

95% ci number of cases Median length of 
excretion, years

95% ci

1 13 9 3.20b 4 0.96b 0.002
2 54 27 1.50 1.1, 2.3 27 0.82 0.8, 1.0 <0.001
3 12 3 1.25b 9 1.30b 0.24
All 84 41 1.75 1.3, 2.5 43 1.00 0.8, 1.4 <0.001

CI, confidence interval.
aSerotype of most recent specimen available.
bNo upper CI.
cP-value for log-rank test for difference in Kaplan–Meier survival curves; tests of significance were two-sided.

FigUre 3 | Kaplan–Meier curves for the length of poliovirus excretion in reported chronic and prolonged immunodeficiency-related vaccine-derived poliovirus 
cases, 1962–2016. (a) For all reported cases (n = 101, dotted lines: 95% Confidence Limits). (b) Comparison by income classification of country of residence: low 
income (n = 1), lower-middle income (n = 24), upper-middle income (n = 47), and high-income (n = 29). Two-tailed P < 0.001 for log-rank test for equality of 
Kaplan–Meier curves. (c) Comparison by primary immunodeficiency disorder: antibody disorders (n = 31), CVID (n = 21), SCID and other combined humoral T-cell 
deficiencies (n = 27), and other disorders (n = 13). Two-tailed P < 0.001 for log-rank test for equality of Kaplan–Meier curves. Abbreviation: CVID, common variable 
immunodeficiency disorder; SCID, severe combined immunodeficiency disorder.
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preventing new iVDPVs from being generated); (2) middle-
income countries have established increasingly sensitive surveil-
lance for AFP, which better captures PIDs with paralysis; and 
(3) health systems in middle-income countries provide better 
medical care for PIDs, allowing these cases to be diagnosed and 
treated. However, this shift in case distribution causes new chal-
lenges to polio eradication.

The striking concentration of iVDPV cases in the Middle East 
and North Africa may be due to: (1) an increased risk of PID due 
to co-sanguinity (29) and (2) an interest of immunologists in these 
Regions to strengthen surveillance for PID and create immunode-
ficiency registries. In particular, iVDPV surveillance projects have 
taken place in Egypt (30), Iran (31), and Tunisia (20).

Our analysis is consistent with previous studies documenting 
that iVDPV type 2 constitutes more than 70% of all iVDPV cases 
(17), including a case that has excreted poliovirus type 2 for almost 

30  years (27). Since the removal of Sabin type 2 from OPV was 
implemented in April 2016, no further Sabin type 2 are being intro-
duced into populations, except for outbreak control (13, 32), which 
should prevent the generation of almost all new iVDPV type 2 cases.

On average, the duration of excretion of poliovirus among 
iVDPV cases is relatively short (approximately 1 year) and has 
further declined in recent years. This declining length of polio-
virus excretion for all serotypes, but especially type 2, is likely to 
be associated with the shift in cases from high to middle income 
countries. This may be caused by shorter survival of iVDPV cases 
in middle-income countries or a higher likelihood of spontane-
ous cessation of excretion. However, we have little evidence to 
support the latter assumption.

We also document that chronic excretors are all associated 
with CVID in our case series. This is not surprising since CVID 
consists of a variety of underlying pathologies associated with 
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later diagnosis and longer survival than some of the other PIDs 
diagnoses (15, 33). What is more surprising is that all chronic 
excretors originated from high-income countries, and that no 
new chronic cases have been detected since 2009. Whether this 
is a reflection of the quality of the health systems in developing 
countries to both detect and care for PID patients remains an 
open question.

In our case series, only eight iVDPV cases were documented 
to be alive and excreting. The rest either had a fatal outcome or 
spontaneously stopped excretion. An additional nine cases were 
lost to follow-up or had no information on excretion. However, if 
we apply the observed mortality to these cases, very few would be 
expected to be alive and excreting. Therefore, the known preva-
lence of actively excreting iVDPV cases (i.e., those captured by 
current surveillance systems) is small.

In terms of limitations, our analyses could only focus on those 
iVDPV cases reflected in the WHO registry. Our study does not 
address the unknown number of PIDs who excrete poliovirus 
but have not been captured by the AFP surveillance system 
because they are not paralyzed and did not come to the atten-
tion of immunologists because of either a lack of suspicion or 
specialist immunological services are not available. This reflects 
the broader challenge of tracking iVDPV cases and limitations 
of registries in the absence of routine screening of PID patients 
for poliovirus infection and excretion. Furthermore, the informa-
tion available in the registry is limited by the quality of reported 
data. In the calculation for length of excretion, cases that were 
still excreting or lost to follow-up were censored at the time of 
last positive sample and may continue to excrete for longer time 
periods. Furthermore, the analysis assumed a standard evolution 
rate of 1.1% mutations in VP1 region of the poliovirus genome 
per year.

Our results have important implications for the polio end-
game. The withdrawal of Sabin type 2 poliovirus in April 2016 
went well (32), and future immunity to type 2 poliovirus will be 
induced solely by inactivated poliovirus vaccine. Our duration of 
excretion analysis suggests that the highest risk period for iVDPV 
cases re-seeding communities is in the next 2–3 years.

However, there are ways in which the Global Polio Eradication 
Initiative can actively decrease the risk of iVDPV cases. Generating 
effective therapeutic options for clearing poliovirus infections is 
critical. Progress has been made in this field over the last decade 
or more, and antiviral drugs are nearing practical applicability 
(34). The first drug, a capsid inhibitor, is now ready for deploy-
ment under an Investigational New Drug protocol (35). Because 
of high levels of drug resistance, a second drug is needed for a 
combination treatment (35) and related studies with a protease 
inhibitor are in progress (36). These drugs, as well as specific 
high-titer monoclonal antibodies, should provide effective treat-
ment for iVDPV excretors. In this context, identifying PIDs with 
poliovirus to enable treatment with these new drugs becomes an 
urgent priority, not only for public health but also because these 
patients are at risk of developing paralytic poliomyelitis, which 
has a high mortality burden.

In parallel, we need to establish sensitive surveillance systems 
to identify and report iVDPV cases with or without paralytic 
symptoms, which constitute the last remaining sources of 

poliovirus type 2. Recent modeling by Tebbens et al. has shown 
that treating iVDPVs with antiviral drugs alone will have limited 
impact and requires integration with expanded surveillance 
(15). This surveillance system would be complementary to the 
AFP surveillance system that captures children with paralytic 
manifestations. The new system would also target children with 
PIDs (without paralytic manifestations) and would use the 10 
Warning Signs of the Jeffrey Modell Foundation as a screening 
case definition (37). Children meeting at least two signs would 
then be included in the AFP surveillance system and followed up 
accordingly (with two stool samples collected and related labora-
tory investigations). The Strategic Advisory Group of Experts on 
Immunization Polio Working Group has endorsed this approach, 
and pilot country studies are being established (38). Furthermore, 
analysis suggests that extended surveillance could save between 
US$0.7 to 1.5 billion and identify 25–90% of asymptomatic 
iVDPV excretors (16).

This dual approach of developing therapeutic options to clear 
poliovirus infection and establishing sensitive surveillance for 
PIDs should further quantify the risks and would allow the Global 
Polio Eradication Initiative to actively mitigate these risks, so that 
global polio eradication cannot be undone by few iVDPV cases 
that may inadvertently re-seed communities with poliovirus, 
potentially leading to re-establishment of endemic or epidemic 
transmission. With these enhancements to the surveillance and 
treatment system for PIDs, we can make the final steps to a world 
free of polio.
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Severe combined immunodeficiency (SCID), the most severe form of T cell immunodefi-
ciency, is detectable through quantification of T cell receptor excision circles (TRECs) in 
dried blood spots obtained at birth. Herein, we describe the results of the first year of the 
Israeli SCID newborn screening (NBS) program. This important, life-saving screening test 
is available at no cost for every newborn in Israel. Eight SCID patients were diagnosed 
through the NBS program in its first year, revealing an incidence of 1:22,500 births in 
the Israeli population. Consanguine marriages and Muslim ethnic origin were found to 
be a risk factor in affected newborns, and a founder effect was detected for both IL7Rα 
and DCLRE1C deficiency SCID. Lymphocyte subset analysis and TREC quantification 
in the peripheral blood appear to be sufficient for confirmation of typical and leaky SCID 
and ruling out false positive (FP) results. Detection of secondary targets (infants with 
non-SCID lymphopenia) did not significantly affect the management or outcomes of 
these infants in our cohort. In the general, non-immunodeficient population, TREC rises 
along with gestational age and birth weight, and is significantly higher in females and the 
firstborn of twin pairs. Low TREC correlates with both gestational age and birth weight in 
extremely premature newborns. Additionally, the rate of TREC increase per week consis-
tently accelerates with gestational age. Together, these findings mandate a lower cutoff 
or a more lenient screening algorithm for extremely premature infants, in order to reduce 
the high rate of FPs within this group. A significant surge in TREC values was observed 
between 28 and 30 weeks of gestation, where median TREC copy numbers rise by 50% 
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over 2 weeks. These findings suggest a maturational step in T cell development around 
week 29 gestation, and imply moderate to late preterms should be screened with the 
same cutoff as term infants. The SCID NBS program is still in its infancy, but is already 
bearing fruit in the early detection and improved outcomes of children with SCID in Israel 
and other countries.

Keywords: severe combined immunodeficiency, newborn screening, T cell development, preterm, immunodeficiency

inTrODUcTiOn

The purpose of newborn screening (NBS) is to identify new-
borns that are at risk for a panel of metabolic, endocrine, or 
hematologic diseases in which early diagnosis and prompt 
treatment will dramatically change disease outcome of affected 
patients (1). One such disease that has been recently added to 
NBS panels worldwide, is severe combined immunodeficiency 
(SCID), the most profound inherited immunodeficiency (2). 
SCID encompasses a heterogeneous group of genetic disorders 
manifest by increased susceptibility to life-threatening and 
opportunistic infections at early life and is characterized by 
arrest of T lymphocyte maturation and variable alterations in 
B and natural killer (NK) cells differentiation (3). It was shown 
that SCID infants diagnosed and treated with hematopoietic 
stem cell transplantation in the first 3.5  months of life had 
improved survival and reduced morbidity (4). This observation 
has made SCID a very attractive target for NBS (5). Screening 
for SCID is of value particularly in communities, such as in 
Israel, where a relatively high frequency of consanguineous 
marriages is known to exist (6). While the accepted frequency 
of SCID in most western countries is 1:58,000 births, it is 
estimated that in such communities the frequency of SCID 
will be higher (7–10). SCID can be detected early in life with 
the use of T  cell receptor excision circle (TREC) quantifica-
tion on dry blood spots obtained from a Guthrie card (11). 
TREC, a DNA marker that is formed as a byproduct during 
the normal process of T cell receptor (TCR) development, is a 
highly sensitive and specific tool to estimate T cell immunity in 
any medical conditions where T cells are known to be affected 
(12). For SCID detection, it can obviously be used in patients 
with no T  cells but can also identify patients with clonally 
expended T cells or with a limited TCR repertoire (13). Normal 
production of TREC begins in early embryonic development, 
around 13 weeks of gestation, and rises progressively through-
out pregnancy, reaching decent and easy to detect levels at 
birth (14). TREC quantification has been established as the 
most useful and inexpensive high-throughput assay to screen 
newborns for SCID (15, 16). This screening test is currently 
being used successfully across the US and in several additional 
countries (8, 17–19). The primary target of the screening is to 
identify SCID patients. As a secondary target, the screening 
identifies other causes of T  cell immunodeficiencies includ-
ing specific syndromes, severe prematurity, secondary T  cell 
lymphopenia or undefined causes of T cell lymphopenia (20). 
A recent successful pilot study that was conducted by us was 
able to retrospectively identify seven Israeli patients with SCID 
(13). This paved the way toward adding NBS for SCID to the 

national NBS program by the Israeli Ministry of Health (21). 
As of October 1, 2015, this test is available at no cost for all 
newborns in Israel and the confirmatory process is performed 
in one center. Here, we summarize our experience with 1 year 
of NBS for SCID and report several perspectives regarding 
T  cell development in non-immunodeficient newborns that 
emerged from the accumulated data.

MaTerials anD MeThODs

Population
Data comprised of TREC results and accompanying epide-
miologic parameters (sex, gestational age, birth weight, singleton/
twins/triplets) for newborns born in Israel between October 1, 
2015 and September 30, 2016, drawn from the computer archives 
of the Israeli National Center for NBS. Data entries with missing 
information or containing apparent typing errors were removed 
from analysis, as were entries for samples with poor DNA 
amplification (beta-actin <16 copies). Additionally, gestational 
age/birth weight norms were calculated and newborns for which 
birth weight was above 5 SD or below −5 SD for their respective 
gestational age were removed from analysis (n  =  93). Finally, 
analysis was performed for 177,277 newborns.

The primary target of the screening program for newborns 
was to identify those with SCID (defined by us as less than 300/μl 
CD3+ T cells in peripheral blood) or leaky SCID (T lympho-
penia but >300/μl CD3+ T cells). The secondary target was to 
identify newborns with non-SCID lymphopenia (classified into 
groups as syndromic patients, lymphopenia due to secondary 
causes, prematurity, or unknown etiology). False positives (FPs) 
were defined as newborns with consecutive positive screening 
results, whose clinical presentation was unremarkable and 
immunological workup was negative for lymphopenia of any 
etiology.

The study was approved by both the Sheba Medical Center 
institutional review board as well as the Israeli national research 
committee. Informed consent was obtained from all individual 
participants included in the study where genetic evaluation was 
needed.

specimen Testing
The Israeli SCID NBS program uses the commercial EnLiteTM 
Neonatal TREC kit (Wallac Oy, Mustionkatu 6, FI-20750 Turku, 
Finland). Briefly, Dried Blood Spot (DBS) punches of 1.5  mm 
diameter are inserted into a black, 96-well PCR plate. DNA is 
eluted without extraction. Next, PCR amplification of TREC and 
beta-actin, an internal control for each specimen, is performed. 
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Four PCR plates are processed in parallel, each plate containing a 
standard TREC curve in triplicates, as well as positive and nega-
tive controls for both targets.

Mutation analyses
Severe combined immunodeficiency mutations were identified 
using either Whole Exome Sequencing (WES) or direct Sanger 
sequencing (where family history allowed targeted sequencing 
of suspected genes). Results were than validated through Sanger 
sequencing of patients’ parents, healthy siblings, or both.

lymphocyte subset Determination
Cell surface markers of peripheral blood mononuclear cells 
(PBMCs) were determined by immunofluorescent staining and 
flow cytometry (Navios, Beckman Coulter, Brea, CA, USA) 
using anti-CD3, anti-CD19, anti-CD16, and anti-CD56 from BD 
Biosciences; and anti-CD4 and anti-CD8 from Beckman Coulter.

Proliferation assay
T cell proliferation was tested by standard H3-thymidine uptake 
assays (1 μCi/well) by culturing 105 PBMCs with phytohemag-
glutinin (1  µg/ml; Sigma-Aldrich) or plastic bound anti-CD3 
(10 µg/ml UCHT-1 from BD) for 72 h.

Tcr repertoire analysis
Surface expression of individual TCRVβ families was analyzed 
using flow cytometry and a set of Vβ-specific fluorochrome-
labeled monoclonal antibodies as previously described (22). 
Normal control values were obtained from the IOTest Beta Mark-
Quick Reference Card (Beckman Coulter).

Quantification of Trec in Peripheral Blood
T  cell receptor excision circle copy numbers were determined 
using quantitative real-time PCR (qRQ-PCR). PCRs were per-
formed as previously described (22) using as template 0.5-µg 
genomic DNA (gDNA) extracted from PBMCs. RQ-PCR was 
carried out using an ABI PRISM 7900 Sequence Detector System 
(Applied Biosystems). A standard curve was constructed by 
using serial dilutions containing 103–106 copies of a plasmid with 
known TREC copy numbers. Patient and control samples were 
tested in triplicate, and the number of TRECs in a given sample 
was calculated by comparing the obtained cycle threshold value 
of the sample to the standard curve using an absolute quantifica-
tion algorithm.

statistical analyses
Statistical analyses were performed using SPSS software (IBM 
Corp. Released 2016. IBM SPSS Statistics for Windows, Version 
24.0. Armonk, NY, USA: IBM Corp.). Given the skewed distribu-
tion of the data, the Mann–Whitney U test and the Kruskal–Wallis 
test were used to compare continuous variables between groups. 
Correlation between continuous variables was assessed using the 
Spearman’s rank correlation coefficient. All statistical tests were 
two-tailed. Differences were considered statistically significant 
when the p value was less than 0.05. Whenever applicable, 
results were presented as median, with 25th to 75th percentiles 
in brackets.

resUlTs

screening Overview
A total of 188,162 newborns were screened between October 
1, 2015 and September 30, 2016. After subtracting entries with 
missing data, errors, and poor DNA amplification, data of a total 
of 177,277 newborns were analyzed. Of these, 51.5% were male. 
Median TREC copy number/blood spot for all DBS samples was 
107 (69–169, 25th to 75th percentiles), median gestational age 
39  weeks, median birth weight 3,240  g (2,925–3,545). 12,880 
(7.26%) infants were born prematurely (<37  weeks gestation). 
11,316 (87.8% of all preterm newborn) were moderate to late 
preterm (per WHO definition, 32 to <37 weeks), 1,126 (8.7%) 
very preterm (28 to <32 weeks), and 438 (3.4%) extremely pre-
term (<28 weeks). 1,614 (0.9%) were born Very Low Birth Weight 
(VLBW; per WHO definition, weighing ≤1,500 g), 12,293 (6.9%) 
were born Low Birth Weight (LBW; >1,500 to ≤2,500 g).

T cell receptor excision circle cutoff for retesting was initially 
set at 36 copies per blood spot and was gradually lowered to 23 
copies per blood spot by year’s end. The Israeli SCID screening 
algorithm and the rate of positive results with different cutoffs 
are reviewed elsewhere (23). In 561 instances (0.3%), a second 
Guthrie card was requested following an initial positive result. 
Forty-six infants (0.02%) were referred to the national center 
for SCID screening confirmation following consecutive positive 
results on two separate Guthrie cards.

Primary Target
The primary target of the screening program was to identify 
infants with SCID or leaky SCID and to distinguish them 
from infants with FP screening results. During the first year 
of the screening program, 8 infants were diagnosed as SCID 
or leaky SCID (Table 1) and 11 infants received a diagnosis of 
FP. Consanguine marriage and Arab-Muslim origin were more 
frequent in the SCID patients (7 of 8) compared to the FP group 
(1 and 3, respectively). Of note, while consanguineous mar-
riages are relatively high in Israel compared to other developed 
countries as a whole, the rate of consanguinity is particularly 
high among Arab-Muslims. Three patients belonged to the same 
extended family, though not immediately related. Two patients 
had positive family histories for SCID. The Israeli confirmation 
protocol consists of TREC measurement in peripheral blood, 
proliferation in response to mitogen stimuli, and flow cytom-
etry analysis for total lymphocyte profile and the expression 
of TCRVβ repertoire. Per definition, all confirmatory tests and 
outcome measurements (growth and development, infections, 
hospitalization, and overall general appearance) were completely 
normal in newborns with FP results. All SCID patients had 
lymphopenia (Table 2). They could be classified as true SCID 
(5 patients) and leaky SCID (3 patients) based on the number of 
autologous CD3+ T cells (more or less than 300 cells/μl). Four 
patients had SCID variants with normal B cell counts (B+ SCID) 
and four had SCID variants with decreased B  cell counts (B− 
SCID). All had normal numbers of NK cells. T cell proliferation 
was relatively normal in three patients and reduced or absent 
in the rest (3  and 2, respectively). Similarly, assaying TCRVβ 
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TaBle 3 | Statistical measures of confirmatory tests.

Test sensitivity  
(confidence interval)

specificity  
(confidence interval)

Total lymphocytes 87.5% (52.9–97.8) 75% (56.6–87.3)
CD3+ 87.5% (52.9–97.8) 82.1% (64.4–92.1)
CD3+CD4+ 75% (40.9–92.9) 89.3% (72.8–96.3)
Proliferation 62.5% (30.6–86.3) 95.2% (77.3–99.2)
TCR repertoire 62.5% (30.6–86.3) 93.1% (78–98.1)
PB TREC 100% (67.6–100) 72.4% (54.3–85.3)

PB, peripheral blood; TREC, T cell receptor excision circles; TCR, T cell receptor.

TaBle 2 | Severe combined immunodeficiency patients confirmatory tests results.

Patient DBs Treca PB Treca Total lymphocytesb cD3+b cD4+b Proliferationc (%) Tcr repertoire

P1 0 74 1,695 1,135 728 100 Normal
P2 0 0 393 35 35 0 Skewed
P3 0 105 1,392 807 626 50 N/D
P4 0 57 2,568 360 257 70 Normal
P5 0 0 1,162 0 70 0 N/D
P6 0 9 924 101 64 30 Normal
P7 0 0 2,000 4 0 0 N/D
P8 0 50 886 88 35 25 Skewed

aCopy numbers per 3 mm blood spot for DBS, per 0.5 µg DNA for peripheral blood.
bCells/μl.
cProliferation assay results are displayed as percent of healthy age matched control’s result.
DBS, dried blood spot; TREC, T cell receptor excision circles; PB, peripheral blood; TCR, T cell receptor; N/D, not done.

TaBle 1 | Severe combined immunodeficiency patients clinical and genetic data.

Patient Major infection Diagnosis Mutation Outcome

P1 None DCLRE1Ca c.1299_1306dup-AGGATGCT (homozygous) A/W, Post-BMT
P2 None DCLRE1Ca c.1299_1306dup-AGGATGCT (homozygous) A/W, Post-BMT
P3 None DCLRE1Ca c.1299_1306dup-AGGATGCT (homozygous) A/W, Post-BMT
P4 None IL7Rαb c.120C > G; p. F40L (homozygous) A/W, No-BMT
P5 None DCLRE1Cc del. ex1-3 (homozygous) A/W, Post-BMT
P6 Yes IL7Rαb c.120C > G; p. F40L (homozygous) A/W, Post-BMT
P7 None Complete DGS Unknown Deceased
P8 None RMRPd ins.17bp TIS-4 TCTGTGAAGCTGAGGAC

TIS + 239 C > T
A/W, Post-BMT

DGS, DiGeorge syndrome; A/W, alive and well; BMT, bone marrow transplant; RMRP, RNA component of mitochondrial RNA processing endoribonuclease, causative gene for 
Cartilage-Hair Hypoplasia; TIS, transcription initiation site.
aAccession no. NM_001033855.
bAccession no. Chromosome 10, NC_000010.
cAccession no. NM_002185.
dAccession no. NG_017041.
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repertoire did not prove sufficient for diagnosis as three of the 
SCID patients had only mildly abnormal results. The remaining 
patients had either a skewed repertoire (two patients) or the test 
could not be performed due to absence of T cells (three patients). 
TREC in DBS, obtained during the NBS, was undetectable in all 
SCID patients and in 7/11 infants in the FP group. The remaining 
four FP had an average of 10.4 ± 8.6 copies per blood spot. TREC 
quantification in peripheral blood was significantly reduced in 
all SCID patients compared to the FP group (36.8  ±  40.4 vs 
1,984.6  ±  1,944.5, normal >400 copies per 0.5  µl DNA). Test 
sensitivity and specificity were calculated for each confirma-
tion test with regards to its ability to distinguish between SCID 
patients and all other newborns referred to confirmation testing 
(FP and secondary targets). TREC in peripheral blood, total 
lymphocytes, and CD3+ are more sensitive and less specific than 
CD4+, TCRVβ, or proliferation assay (Table 3).

For seven of the eight SCID patients, a genetic etiology was 
revealed (Table 1) suggesting a founder genetic effect for both 
IL7rα and DCLRE1C (encoding ARTEMIS) SCID. Six of the 
seven identified mutations were homozygous, whereas P8 was 
found to harbor compound heterozygote mutations (Table  1). 
For the eighth patient, though phenotypically consistent with 
DiGeorge syndrome (typical facies, cardiac defect, hypocalcemia, 
and severe lymphopenia), a genetic etiology was not identified 

even with the use of chromosomal microarray (CMA) and WES. 
Seven of the eight SCID patients detected through the screening 
program are currently alive,  six have already undergone success-
ful bone marrow transplantation (BMT). One patient succumbed 
to cardiac complications associated with her syndrome. One 
patient despite having genetically verified SCID, has displayed a 
spontaneous recovery of her immune system due to yet unknown 
reasons. No typical SCID patients “missed” by the screening 
have been reported in Israel since the initiation of the screening 
program. All infants defined as FPs are currently alive and well, 
not requiring special medical attention over a follow-up period 
of at least 1 year.
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FigUre 1 | (a) Box and whiskers plot showing T cell receptor excision circle 
(TREC) levels for each gestational age group. Extreme preterms = below 28 
GAW (gestational age weeks, n = 438); very preterm = 29–32 GAW 
(n = 1,126); moderate/late preterm = 33–36 GAW (11,316); term = 37–45 
GAW (n = 164,397). (B) Median TREC copy numbers/blood spot for each 
gestational week. Results from our cohort are marked as diamonds, results 
from Barbaro et al. are marked as squares (18). Error bars indicate 25th and 
75th percentile TREC copy numbers for each gestational week.
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secondary Targets
Clinical assessment and results of confirmation tests identified 27 
newborns that were considered to be part of the secondary target 
of the program. These could be categorized into four groups. 
Nine newborns were diagnosed with congenital syndromes with 
variable degrees of T-cell impairment (four with Down syn-
drome, two with partial DiGeorge syndrome, one with multiple 
congenital anomalies, two with unknown syndromes). Complete 
confirmation tests were performed in only five of these syndromic 
patients. In nine newborns, the abnormal results were attributed 
to extreme prematurity with slow recovery of the immune system. 
Complete confirmation tests were available in only five of them. 
Four patients were diagnosed with secondary T cell immunodefi-
ciency (three cases of chylothorax and one case of an infant born 
to a mother who was treated with immunosuppressive agents 
during pregnancy). Finally, five newborns, for which some of 
confirmation tests were abnormal (thus excluding them as FP) 
could not be classified. By 1 year, all of these children had normal 
repeat workup. They required no medical intervention.

correlation between gestational age  
and Trec
T cell receptor excision circle copy numbers rose consistently and 
significantly along with gestational age in our healthy newborn 
cohort (Figure S1 in Supplementary Material). There was great 
variability in TREC results within each birth week, resulting in a 
mild positive correlation (0.256, p < 0.001) between gestational 
age and TREC only in extreme preterms, and no correlation 
between age and TREC for all other age groups. When looking at 
median TREC for age groups, due to the large sample size, there 
was a significant difference in median TREC values between each 
preterm group and term infants (Figure 1A). However, while the 
difference between term and moderate to late preterm TREC was 
significant but not meaningful, 108 (70–170) vs 101 (64–164) 
median TREC (p =  0.0017), the differences between term and 
extremely preterm, 49 (29–92), or very preterm, 88 (52–149), 
were both highly significant (p = 1E−16, p = 4E−6, respectively) 
and meaningful. When looking at each birth week separately, 
one can observe a steady increase in median TREC from week to 
week between 23 and 28 weeks gestation, followed by a surge in 
TREC values between 28 and 30 weeks gestation, when median 
TREC rises by 32 (a 150% increase), another period of incremen-
tal increases from week 30 on until reaching a plateau around 
gestational week 38 (Figure 1B).

correlation between Birth Weight  
and Trec
T  cell receptor excision circle copy numbers rose consistently 
and significantly along with birth weight (Figure 2). Newborns 
with VLBW had a median TREC of 73.6 (41.8–131), compared to 
98.6 (62.9–160) in newborns with LBW and 108.6 (70.2–170) in 
newborns with NBW. All differences were statistically significant 
(VLBW vs LBW p = 1.7E−8, VLBW vs NBW p = 5.2E−19, LBW 
vs NBW p = 9.8E−13). The correlation between birth weight and 
TREC was more pronounced for extremely premature newborns 
(0.309) than for newborns of other age groups (0.147 for very 

premature newborns and no correlation for late preterm and 
term infants). All correlations were statistically significant, 
p < 0.001.

correlation between sex and Trec
Median TREC for female neonates was 115.2 (74.6–179.7), com-
pared to 100.8 (65.4–158.6) for male neonates. The difference 
was extremely significant (p = 7E−202). The groups were similar 
in terms of gestational age (39.0, 38.9, respectively) and birth 
weight (3,147 g, 3,268 g, respectively). Correlations between ges-
tational age and TREC, as reported above, were maintained when 
stratified into female (Figure S2 in Supplementary Material) 
and male (Figure S3 in Supplementary Material) infants. 
Correlations between birth weight and TREC, similarly, were 
maintained when sectioning the data into female (Figure S4 in 
Supplementary Material) and male (Figure S5 in Supplementary 
Material) infants.

Trec recovery rate in Preterm infants
Per the Israeli SCID screening algorithm, repeat DBS were 
collected and tested for TREC for preterm infants who remain 
hospitalized for an extended time period, regardless of their 
initial TREC result. We examined the rate of TREC increase per 
week for 4,212 preterm infants, for whom TREC results from 
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FigUre 2 | Box and whiskers plot showing T cell receptor excision circle (TREC) levels for each birth weight group (total n = 177,277). VLBW = very low birth 
weight, below 1,500 g; LBW = low birth weight, 1,500–2,500 g; NBW = normal birth weight, above 2,500 g. Box = 25th and 75th percentiles, whiskers = 1.5 times 
height of box or, if no case has a value in that range, the min/max value, asterisks = outliers.
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multiple time points were available. Individual TREC dynamics 
were extremely variable. For all preterm infants, the median rate 
of TREC increase per week was 24 (−7.6 to +79). However, TREC 
increase rate changes dramatically with birth week (Figure 3). For 
infants born at 23 weeks gestation, median TREC decreased by 
0.07 (−4.2 to +9.6) per week, whereas for infants born at 35 weeks 
gestation, median TREC increased by 48 (−2.6 to +113) per week. 
TREC increase rate was very well correlated with gestational age 
(R2 = 0.9229). These data are limited by the fact that it pertains 
to a hospitalized population and may not represent the general 
population.

Twins
Our cohort included 4,786 sets of twins. The average gestational 
age of all twin pairs was 35.77 weeks; the average birth weight 
was 2,338 g. The median TREC for all twins was 103 (64–172), 
significantly lower than the median TREC for singletons, as 
expected due to lower gestational ages and birth weight. Despite 
similar average birth weights between twins (2,359 and 2,318, 
first and second twin accordingly), the first twin in each set had 
a median TREC of 107 (67–177), compared to only 100 (62–166) 
for the second twin (p = 0.003). The correlation between TREC 
values of twin sets was low (Figure 4A), highlighting the great 
inter-individual variability in TREC. The different TREC levels 
according to birth order appear to be unrelated to differences in 
birth weight in our cohort, as no correlation was found between 
birth weight and TREC copies/blood spot in the twin cohort 
(Figure 4B).

DiscUssiOn

The NBS program for SCID achieves its primary goal, of detecting 
infants with SCID mere days after birth so that they may receive 

prompt, disease course altering treatment, and it does so with 
resounding success (8, 24). However, as any major program in its 
infancy, there is great potential benefit in fine-tuning the screen-
ing algorithm, in order to minimize FP results, better define 
secondary targets, and glean information about normal and 
abnormal immune development from an ever growing database 
of patients and healthy infants.

T cell receptor excision circle analysis has been the method 
of choice for screening of newborns for severe forms of primary 
T cell lymphopenia. Our one year experience has reiterated the 
feasibility of NBS followed by confirmatory tests as a means to 
successfully identify SCID. Eight SCID patients were identified 
during the first year of the Israeli NBS program. In the US, NBS 
for SCID revealed an incidence of 1.72:100,000 births in the 
general population (8). A similar incidence (~1.69:100,000) was 
found in a recent meta-analysis, where 13 relevant studies were 
included (24). Due to high rates of consanguine marriages in 
Israel, it was assumed the incidence of SCID would be higher, and 
indeed, according to these data the incidence of SCID in Israel 
is 4.25:100,000 births (95% CI 1.835–8.377), consistent with the 
high prevalence recently observed by Broides et al. (7). As this 
was the first year where such extended and accurate data were 
available, the true incidence should be re-evaluated in the com-
ing years. There was a predominance of patients of Arab-Muslim 
decent among our SCID patients (7/8). Genetic founder effects 
were observed for mutations in DCLRE1C and IL7rα, which 
may allow incorporating these mutations into the Israeli Carrier 
Genetic Screening program for couples of Arab-Muslim decent 
(25). The high incidence of autosomal recessive SCID in Israel 
is in contrast with the known high incidence of X-linked SCID 
(the common γ chain deficiency) in most of the world, and is 
clearly attributable to the high rate of consanguine marriages and 
founder genetic effects in our area.
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FigUre 3 | T cell receptor excision circle (TREC) recovery rate in preterm infants, for which multiple TREC results were collected at separate time points (total 
n = 4,780). Median change in TREC copies/blood spot per week for each gestational week. Number of subjects per week listed in brackets below gestational  
week. Error bars indicate 25th and 75th percentile TREC change for each gestational week.
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confirmation Testing
Currently, the Israeli confirmation algorithm includes a broad 
range of assays, namely TREC measurement in peripheral blood, 
proliferation in response to mitogen stimuli and flow cytometry 
analysis for total lymphocytes, CD3+, CD4+, and TCR repertoire. 
In California and Wisconsin, confirmatory tests include CBC 
and lymphocyte profile only (11, 20), and in New York, mitogen 
stimulation is performed for select cases (26). In some cases, 
identification of maternal T cells by various means is needed to 
diagnose patients with SCID and relatively normal T cell counts 
including maternally engrafted cells (27). To better evaluate the 
optimal confirmation algorithm, we have used the extended 
panel of tests listed above for the duration of the first year of the 
NBS program. Given the overlapping confidence intervals for 
the various assays, conclusions on performance data should be 
treated with caution. Unsurprisingly, TREC in peripheral blood is 
the most sensitive, but least specific confirmation assay. Mitogen 
stimulation test and TCR repertoire were the most specific assays 
in our cohort but not sensitive, unable to identify (by themselves) 
several SCID patients. Overall, lymphocyte subset analysis (total 
lymphocytes, CD3+, CD4+, and CD8+) were of satisfactory 
specificity to be used as standalone confirmation tests. In our 
cohort, lack of CD20+cells was also very informative to identify 
an underlying genetic defect that is associated with such immune 
phenotype (such as in DCLRE1C). It is important to remember, 
also, that TCR repertoire analysis could be of great value when 
lymphocyte profiling is inconclusive and clinical entities such 
as Omenn’s syndrome or SCID with maternal engraftment are 

suspected (typical rash, lymphadenopathy, alopecia, etc.). Since 
the TCR repertoire test is not routinely available in many labs 
and the TREC assay by itself is known to be very sensitive also 
in diagnosing patients with these clinical phenotypes (28), we 
suggest an initial confirmatory panel that will include complete 
blood count, full lymphocyte profile and TREC quantification in 
the peripheral blood.

secondary Targets
The secondary target of the screening, detection of newborns with 
T lymphopenia due to non-SCID etiologies, poses several issues 
that warrant consideration. First, the management of children 
with genetic syndromes accompanied by lymphopenia, extreme 
preterms or patients with idiopathic T cell lymphopenia is very 
often unaffected by a positive NBS result. Many of them recover 
spontaneously (11). A recent study by Albin-Leeds et al. (29) has 
reported that while additional infants with T cell lymphopenia are 
identified in NBS panels, they seem to do well clinically. Children 
with severe genetic syndromes often present other, more urgent 
symptoms at birth. Several of these children detected as secondary 
targets in our cohort were designated by their families as DNR (do 
not resuscitate), prohibiting any interventions even if medically 
warranted. Extreme preterms are hospitalized and closely moni-
tored regardless of their screening results, and are often treated as 
immunocompromised even in the absence of lymphopenia. The 
same applies for newborns with secondary immunodeficiency as 
a result of chylothorax, maternal immune suppression, or other 
causes. Second, while early detection of syndromes with primary 
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FigUre 4 | (a) Correlation between T cell receptor excision circle (TREC) values of twins. Each dot represents a twin set. Linear trend line indicates a weak 
correlation between twin TREC results, with a 0.2 coefficient of determination. n = 4,786 sets of twins. (B) Correlation between birth weight and TREC values  
for the twin cohort. Linear trend line indicates no correlation (0.0079 coefficient of determination).
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immunodeficiencies, such as DiGeorge syndrome, is possible 
through the NBS program, most newborns with these syndromes 
have TREC birth levels above the threshold. Barry et al. retrospec-
tively examined NBS results of 1,350 DiGeorge syndrome and 
found positive screening results in only 11. Five out of these 11 
would have been diagnosed with DiGeorge syndrome without 
NBS (30). Thus, reliance on the screening for secondary targets 
would be problematic. Nevertheless, because of its well-known 
relevancy to immunodeficiency, DiGeorge syndrome should be 
considered in every non-SCID newborn with a positive screening 
result, even if the typically associated features are absent.

Further studies are required to assess the efficacy and  
cost–benefit of screening for Non-SCID T  cell lymphopenia. 

Active screening for secondary targets should be pursued if one 
has sufficient resources to properly workup these children, while 
keeping in mind that the majority of children with mild T cell 
abnormalities will return a negative NBS result.

considerations Based on gestational  
age/Birth Weight
As expected, TREC correlates to both gestational age and birth 
weight. However, there is great variability in TREC results 
between newborns of similar birth age, newborns of similar 
birth weight and even twins, resulting in only a weak correla-
tion between these parameters and TREC. Nevertheless, several 
important observations arise from the data.
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Both gestational age and birth weight correlate with low TREC 
in extreme preterms (<28 weeks). This is compounded further 
by a slower recovery rate in preterms, with infants born 26 weeks 
gestation or younger in our cohort exhibiting a recovery rate of 
below four TREC copies/blood spot per week. Thus, for extreme 
preterms, a lower cutoff or a lenient confirmation approach 
(whereby extreme preterms are referred to confirmation only if 
still positive at 37 weeks corrected age), is acceptable (26).

In both our cohort and previously published results by 
Barbaro et al., TREC copy numbers/blood spot rise significantly 
over a 2-week period between 28 and 30 weeks gestation (18). 
Though week-specific data are unavailable, de Felipe et  al. 
describe a similar surge between newborns of 29–31 and 
32–36  weeks of gestation (19). This “leap” in TREC increase, 
preceded and followed by milder, incremental increases, could 
signal an important maturational period in T cell development. 
Pragmatically, these data suggest that while a lenient approach 
toward extreme preterms with positive screening results is 
acceptable, moderate to late preterms should be screened under 
the same scrutiny as term infants.

Further studies and analysis of relation between gestational 
age, birth weight, and TREC are required. As data from similar 
studies are aggregated, it may be possible to comprise a normal 
distribution chart for TREC based on gestational age and birth 
weight, in order to minimize FP results while allowing for prompt 
assessment of true positives.

concluding remarks
The purpose of NBS is to enable early diagnosis and treatment of 
life-threatening conditions. As reported above, seven of the eight 
SCID patients diagnosed through the Israeli screening program 
in its first year are currently alive and well, and are either post- or 

awaiting BMT. Before the initiation of the NBS program, such 
positive clinical outcomes were impossible for children with 
SCID.
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Severe combined immunodeficiency (SCID) is a life-threatening condition of newborns 
and infants caused by defects in genes involved in T  cell development. Newborn 
screening (NBS) for SCID using the T cell receptor excision circle (TREC) assay began 
in Wisconsin in 2008 and has been adopted or is being implemented by all states in 
2017. It has been established that NBS using the TREC assay is extremely sensitive 
to detect SCID in the newborn period. Some controversies remain regarding how 
screening positives are handled by individual states, including when to perform con-
firmatory flow cytometry, what is the necessary diagnostic workup of patients, what 
infection prophylaxis measures should be taken, and when hematopoietic stem cell 
transplantation should occur. In addition, the TREC can also assay detect infants with 
T cell lymphopenia who are not severe enough to be considered SCID; management 
of these infants is also evolving.

Keywords: severe combined immunodeficiency, T cell receptor excision circles, newborn screening, bone marrow 
transplantation, antibiotic prophylaxis

NewBORN SCReeNiNG (NBS) FOR SeveRe COMBiNeD 
iMMUNODeFiCieNCY (SCiD): AN eFFeCTive  
SCReeNiNG PROGRAM

Numerous studies from individual states, as well as a multi-state summary of NBS results, have 
been published summarizing the results of SCID screening with the T cell receptor excision circle 
(TREC) assay (1–10). Several conclusions can be made from these studies. First, the TREC analysis 
is capable of detecting known genetic causes of SCID, including IL2RG, RAG1, ADA, IL7R, JAK3, 
DCLRE1C, and CD3D (4). The percentage of cases of X-linked SCID due to mutations in IL2RG 
(19%) is lower than expected based on prior studies (~50%). In addition to known causes of SCID, 
a number of infants are detected without genetic causes but with clinically defined SCID (1, 2, 4). 
Thus, it is important to remember that the lack of a genetic diagnosis does not preclude a diagno-
sis of SCID. Curative treatment is recommended if the infant has a persistently low T cell count 
(<300/μl autologous T cells) and poor proliferative response to phytohemagglutinin (PHA) (<10% 
of normal), which are the diagnostic criteria of SCID. Preliminary data from these studies have been 
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TABle 1 | Recommended diagnostic evaluation for suspected severe combined immunodeficiency (SCID)/T cell lymphopenia (TCL).

Test Frequency Details/rationale

All patients

T cell receptor excision  
circles (TRECs)

At initial visit and every 2 weeks  
if premature or other illness

To confirm results of initial screening test
To determine if TRECs will normalize once illness or prematurity resolves

Lymphocyte enumeration At initial visit (if full term and healthy),  
monthly thereafter

To confirm initial result of screening test. Minimum flow panel includes 
numbers of CD4 and CD8 T cells, CD56 NK cells, and CD19 B cells. 
CD45RA and CD45RO analysis to determine the numbers of naïve T cells.

Chimerism testing OnceTCL is confirmed To test for material engraftment, infant’s buccal swabs are compared to 
whole blood using variable number tandem repeats. If male, XX/XY FISH 
from blood can be performed

T cell mitogens, (e.g., PHA) Once TCL is confirmed To test for function of T cells

IgG, IgA, IgM Once prior to first dose of IVIG/SCIG.  
IgA and IgM are repeated over time if  
on IVIG/SCIG

To test for function of B cells

Genetic sequencing of  
SCID-causing genes

Once severe TCL is confirmed To establish a genetic diagnosis of SCID, we utilize clinically available  
SCID panels that cover many SCID-causing genes

DNA duplication/deletion array Once TCL is confirmed To rule out 22q11 deletion syndrome, CHARGE caused by deletions,  
and other chromosomal anomalies
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used to generate an incidence of SCID in the US population of 
approximately 1:60,000 (2, 4, 9). Importantly, there have been no 
cases of documented SCID that have been missed by NBS with 
the TREC assay, confirming its high sensitivity for detection. It is 
important to note that some significant immune deficiencies can 
be missed by the TREC assay, such as late onset ADA deficiency, 
bare lymphocyte syndrome due to lack of MHC class II, ZAP70 
deficiency, CD40 ligand deficiency, and NF-kappa-B essential 
modulator deficiency. In these cases, the T cells do develop in 
the thymus, but the defect occurs after VDJ recombination.

In addition to SCID, the NBS using the TREC assay detects 
a variety of non-SCID disorders that also result in T cell lym-
phopenia (TCL) (2, 4, 9). Some of these disorders are known to 
affect normal T  cell development, including 22q11.2 deletion 
syndrome, ataxia telangiectasia, Nijmegen breakage syndrome, 
and CHARGE syndrome. Interestingly, a variety of chromo-
somal disorders not classically thought to affect T cell develop-
ment have also been detected, including Trisomy 21, Jacobsen 
syndrome, and other cytogenetic anomalies. Congenital anom-
alies, including cardiac defects, gastrointestinal malformation, 
and infants with multiple congenital malformations, can be 
associated with secondary lymphopenia. Most of these disor-
ders, except for complete DiGeorge syndrome and CHARGE 
syndrome, typically do not result in T cell counts low enough 
to be considered SCID.

PRACTiCAl CARe OF iNFANTS wiTH  
A POSiTive NBS FOR SCiD

When NBS for SCID is implemented, an algorithm regarding 
how to care for screening positives is essential to the success of 
the screening program. Each state that performs screening has its 
own algorithm, but from our experience and published reports, 
they all are fairly similar (1, 9, 11–13). In Wisconsin, when an 

infant fails the NBS test for SCID, the primary care doctor and 
one of the Clinical Immunologists is contacted, and arrange-
ments are made for confirmatory flow cytometry. The TREC 
level can be informative as to the urgency of this step, as can the 
current health of the baby. Our approach differs slightly based 
on whether an infant presents with other concurrent medical 
issues (e.g., prematurity, medical disorders) or is an otherwise 
well full-term baby (Table 1). Also, an absent or very low TREC 
level (e.g., <20% of the cutoff value for TRECs) in an infant is 
typically treated with more urgency than an infant with a higher 
TREC level, as these infants are less likely to have SCID.

The evaluation of an infant with a failed TREC assay includes a 
thorough medical history to determine if there were any prenatal 
exposures or perinatal illnesses that could have contributed to 
false-positive screening. In some states, premature infants with 
positive screens are followed clinically, and the TREC assay 
repeated every 2  weeks until they reach 37  weeks adjusted 
gestational age, at which time lymphocyte enumeration via flow 
cytometry is performed (2, 9). Other states may perform flow 
cytometry at an earlier gestational age, as SCID can be diagnosed 
at this time (5). Similarly, infants with significant infections or 
congenital anomalies such as cardiac defects are followed and 
assessed when clinically stable. Chylous effusions or lymphatic 
malformations can also lead to T cell loss, and flow cytometry 
should be delayed until the underlying cause is treated. Since 
secondary lymphopenia is common in these instances, this limits 
unnecessary costs of repeated lymphocyte enumerations.

For well-appearing full-term infants, the family history is 
reviewed specifically for young childhood deaths and significant 
infectious history in siblings and close family members. A social 
history with focus on caregivers is elicited. A thorough physical 
exam is performed including evaluation for dysmorphic features, 
skin rashes, presence of absence of lymphoid tissue, and growth. 
Laboratory evaluations include lymphocyte enumeration to con-
firm the diagnosis. A limited flow cytometry panel is performed to 
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TABle 2 | Recommended screening tests at initial newborn screening (NBS) 
referral and pre-hematopoietic stem cell transplantation (HSCT).

Test At referral  
for NBS

Monitoring 
during pre-
HSCT period

During pre-
transplant 
evaluation 
(<3 weeks  
prior to HSCT)

Blood PCR tests

CMV, EBV, adenovirus, 
HHV6

X Every 4 weeks X

Hepatitis B, hepatitis C, 
HSV1/2, HIV-1

X X (omit if 
performed 
<30 days prior 
to HSCT and 
negative)

NMDP, WNV  X

Blood antibody testing

HIV-1a X X
NMDP, HIV-2, HTLV 1/2, 
HepBsAg, Hep B core,  
Hep C, CMV, T. cruzi, STS

X

Blood serum or plasma

Frozen for potential future 
diagnostic purposes

X

Nasopharyngeal swabs for viral PCR and viral culture  
(regardless of symptoms)

Influenza A and B, 
parainfluenza 1, 2, and 
3, RSV, adenovirus, and 
HMPV

X X

imaging evaluation

Chest X-ray; CT scans 
of head, neck, chest, 
abdomen, pelvis;  
urinalysis

Only if clinically 
indicated to 
evaluate for 
infection; if 
diagnosis is 
under question, 
chest ultrasound 
is informative 
to evaluate for 
presence of 
thymus

Only if clinically 
indicated

X

CMV, cytomegalovirus; EBV, Epstein–Barr virus; HHV6, human herpes virus 6; HSV1/2, 
herpes simplex virus 1/2; HIV-1/2, human immunodeficiency virus 1/2; WNV, West Nile 
virus; NMDP, National Marrow Donor Program; HTLV 1/2, human T-lymphotrophic virus 
1/2; HepBsAg, hepatitis B surface antigen; HepB core, hepatitis B core antibody;  
T. cruzi, Trypanosoma cruzi antibody; STS, serological test for syphilis; RSV,  
respiratory syncytial virus; HMPV, human metapneumovirus.
aHIV-2 testing is not routinely performed as part of the baseline testing due to its low 
prevalence in the United States; should there be concern for HIV infection, both HIV-1 
and HIV-2 should be tested at baseline.
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enumerate absolute CD4 and CD8 positive T cells, CD56-positive 
NK cells, and CD19-positive B cells. Naïve and memory T cells 
are enumerated by CD45RA and CD45RO analyses, respectively. 
Since maternal engraftment and hypomorphic mutations in 
SCID-causing genes can result in a higher T cell count than would 
be expected with typical SCID, it is important to verify whether 
the T cell repertoire is skewed toward a memory phenotype. To 
assess for maternal engraftment, chimerism testing using variable 
number tandem repeats is sent. This can be done by comparing 
the DNA obtained from the infant’s buccal swabs to whole blood. 
Typically, there are insufficient numbers of lymphocytes present 
to perform a sorted CD3 chimerism test. If the infant is a male, 
a XX/XY chimerism assay by FISH can be performed. If the 
lymphocyte numbers are consistent with SCID and there is no 
cause for secondary lymphopenia, these infants are labeled as 
“presumed SCID” (Table 1).

All infants with presumed SCID then undergo a diagnostic and 
confirmatory workup during these initial visits. T cell mitogen 
studies are performed to evaluate T cell function. Genetic testing 
is pursued to determine if there is a genetic cause for their TCL. 
Gene panels are cost-effective and preferred for evaluating the 
many causes of SCID in order to prevent delays associated with 
single gene testing. DNA deletion/duplication array is performed 
to exclude 22q11.2 deletion syndrome, microdeletions of CHD7, 
or other chromosomal anomalies. Due to blood volume issues 
in an infant, this testing is performed over several visits. It is 
important to evaluate for the presence of thymic tissue in cases 
of T-B + SCID, and the genetic tests listed above may not detect 
all cases of CHARGE or 22q11. Therefore, other imaging can be 
performed to look for thymic tissue, including a chest ultrasound 
or a CT scan of the chest. Some centers consider thymic biopsy to 
confirm the diagnosis of SCID versus athymia (14).

As the diagnostic workup is taking place, evaluation and 
prophylaxis of infectious diseases are undertaken (Table  2)  
(5, 11, 12). Baseline infectious disease testing is imperative in 
all infants suspected of SCID whether symptomatic or not. The 
frequency of surveillance increases based on clinical suspicion of 
new infection (e.g., fever, irritability) or if any of the initial results 
are positive. Infants who test positive for viral infection are hos-
pitalized and anti-viral therapy implemented. Serological assays, 
with the exception of HIV-1 infection, are not obtained, as specific 
antibody production is absent in infants with SCID and variably 
present in infants with TCL. Infants are screened for antibodies to 
HIV-1, which would indicate maternal HIV infection, and require 
immediate treatment. We have found that the burden of blood test-
ing is high during this period, with limitations imposed based on 
patient size. As mentioned above, we typically prioritize infectious 
disease testing (based on clinical suspicion) over multiple visits.

Infants identified as possible SCID undergo a prophylaxis 
regimen designed to prevent bacterial, fungal, and viral infections 
(Table 3) (11, 12). Subcutaneous or intravenous immunoglobulin 
is started to aid in preventing the acquisition of infections. Infants 
with SCID do not receive any live vaccinations, and we withhold 
other routine immunizations as well since these children are on 
antibody replacement. We instruct family members and close 
contacts to be up-to-date on immunizations against influenza 
and pertussis. Although transmission of varicella, measles, and 

rotavirus through vaccination is also highly unlikely (15), we do 
not recommend that close contacts or family members be vac-
cinated with live attenuated vaccines unless there is a community 
outbreak, or if there are other special circumstances. Our support-
ive care and infectious disease prophylaxis guidelines are largely 
based on national consensus guidelines, and this supportive care 
is continued through the immunologic diagnostic workup until 
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TABle 3 | Recommended infectious disease prophylaxis for newborns with suspected of severe combined immunodeficiency.

Prophylaxis Drug (dose) Time of initiation Alternatives Comments

in newborn

PCP TMP-SMX orally (5 mg TMP/kg  
once a day for 2 consecutive 
days weekly)

1 month old Atovaquone orally 
(30 mg/kg once 
a day)

Verify that bilirubin is <2X’s upper limit of normal before  
starting. Monitor ALT, AST, and bilirubin every 2–4 weeks

HSV and VSV Acyclovir orally (20 mg/kg/dose 
3 times a day)

At first visit Follow BUN and creatinine every 2–4 weeks

Respiratory syncytial 
virus (RSV)

Palivizumab (15 mg/kg I.M.) 1 month old Given during peak RSV season, typically November–March  
in the northern hemisphere

General  
(bacterial/viral)

IVIG (0.4–0.5 g/kg every month) 
or SCIG

1 month old Monitor troughs monthly and maintain Ig > 600 mg/dl; Based  
on subcutaneous fat and body surface area to volume of  
medication administered, could consider SCIG in select patients

Fungal Fluconazole (6 mg/kg once daily) 1 month old Micafungin or 
discontinue fungal 
prophylaxis 

Follow AST, ALT, and bilirubin every 2–4 weeks

in family members or close contacts

Influenza Inactivated influenza vaccine Seasonally

Pertussis Tdap vaccine Per routine childhood 
vaccinations 

One booster for adolescents (11–12 years age); adults  
19–64 years age and adults >65 years age
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transplant occurs (16). Additionally, complete blood counts and 
kidney and liver function are followed while on antimicrobials 
at least every 2–4 weeks. Lymphocyte counts continue to be fol-
lowed monthly. This is particularly important for those infants 
whose genetic diagnosis has not yet been confirmed, in order to 
monitor for any potential for T cell recovery.

It is during these initial visits that education is provided 
regarding hematopoietic stem cell transplantation (HSCT).  
We also req uest that families maintain continuity with their 
primary care provider during this time, who can continue 
monitoring the infant for normal developmental milestones and 
nutrition. We advise the primary care provider to schedule office 
visits as the first appointment of the morning, in order to limit 
waiting room exposures. If not previously done, human leukocyte 
antigen (HLA) typing is sent on the patient and immediate family 
members. If blood volume limits are being met due to diagnostic 
and infectious disease testing, buccal swabs can be used for 
HLA typing. The transplant service initiates an unrelated donor 
search when a suitable donor with an HLA match is not found 
within the family. At our center frequent meetings between the 
Clinical Immunology and the Bone Marrow Transplant teams 
occur to discuss any diagnostic dilemmas and to update each 
other on the patient’s clinical status. Once a diagnosis of SCID 
is confirmed by genetic testing, or for patients without a genetic 
diagnosis but with persistent T cell counts below 300 cell/μl and 
abnormal mitogenic responses, care is formally transferred to 
Bone Marrow Transplant Service.

If a newborn has any concern for infection, including fever  
(a one-time fever of 100.4°F/38°C, or low-grade fevers that do 
not resolve), admission to the inpatient unit is mandatory. At our 
center, patients are admitted to the Bone Marrow Trans plant Unit 
in positive pressure rooms. Mandatory hand washing and limited 
visitation including no sick contacts is strictly implemented. 
Workup for fevers is broad to include cultures and PCR of the blood, 
cerebrospinal fluid, and nasopharyngeal swabs with imaging as 

clinically warranted (Table  2). If the infant is hospitalized, the 
Infectious Disease service is consulted, as is a Neonatologist or 
Pediatric Hospitalist for a general pediatrics evaluation.

DeCiSiON OF TRANSPlANT TiMiNG

Once the diagnosis of SCID has been confirmed, we proceed 
to curative HSCT using the best available donor. The timing of 
transplant depends on many factors such as the type of SCID, 
ability to clear/treat any underlying infections, and the need for 
and type of conditioning.  In some types of SCID caused by DNA 
repair defects, such as DCLRE1C (artemis) deficiency, ionizing 
radiation, and certain conditioning regimens can be dangerous, 
and treatment should aim to minimize exposure to alkylating 
agents and ionizing radiation (17). In other cases of SCID, such 
as IL2RG deficiency, HSCT can occur without conditioning and 
can be performed within the first several months of life (18, 19). 
Additionally, if there is a concurrent infection, there may be a 
decision made to proceed to transplant without prior condition-
ing in order to reduce the risk of transplant-related mortality. 
However, if conditioning is used, it is our practice to wait until 
3–6 months of age to allow for further growth, development, and 
organ maturity. In patients where the diagnosis has not been con-
firmed by genetic testing, the severity of TCL is verified through 
serial testing and the decision to transplant may be delayed until 
at least 6–9 months of age, if not later, based on evaluation of T cell 
recovery. In our experience, if an infant remains on prophylactic 
measures with excellent compliance and close follow-up, short 
delays in referring to transplant are well tolerated.

FAMilY GUiDANCe FOR iNFANTS 
DeTeCTeD wiTH SCiD/TCl

While the NBS has allowed prompt identification of newborns 
with SCID/TCL, families confronting this disease are typically 

124

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive


TABle 4 | Recommended supportive care anticipatory guidelines for infants with 
suspected severe combined immunodeficiency.

Guideline Reason

Avoid public places, daycare Prevent transmission of 
community-acquired diseasesLimited contact with young children

Strict hand washing

No breastfeedinga Prevent transmission of 
cytomegalovirus (CMV)

Boil ingestible water, including bottled water Prevent cryptosporidium infection

Avoid all live and live attenuated vaccines 
(MMR, Varicella, Rotavirus, Flu-Mist)

Prevent infection with vaccine-
related viruses

Blood products—leukodepletion and 
irradiation essential; CMV negative when 
available

Prevent transmission of CMV and 
graft versus host disease

aBreastfeeding could be reinitiated if maternal CMV demonstrates no prior exposure 
(IgG and IgM are both negative, and CMV PCR is negative). If CMV IgG is positive, 
breastfeeding is strongly discouraged.
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overwhelmed with emotion, confusion, and uncertainty when 
first informed of the result. It is challenging for most families, 
who see a well-child who is thriving, to consider the underly-
ing concerns of an immune deficiency. Anticipatory guidance 
and education on preventing infections is essential, although 
there are controversies regarding this. Some recommenda-
tions are routine and should be implemented, including strict 
hand hygiene, limited exposure to visitors, and no exposure to 
anyone who is ill. We typically keep these infants at home until 
transplant as long as the social situation is stable. Other issues 
are more controversial, such as recommendations regarding 
breastfeeding and contact precautions, particularly in regards 
to the chance of acquiring cytomegalovirus (CMV). Our cur-
rent policy is to immediately halt breastfeeding in any child 
with absent TRECs until the immune status to CMV of the 
mother is obtained. CMV can be transferred through saliva or 
breast milk, so at our center, we test the parents for prior CMV 
exposure by serology. If the mother is CMV seropositive (IgG 
or IgM), breastfeeding is discouraged, and formula feeding 
using boiled water is recommended. Furthermore, if either 
parent is CMV seropositive, he or she is educated regarding 
the transmission of this virus through saliva, although we do 
not insist that families use masks or other contact precautions 
at home. This is a difficult issue, as we strive to balance the 
need of families to bond with their newborns, while concur-
rently preventing any infection exposures that may affect the 
success of the HSCT.

One of the first jobs of the medical team is to focus on a fam-
ily’s understanding of the diagnosis and their ability to conform 
to protective measures and prophylactic antimicrobials, and this 
can affect disposition of management of the infant (i.e., inpa-
tient versus outpatient). If there are any concerns from a social 
standpoint in regards to poor care or lack of understanding of 
prophylactic measures, the patient is admitted for continued 
management and education. If there are no infectious or social 
concerns, as mentioned earlier, infants suspected of SCID are 
cared for at home. We employ several guidelines in order to 
reduce the risk infection (Table  4). We also require that the 
infant live within 1-h drive of our hospital, or another appropri-
ate hospital well-versed in taking care of sick children, from 
where transfer to our hospital would occur should there be a 
fever or sign of infection. We also send the family home with 
a handout explaining the diagnosis, current medications, and  
our contact information should the infant be seen at an outside 
hospital. A family is educated at the first in-person visit that a 
high degree of suspicion for infections is critical, because infec-
tions can be clinically asymptomatic. With the above precau-
tions, we have had no infants acquire serious or opportunistic 
infections while awaiting transplant or while immunologic 
investigations were ongoing.

iDiOPATHiC TCl—A UNiQUe 
MANAGeMeNT PROBleM FOR NBS

A number of infants who failed the NBS for SCID are diagnosed 
with idiopathic T  cell lymphopenia (ITL) (1, 9, 20). These 

patients have low T  cell numbers, but not low enough to be 
considered SCID (>300 autologous T  cells/mm3), and lack a 
genetic diagnosis that results in SCID or a known cause of TCL. 
Evaluation and treatment of these patients is evolving as more is 
known about this condition. First, it is important to investigate 
for maternal factors that can influence T  cell development. 
Mothers on immunosuppressants, such as azathioprine, can give 
birth to infants with lymphopenia that may resolve over time 
(6, 21). Since hypomorphic mutations in SCID-causing genes 
can result in severe TCL (also known as leaky SCID), genetic 
sequencing typically with a “SCID panel” that includes all genes 
known to cause SCID should be performed (22, 23). With 
new sequencing technologies, it is possible to screen hundreds 
of known immune defects that could potentially affect TREC 
levels, and these studies have led to the description of a variety 
of genetic defects leading to idiopathic TCL, including ATM and 
ITK mutations (6, 24, 25).

T  cell counts are followed to determine if the TCL is 
improving. A controversial issue is what constitutes a “protec-
tive” T cell count, or a T cell count that is sufficient to prevent 
infections. However, the absolute number of T cells is not the 
only factor, as T  cell function also needs to be considered.  
We perform T cell mitogen studies to determine if the T cells 
are capable of expanding and obtaining effector function. The 
acquisition of normal antibody levels in infants with ITL can 
be informative as a surrogate of T  cell function, and we fol-
low IgA, IgM, and IgG. IgG levels will not be accurate once 
replacement antibody is started, and can be complicated by 
maternal IgG during the first 4–6  months of life. Protective 
serum vaccination titers can eventually be helpful, but in the 
early stages of ITL evaluation, we do not recommend routine 
immunizations. There are several possible outcomes of patients 
with ITL. First, the T  cell counts may normalize over time, 
but in our and others experience, the timing of this can vary 
greatly and may take up to 9  months (9, 20). In other cases, 
the T  cell counts may be persistently low and decrease over  
time, which would necessitate consideration of proceeding to 
HSCT (9, 20).

125

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive


6

Thakar et al. Newborn Screening Guidelines for SCID

Frontiers in Immunology | www.frontiersin.org November 2017 | Volume 8 | Article 1470

ReFeReNCeS

1. Routes JM, Grossman WJ, Verbsky J, Laessig RH, Hoffman GL, Brokopp CD, 
et  al. Statewide newborn screening for severe T-cell lymphopenia. JAMA 
(2009) 302(22):2465–70. doi:10.1001/jama.2009.1806 

2. Verbsky JW, Baker MW, Grossman WJ, Hintermeyer M, Dasu T, Bonacci B,  
et  al. Newborn screening for severe combined immunodeficiency; the 
Wisconsin experience (2008–2011). J Clin Immunol (2012) 32(1):82–8. 
doi:10.1007/s10875-011-9609-4 

3. Hale JE, Bonilla FA, Pai SY, Gerstel-Thompson JL, Notarangelo LD,  
Eaton RB, et al. Identification of an infant with severe combined immunode-
ficiency by newborn screening. J Allergy Clin Immunol (2010) 126(5):1073–4. 
doi:10.16/j.jaci.2010.08.043 

4. Kwan A, Abraham RS, Currier R, Brower A, Andruszewski K, Abbott JK,  
et al. Newborn screening for severe combined immunodeficiency in 11 screen-
ing programs in the United States. JAMA (2014) 312(7):729–38. doi:10.1001/ 
jama.2014.9132 

5. Kwan A, Church JA, Cowan MJ, Agarwal R, Kapoor N, Kohn DB, et  al. 
Newborn screening for severe combined immunodeficiency and T-cell 
lymphopenia in California: results of the first 2 years. J Allergy Clin Immunol 
(2013) 132(1):140–50. doi:10.1016/j.jaci.2013.04.024 

6. Barbaro M, Ohlsson A, Borte S, Jonsson S, Zetterstrom RH, King J,  
et al. Newborn screening for severe primary immunodeficiency diseases in 
Sweden-a 2-year pilot TREC and KREC screening study. J Clin Immunol 
(2017) 37(1):51–60. doi:10.1007/s10875-016-0347-5 

7. Kanegae MP, Barreiros LA, Mazzucchelli JT, Hadachi SM, de Figueiredo 
Ferreira Guilhoto LM, Acquesta AL, et  al. Neonatal screening for severe 
combined immunodeficiency in Brazil. J Pediatr (Rio J) (2016) 92(4):374–80. 
doi:10.1016/j.jped.2015.10.006 

8. Chien YH, Chiang SC, Chang KL, Yu HH, Lee WI, Tsai LP, et al. Inci dence 
of severe combined immunodeficiency through newborn screening in a 
Chinese population. J Formos Med Assoc (2015) 114(1):12–6. doi:10.1016/j.
jfma.2012.10.020 

9. Vogel BH, Bonagura V, Weinberg GA, Ballow M, Isabelle J, DiAntonio L,  
et al. Newborn screening for SCID in New York State: experience from the 
first two years. J Clin Immunol (2014) 34(3):289–303. doi:10.1007/s10875- 
014-0006-7 

10. Somech R, Lev A, Simon AJ, Korn D, Garty BZ, Amariglio N, et  al.  
Newborn screening for severe T and B cell immunodeficiency in Israel: a pilot 
study. Isr Med Assoc J (2013) 15(8):404–9. 

11. Verbsky J, Thakar M, Routes J. The Wisconsin approach to newborn screen-
ing for severe combined immunodeficiency. J Allergy Clin Immunol (2012) 
129(3):622–7. doi:10.1016/j.jaci.2011.12.004 

12. Dorsey MJ, Dvorak CC, Cowan MJ, Puck JM. Treatment of infants identified 
as having severe combined immunodeficiency by means of newborn screening. 
J Allergy Clin Immunol (2017) 139(3):733–42. doi:10.1016/j.jaci.2017.01.005 

13. van der Spek J, Groenwold RH, van der Burg M, van Montfrans JM. TREC 
based newborn screening for severe combined immunodeficiency disease: 
a systematic review. J Clin Immunol (2015) 35(4):416–30. doi:10.1007/
s10875-015-0152-6 

14. Roifman CM. Studies of patients’ thymi aid in the discovery and character-
ization of immunodeficiency in humans. Immunol Rev (2005) 203:143–55. 
doi:10.1111/j.0105-2896.2005.00236.x 

15. Pickering LK, Baker CJ, Kimberlin DW, Long SS, editors. Immunocompromised 
children. The Red Book: 2009 Report to the Committee on Infections Diseases. 28th 
ed. Elk Grove Village, IL: American Academy of Pediatrics (2009). p. 72–86.

16. Griffith LM, Cowan MJ, Notarangelo LD, Puck JM, Buckley RH, Candotti F,  
et  al. Improving cellular therapy for primary immune deficiency diseases: 
recognition, diagnosis, and management. J Allergy Clin Immunol (2009) 
124:1152–60.e12. doi:10.1016/j.jaci.2009.10.022 

17. Cowan MJ, Gennery AR. Radiation-sensitive severe combined immunodefi-
ciency: the arguments for and against conditioning before hematopoietic cell 
transplantation – what to do? J Allergy Clin Immunol (2015) 136(5):1178–85. 
doi:10.016/j.jaci.2015.04.027 

18. Dvorak CC, Hassan A, Slatter MA, Honig M, Lankester AC, Buckley RH,  
et  al. Comparison of outcomes of hematopoietic stem cell transplantation 
without chemotherapy conditioning by using matched sibling and unrelated 
donors for treatment of severe combined immunodeficiency. J Allergy Clin 
Immunol (2014) 134(4):935–43.e15. doi:10.1016/j.jaci.2014.06.021 

19. Haddad E, Leroy S, Buckley RH. B-cell reconstitution for SCID: should a 
conditioning regimen be used in SCID treatment? J Allergy Clin Immunol 
(2013) 131(4):994–1000. doi:10.16/j.jaci.2013.01.047 

20. Albin-Leeds S, Ochoa J, Mehta H, Vogel BH, Caggana M, Bonagura V,  
et  al. Idiopathic T  cell lymphopenia identified in New York state new-
born screening. Clin Immunol (2017) 183:36–40. doi:10.1016/j.clim.2017. 
07.002 

21. de Felipe B, Olbrich P, Lucenas JM, Delgado-Pecellin C, Pavon-Delgado A,  
Marquez J, et al. Prospective neonatal screening for severe T- and B-lymphocyte 
deficiencies in Seville. Pediatr Allergy Immunol (2016) 27(1):70–7. doi:10.1111/
pai.12501 

22. Abraham RS, Recher M, Giliani S, Walter JE, Lee YN, Frugoni F, et  al.  
Adult-onset manifestation of idiopathic T-cell lymphopenia due to a het-
erozygous RAG1 mutation. J Allergy Clin Immunol (2013) 131(5):1421–3. 
doi:10.016/j.jaci.2012.09.016 

23. Kuijpers TW, Ijspeert H, van Leeuwen EM, Jansen MH, Hazenberg MD, 
Weijer KC, et  al. Idiopathic CD4+ T lymphopenia without autoimmunity 
or granulomatous disease in the slipstream of rag mutations. Blood (2011) 
117(22):5892–6. doi:10.1182/blood-2011-01-329052 

24. Serwas NK, Cagdas D, Ban SA, Bienemann K, Salzer E, Tezcan I, et  al. 
Identification of ITK deficiency as a novel genetic cause of idiopathic CD4+ T-cell 
lymphopenia. Blood (2014) 124(4):655–7. doi:10.1182/blood-2014-03-564930 

25. Rios X, Chinn IK, Orange JS, Hanson CI, Rider NL. T-cell lymphopenia 
detected by newborn screening in two siblings with an Xq13.1 duplication. 
Front Pediatr (2017) 5:156. doi:10.3389/fped.2017.00156 

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Copyright © 2017 Thakar, Hintermeyer, Gries, Routes and Verbsky. This is 
an open-access article distributed under the terms of the Creative Commons 
Attribution License (CC BY). The use, distribution or reproduction in other forums 
is permitted, provided the original author(s) or licensor are credited and that the 
original publication in this journal is cited, in accordance with accepted academic 
practice. No use, distribution or reproduction is permitted which does not comply 
with these terms.

SUMMARY

Newborn screening for SCID/TCL using the TREC assay has 
been proven to be extremely effective to detect SCID and other 
severe forms of TCL, with a sensitivity approaching 100% for 
SCID. Initial evaluation of infants with a positive TREC assay 
should include flow cytometry to assess the numbers of naïve 
T cells, as well as NK cells and B cells, and T cell response to 
mitogens to evaluate function. Genetic testing is important, and 
any child with two known variants that cause SCID, undergoes 
HSCT. Infants with T  cell counts not consistent with SCID 
are followed clinically to see if the TCL will resolve over time. 

Infectious prophylaxis with antimicrobial medications and 
immune globulin is important as these children are evaluated. 
Family counseling is essential, not only to prevent the acquisi-
tion of new infections but also to educate the family on the diag-
nosis and the complexities of HSCT. With these issues in mind, 
outcomes of children detected with abnormal TREC assays are 
excellent, as morbidity and mortality has been greatly reduced.
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Primary immunodeficiency disorders (PIDs) render patients vulnerable to infection 
with a wide range of microorganisms and thus provide good in vivo models for the 
assessment of immune responses during infectious challenges. Priming of the immune 
system, especially in infancy, depends on different environmental exposures and med-
ical practices. This may determine the timing and phenotype of clinical appearance 
of immune deficits as exemplified with early exposure to Bacillus Calmette-Guérin 
(BCG) vaccination and dissemination in combined immunodeficiencies. Varied phe-
notype expression poses a challenge to identification of the putative immune deficit. 
Without the availability of genomic diagnosis and data analysis resources and with 
limited capacity for functional definition of immune pathways, it is difficult to establish 
a definitive diagnosis and to decide on appropriate treatment. This study describes 
the use of exome sequencing to identify a homozygous recessive variant in MAP3K14, 
NIKVal345Met, in a patient with combined immunodeficiency, disseminated BCG-osis, and 
paradoxically elevated lymphocytes. Laboratory testing confirmed hypogammaglob-
ulinemia with normal CD19, but failed to confirm a definitive diagnosis for targeted 
treatment decisions. NIKVal345Met is predicted to be deleterious and pathogenic by two 
in silico prediction tools and is situated in a gene crucial for effective functioning of 
the non-canonical nuclear factor-kappa B signaling pathway. Functional analysis of 
NIKVal345Met- versus NIKWT-transfected human embryonic kidney-293T cells showed that 
this mutation significantly affects the kinase activity of NIK leading to decreased levels 
of phosphorylated IkappaB kinase-alpha (IKKα), the target of NIK. BCG-stimulated 
RAW264.7 cells transfected with NIKVal345Met  also presented with reduced levels of 
phosphorylated IKKα, significantly increased p100 levels and significantly decreased 
p52 levels compared to cells transfected with NIKWT. Ideally, these experiments would 
have been conducted in patient-derived immune cells, but we were unable to source 
these cells from the patient. The functional analysis described in this paper supports 
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previous illustrations of the importance of NIK in human immune responses and 
demonstrates the involvement of function-altering mutations in MAP3K14 in PIDs. 
The genomic approach used for this patient demonstrates its value in the diagnosis 
of an unusual PID and as a tool for detecting rarer mutations to help guide treatment 
approaches.

Keywords: nuclear factor-kappa B-inducing kinase, primary immunodeficiency, tuberculosis, whole exome 
sequencing, Bcg dissemination

inTrODUcTiOn

Primary immunodeficiency disorders (PIDs) are heritable 
genetic errors of the immune system that, if left undiagnosed 
and untreated, may lead to serious, chronic, and in some cases 
fatal infections and manifestations of autoimmunity (1, 2). PIDs 
provide in vivo models for identifying factors crucial for human 
host defense and immune regulation. The nuclear factor-kappa 
B (NF-κB) family of transcription factors found in mammals is 
crucial for the expression of developmental, inflammatory, as 
well as survival genes (3). This pathway consists of a canonical as 
well as a non-canonical arm, with the former involved in expres-
sion of pro-inflammatory genes, and the latter responsible for 
persistent, slower responses generally not associated with innate 
immune responses (4, 5).

The non-canonical NF-κB signaling pathway uses NF-κB-
inducing kinase (NIK), encoded by mitogen-activated protein 
kinase (MAP3K14), to integrate signals from various membrane 
receptors, such as tumor necrosis factor alpha receptor family 
members (6). Several ligands can activate this pathway, includ-
ing B  cell-activating factor, CD40 ligand (CD40L), lympho-
toxin beta, receptor activator of NF-κB ligand (RANKL), and 
TNF-like weak inducer of apoptosis (TWEAK) (7). Binding of 
these ligands to their appropriate receptors cause NIK to phos-
phorylate IkappaB kinase-alpha (IKKα), which activates and 
targets IKKα to p100, its substrate. p100 is in turn phosphoryl-
ated by IKKα, which prompts the ubiquitination and partial 
degradation of p100 to first produce p52 and second permit 
the formation of RelB-p52 complexes. These heterodimeric 
complexes move to the nucleus to activate target genes (3). This 
non-canonical NF-κB pathway controls lymphoid organogen-
esis, activation of dendritic cells and B cell maturation and sur-
vival, and errors in this pathway are associated with lymphoid  
disorders (5).

Although mortality rates due to Mycobacterium tuberculosis 
infections are increased in mice with genetically disrupted 
NF-κB, the role NF-κB plays in human immune responses to  
M. tuberculosis is not well understood (8). It has been speculated 
that some bacterial pathogens misuse specific NF-κB-mediated 
pathways to promote their survival (9). Activation of autophagy 
and apoptosis are two processes through which inhibition 
of NF-κB decreases the amount of intracellular bacilli after  
M. tuberculosis infection (10, 11). Autophagy is associated with 
innate and adaptive immune responses, as well as inflammation 
regulation (12). Ineffective autophagy has been implicated in 
several human diseases, including infectious diseases and inflam-
matory disorders (13–16). IkappaB kinase (IKK), the regulator 

of the NF-κB pathway, is required for autophagy activation in 
mammals, and inhibition of NF-κB increases autophagosome 
formation (17). Classic NF-κB is not involved in this response, 
and the mechanism by which IKK promotes stimulus-induced 
autophagy is largely unknown (18). NIK as well as IKKα are 
degraded by autophagy when the function of heat shock protein 
90, required for the folding and maturation of certain signaling 
proteins, is inhibited (19). The processing of p100 and NF-κB 
activity is thus inhibited (20). However, when heat shock stress 
activates NF-κB, the autophagy pathway is in turn activated, 
indicating a close interaction and tight regulation between these 
two pathways (21).

This study identifies a novel potentially disease-causing 
variant in NIK in a South African PID patient using whole exome 
sequencing (WES). In silico analysis predicts the homozygous 
variant NIKVal345Met to be deleterious and pathogenic. Functional 
studies with human embryonic kidney (HEK)-293T  cells and 
RAW264.7 cells transfected with either NIKWT or NIKVal345Met 
showed that this mutation significantly affects the kinase activity 
of NIK, as well as p100 and p52 levels. The relationship between 
the non-canonical NF-κB signaling pathway and autophagy was 
also investigated in an attempt to shed some light on their poorly 
understood interaction. However, NIKVal345Met did not affect the 
autophagy pathway.

MaTerials anD MeThODs

case report
The proband is a white South African female, from a non- 
consanguineous marriage, initially diagnosed with humoral immu-
nodeficiency after presenting with a Bacillus Calmette-Guérin 
(BCG) abscess on the upper leg at the age of 2 years. She received 
intravenous immunoglobulin (IVIG) replacement therapy.  
A year later she developed BCG meningitis and received standard 
treatment in the acute phase with isoniazid (INH), rifampicin 
(RIF), ethionamide (ETA), and dexamethasone, and thereafter 
only INH and RIF. At the age of 4  years, diffuse granulomas 
were identified in her brain. INH, RIF, ETA, and levofloxacin 
were prescribed for a year, after which the levofloxacin was 
discontinued. In 2014, at the age of 6 years, she presented with 
acute loss of consciousness and raised intracranial pressure. 
Mycobacterium bovis BCG genotypically sensitive to INH and 
RIF was subsequently cultured from the patient. She was started 
on a very aggressive 18-month treatment regimen of levofloxacin, 
terizidone, amikacin IV, linezolid, RIF, INH, para-aminosalisylic 
acid, as well as continued IVIG replacement therapy. With 
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continued dissemination of BCG in spite of the above treatment 
and in the absence of a confirmed PID diagnostic category, the 
patient was not selected for bone marrow transplantation. She 
proceeded to develop severe neurological, motor, as well as cogni-
tive impairment and is now in total dependency care 6 years after 
initial presentation.

Wes analysis
The study was approved by the Health Research Ethics Committee 
of Stellenbosch University (approval no. N13/05/075). Written 
informed consent was granted by the parents of the patient, 
and this included genetic evaluation of the patient. The parents 
also consented to the publication of any molecular findings. 
The study adhered to the ethical guidelines as set out in the 
“Declaration of Helsinki, 2013” (22). Venous blood for DNA 
extraction and WES was drawn from the patient and both of 
her parents. DNA was purified from blood using the Nucleon 
BACC3 Kit (Amersham Biosciences, Buckinghamshire, UK).

Enrichment and sequencing of the exomes of the proband 
and both of her healthy parents were performed with Illumina’s 
TruSeq Exome Enrichment Kit. It targets >20,000 genes with 
>200,000 exons as well as 9 Mb of predicted microRNA targets 
with a total size of 62 Mb. Paired-end WES of the three samples 
was carried out on the Illumina HiSeq 2000, yielding an average 
of 120 million reads per sample and resulting in an average cov-
erage of the target regions of 60–80× after duplicate removal. The 
resulting FASTQ file containing the sequencing data underwent 
quality control in FastQC and was mapped against the human 
reference genome hg38 using Burrows-Wheeler Aligner (BWA). 
PCR duplicates were removed using Picard, while SamTools 
and Genome Analysis Toolkit (GATK) were used in parallel for 
the detection of single-nucleotide variants (SNVs). The variant 
calls from both callers were pooled into a single set, after which 
ANNOVAR was used for SNV annotation and filtering, and to 
interrogate a number of programs and databases for each called 
position to generate more evidence of deleterious mutations. 
The basic filtering options in ANNOVAR used are (1) filtering 
out common SNVs unlikely to be disease-causing based on a 
frequency threshold of >1% in the 1000 Genomes Project 
(1000GP) data (23) and the Exome Sequencing Project 6500 
(ESP6500) data (24); (2) restricting the SNVs to those causing 
amino acid changes in the protein; (3) assessing the impact on 
protein structure through prediction tools; and (4) the presence 
of a gene or SNV in Online Mendelian Inheritance in Man 
(OMIM) or Human Gene Mutation Database (HGMD), which 
shows known disease associations. All variants with negative 
Genomic Evolutionary Rate Profiling (GERP)+++ scores as well 
as all variants with Functional Analysis through Hidden Markov 
Models (FATHMM) scores greater than 0.1 were also removed. 
GERP estimates evolutionary constraints at specific positions in 
an exome and identifies “constrained elements,” where several 
positions combine to produce a signal indicative of a putative 
functional element (25). FATHMM is a high-throughput web-
server that can predict the functional consequences of coding 
and non-coding variants (26). Finally, variants were also removed 
if they were homozygous in either of the healthy parents of the 
proband.

Frequency investigation
The 1000GP data, ESP6500, and ExAC Browser were investigated 
for the presence of all potentially disease-causing variants. Only 
those present in less than 1% of the population in these databases 
were considered as candidate variants.

In Silico Prediction
Project HOPE [Have (y)Our Protein Explained] (27), PolyPhen-2 
(28), Sorting Tolerant From Intolerant (SIFT) (29), and 
MutationTaster2 (30) were used to predict the functional and 
structural causes of the amino acid changes on proteins.

Variant Verification
Sanger sequencing was used to validate the WES results and 
verify whether the potentially disease-causing variants identified 
were true variants or sequencing artifacts. Only one potentially 
disease-causing variant was identified, for which the forward 
and reverse primers F: 5′AGCCCTGGAAACCTCACC and R: 
5′TGAGATTGGCGGAATAAGAGA were used to produce a 
fragment of 455 bp. This was bi-directionally sequenced at the 
Central Analytical Facility of Stellenbosch University using the 
BigDye® Terminator v3.1 Cycle Sequencing kit (Perkin-Elmer, 
Applied Biosystems Inc., Foster City, CA, USA), followed by elec-
trophoresis on an ABI 3130XL Genetic Analyzer (Perkin-Elmer, 
Applied Biosystems Inc., Foster City, CA, USA).

In Vitro Functional analysis
Two plasmids, pWZL-Neo-Myr-Flag-MAP3K14 and pCR-Flag-
IKKalpha, were obtained from the non-profit plasmid reposi tory 
Addgene (https://www.addgene.org/). pWZL-Neo-Myr-Flag-
MAP3K14 was a gift from William Hahn & Jean Zhao (Addgene plas-
mid # 20640) (31) and pCR-Flag-IKKalpha was a gift from Hiroyasu 
Nakano (Addgene plasmid # 15467) (32). To generate the pWZL-
Neo-Myr-Flag-MAP3K14Val345Met mutant construct, the mutation-
specific oligo nucleotide primers F: 5′AAGGCAGCGTGAGCTC 
and R: 5′CAGAGCATGCACTAGGTAT were used together with 
the Q5® Site Directed Mutagenesis Kit (New England Biolabs  
Inc., UK) as per the manufacturer’s instructions. Sanger sequenc-
ing was used to confirm successful mutagenesis.

cell culture and Transfection
Human embryonic kidney-293T cells and RAW264.7 cells were 
maintained in Dulbecco’s modified Eagle’s medium (DMEM) 
containing 4.5 g/L glucose with l-glutamine and supplemented 
with 10% FBS and 1% penicillin/streptomycin. One day before 
transfection, the cells were trypsinized and seeded into six-well 
culture plates so that the cells were 50–80% confluent the fol-
lowing day. Plasmid DNA was purified from the IKKα as well 
as the wild-type and mutant MAP3K14 plasmids using the 
PureYield™ Plasmid Miniprep System (Promega Corp., USA) 
according to the manufacturer’s guidelines. The IKKα plasmid 
DNA combined with either the wild-type or mutant MAP3K14 
plasmid DNA were then transfected into the seeded HEK293T, 
while only the wild-type or mutant MAP3K14 plasmids were 
transfected into RAW264.7 cells using Lipofectamine™ LTX 
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TaBle 1 | Normal cell counts versus patient total cell counts at different ages.

cell counts of the patient at different ages reference

Subsets 2 years, 1 month 2 years, 3 months 4 years, 8 months 5 years, 1 months 6 years 2–6 years
Lymphocytes 15,774 (H) 9,522 (H) 6,720 (H) 3,999 2,366 2,340–5,028
T cells 10,719 (H) 6,785 (H) 4,682 (H) 2,655 1,886 1,578–3,707
CD4+ 8,743 (H) 5,523 (H) 3,954 (H) 2,258 (H) 1,516 870–2,144
CD8+ 1,584 (H) 959 813 533 369 (L) 472–1,107
NK cells 2,549 (H) 1,263 (H) 214 778 (H) 70 (L) 155–565
B cells 2,156 (H) 1,339 (H) 1,783 (H) 398 (L) 362 (L) 434–1,274

Values are given in cells per microliter.
CD, cluster of differentiation; H, high counts; L, low counts; NK, natural killer.
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Reagent and PLUS™ Reagent (Invitrogen, USA) according to 
the manufacturer’s instructions.

Bcg Treatment of cells
The RAW264.7 cells were divided into stimulated and unstimu-
lated groups, each group consisting of untransfected, NIKVal345Met-
transfected, and NIKWT-transfected sub-groups. After transfection 
of the appropriate plasmids into each sub-group, BCG was added 
to each well in the six-well plates making up the stimulated 
group, at a multiplicity of infection of 5. A stock solution BCG 
with a concentration of 1.46 × 106 CFUs/mL was prepared using 
BCG Vaccine SSI (Statens Serum Institut, Denmark) and Diluted 
Sauton SSI (Statens Serum Institut, Denmark). Per well contain-
ing 1 × 106 cells growing in 6 mL growing media, 34 µL of this 
BCG stock solution was added. Cells were stimulated for 16 h  
at 37°C.

Bafilomycin Treatment of cells
The transfected HEK293T  cells used for investigation of 
autophagy were divided into two groups. One received Bafilomycin 
A1 (Baf) treatment while the other remained untreated. Baf is 
a known inhibitor of the late phase of autophagy and prevents 
maturation of autophagic vacuoles by inhibiting fusion between 
autophagosomes and lysosomes (33). A Baf stock solution with a 
concentration of 1 mM was made using DMSO and Bafilomycin 
A1, which was further diluted to 1 µM by adding PBS. Each well 
in one six-well plate seeded with HEK293T cells received 150 µL 
of the 1 µM Baf stock and 1,350 µL growth media, and constituted 
the Baf treatment group. Another plate received only 1,500 µL 
growth media and constituted the control group. The plates were 
incubated for 16 h at 37°C.

cell lysis and Western Blotting
All cells were lysed with lysis buffer [0.05 M Hepes, 0.1 M NaCl, 
0.01  M EDTA, 0.17  mM Triton X-100, 4  mM Nappi, 2  mM 
Na3VO4, and protease inhibitors (Roche)] at 95°C for 5 min and 
all lysates were stored at −80°C. The lysates were subjected to 
Sodium dodecyl sulfate polyacrylamide gel electrophoresis SDS/
PAGE on Mini-PROTEAN® TGX™ precast polyacrylamide 
gels [Bio-Rad Laboratories (Pty) Ltd., RSA] containing 1% SDS, 
after which the proteins were transferred to 0.2-μm-pore poly-
vinylidine difluoride membranes using the iBlot® Dry Blotting 
system (Invitrogen, RSA). Membranes were blocked in 5% BSA 
(w/v) or 5% low fat milk and subsequently probed with the rabbit 

antibodies phospho-IKKα/β (Ser176/180) (16A6), IKKα, NF-κB 
p100/p52, NIK (Cell Signaling Technology, Inc., USA; Abcam 
Inc., UK) and LC3B (Abcam Inc., UK), as well as mouse GAPDH 
antibody (Santa Cruz Biotechnology Inc., USA). Membranes were 
then exposed to horseradish peroxidase-conjugated goat anti-
rabbit and donkey anti-mouse secondary antibodies (Santa Cruz 
Biotechnology, Inc., USA) and the proteins were subsequently 
visualized by enhanced chemiluminescence using Clarity™ 
Western ECL Substrate (Bio-Rad Laboratories, Inc., USA).

statistics
The open platform image analysis tool ImageJ was used for analysis 
of all western blots. All experiments were done in true biological 
triplicates and under the same conditions. One-tailed unpaired 
t-tests were used to determine significant differences between 
samples. All western blots were normalized using GAPDH.

resUlTs

The patient tested negative for the human immunodeficiency 
virus as well as Herpes simplex virus and presented with severe 
hypogammaglobulinemia with decreased immunoglobulin 
(Ig) levels (IgA < 0.06 G/L, IgM = 0.14 G/L, IgG = 0.42 G/L), 
increased lymphocyte subset numbers for her age and normal 
lymphocyte proliferation to mitogens and recall antigens. She 
was investigated for Mendelian susceptibility to mycobacterial 
disease (MSMD) by screening STAT1, LRBA, IL12RB1, IL12B, 
and IFNGR1 for possible disease-causing mutations. No muta-
tions were found in any of these genes. Longitudinal immuno-
logical investigation of this patient with persistent, disseminated, 
treatment-resistant M. bovis BCG infection indicated a dramatic 
decrease of natural killer (NK) cells, B cells, and CD8 cells over 
time (Table 1). Her CD27+IgD+ cell population was decreased 
(2.96%) and class-switched memory B-cells (CD27+IgD−) were 
also low (0.12%), while CD40 ligand (CD40L) was detected as 
present. Memory T  cells were low in relation to naïve T  cells 
and reduced levels of γ/δ T cells were observed—cells known 
to be involved in the innate immune reaction against myco-
bacteria. The patient’s phytohemagglutinin control lymphocyte 
proliferation was normal on the T Spot TB test with negative 
proliferation to specific TB antigens. This is what would be  
expected, since the test is specific for TB antigens, not BCG—
the cause of disease dissemination observed in this patient. 
Upregulation of CD69 on NK cells after interleukin-2 stimulation 
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TaBle 2 | Variants identified by WES in the proband and both parents.

Father Mother Patient

Total variants 23,440 23,474 23,939

All synonymous and non-frameshifts removed 11,707 11,693 11,925

Remove all variants with a frequency >1% 
in 1KGP

2,357 2,377 2,495

Remove all variants with a frequency >1%  
in ESP6500

2,077 2,107 2,160

Remove all variants with negative GERP+++ 
scores

1,514 1,481 1,535

Remove all variants with positive FATHMM 
scores

703 688 708

Novel variants 108 113 114

Variants with rs numbers 595 575 594

ESP6500, Exome Sequencing Project 6500; GERP, Genomic Evolutionary Rate 
Profiling; FATHMM, Functional Analysis through Hidden Markov Models; WES, whole 
exome sequencing; 1KGP, 1000 Genome Project.
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was slightly decreased. T cell receptor excision circles (TRECs) 
and kappa-deleting recombination excision circles were clearly 
visible (AMPATH Laboratories, South Africa). Investigation by 
WES was thus pursued to assist with establishing a diagnosis 
for this patient.

identification of a homozygous  
Mutation in niK
Whole exome sequencing of the proband revealed a total of 
23,939 variants, which were reduced to 708 candidate variants 
after filtering and annotation using ANNOVAR (Table 2). Upon 
exclusion of all variants present in a homozygous state in either 
of the healthy parents, 9 homozygous and 23 heterozygous 
variants remained (Table  3). After interrogating OMIM and 
HGMD, only one variant was identified as potentially disease-
causing according to the function of the gene it is situated in. 
This homozygous c.G1033A p.Val345Met nucleotide variant 
is situated in exon 5 of NIK (Table  4). SIFT and PolyPhen-2 
predicted this change to be pathogenic and damaging, while 
MutationTaster2 was not able to generate any results, indicating 
the uncharacterized state of NIK. The variant is situated at a 
position that is highly conserved across several different species 
(Figure 1).

This variant was covered 65× during WES, improving its 
likelihood of being a true variant rather than a sequencing 
artifact. The average coverage for all the variants identified in 
the proband was 105×. Sanger sequencing confirmed this to be 
a true variant present in a homozygous state in the patient and 
heterozygous in both unaffected parents (Figure 2). NIKVal345Met 
was absent from all interrogated databases and therefore 
previously unidentified in all investigated populations. No mis-
sense or loss-of-function mutations in NIK are listed in these 
databases.

In Silico Variant Prediction
A schematic representation of the amino acid exchange caused by 
this variant, with wild-type valine (Val) on the left and mutated 
methionine (Met) on the right, is shown in Figure 3A. Met and 

Val are both non-polar, hydrophobic, and aliphatic amino acids. 
Figure 3B shows the difference in size between Val and Met. The 
main difference is the presence of a C-beta branch in Val: two 
non-hydrogen substituents attached to its C-beta carbon, instead 
of only one as for Met. Met also has an additional sulfur atom, 
which forms very strong amide N–H⋅S hydrogen bonds crucial 
for controlling the conformational setting of this amino acid (35). 
Val is bulkier near the protein backbone and more restricted in 
the conformations the main-chain can adopt. The Val side chain 
is extremely non-reactive and is rarely directly involved in protein 
function, although it can play a role in substrate recognition. The 
site of variation is situated near a conserved site.

The HOPE analysis indicated that Val345Met is located 45 
amino acid positions before the interpro domain known as 
mitogen-activated protein kinase kinase kinase 14 (IPR017425), 
associated with protein kinase and transferase activity. This 
kinase domain stretches from positions 390 to 660 (Figure 4). 
Because of its close proximity to the kinase domain, it is tempt-
ing to speculate that Val345Met may have an effect on the ability 
of NIK to phosphorylate IKKα. This domain is in contact with 
residues from other domains, implying the possibility for the 
variant to influence correct protein function by inhibiting/alter-
ing these interactions.

Plasmid Transfection into human cells
To experimentally assess the effect of the mutation of interest, 
we analyzed the kinase activity of NIKVal345Met compared to NIKWT 
by testing NIK-dependent phosphorylation of IKKα. Sanger 
sequencing first confirmed that the mutagenesis occurred 
correctly (Figure S1 in Supplementary Material). IKKα in com-
bination with either wild-type or mutant NIK were transfected 
into HEK293T cells, while only NIK, in either its wild-type or 
mutant form, was transfected into RAW264.7 cells. The NIK and 
IKKα antibodies were then used to show that transfection of the 
plasmids expressing IKKα and mutant and wild-type NIK into 
HEK293T and RAW264.7 cells was successful. Untransfected 
HEK293T cells do not contain endogenous NIK, although they do 
contain IKKα, while RAW264.7 cells contain both NIK and IKKα 
endogenously. As seen in Figure S2 in Supplementary Material, 
there was an increase of both the expression of IKKα in both wild-
type and mutant NIK cotransfected HEK 293T  cells (although 
this increase did not reach statistical significance; p =  0.0638). 
Similarly, there was an increase in NIK levels in RAW264.7 cells 
following transfection with wild-type and mutant NIK constructs 
(Figure S3 in Supplementary Material). No significant differences 
are observed between the transfection efficiencies of wild- 
type- and mutant-transfected cells in either of these cell types.

Phosphorylation assay
IkappaB kinase-alpha and phospho-IKKα/β (Ser176/180) 
antibodies were used to investigate the difference between IKKα 
and phospho-IKKα levels in NIKWT compared to NIKVal345Met. 
NIKVal345Met was not thought to affect the production of IKKα 
and as expected, the level of IKKα was not substantially altered 
by this mutation (Figure  5A: p  =  0.3879; Figures  6A,C,E; 
unstimulated: p  =  0.4757; stimulated: p  =  0.1844). However, 
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TaBle 4 | Details of the putative disease-causing variant identified in the 
proband.

Chromosome 17
Position 45286550
Gene name MAP3K14/NIK
Refseq NM_003954.4
Reference sequence G
PROBAND: number of reads with reference 0
FATHER: number of reads with reference 22
MOTHER: number of reads with reference 17
Alternative sequence A
PROBAND: number of reads with alternative 65
FATHER: number of reads with alternative 26
MOTHER: number of reads with alternative 20
Mutation type Nonsynonymous SNV
Mutation: DNA (HGVS nomenclature_c.) c.G1033A
Mutation: protein (HGVS nomenclature_p.) p.VAL345MET (NP_003945.2)
Prediction < SIFT Damaging
Prediction < PolyPhen-2 Probably damaging
Prediction < MutationTaster2 N/A
Sanger verification Yes

NIK, NF-κB-inducing kinase; SNV, single-nucleotide variant; SIFT, Sorting Tolerant From 
Intolerant; HGVS, Human Genome Variation Society; N/A, not applicable.

TaBle 3 | Final list of variants identified in the proband after filtering.

gene Variant exac dbsnP caDD_phred scores

homozygous variants
CELA1 c.6_7insC; p.V3fs 0.383 – –
FOXD4 c.748_749del:p.G250fs 0.189 – –
FOXD4 c.753_754insCG:p.G252fs 0.189 – –
GJD3 c.C523T:p.H175Y 0.00401 rs202055764 13.57
GJD3 c.G758C:p.R253P 0.00286 rs532965992 –
LRRC46 c.10_11insGT:p.G4fs 0.000602 rs536101939 –
MAP3K14 c.G1033A:p.V345M – – 18.77
NBPF1 Unknown 0.52 rs2990550 –
SYN2 Unknown 0.000729 – –

heterozygous variants
C2CD4C c.C205A:p.L69M 0.00134 rs200204713 10.36
CASP5 c.67delA:p.R23fs – rs372526393 –
CCDC150 c.839delA:p.Q280fs – rs376590781 –
CD36 c.G1016T:p.G339V 0.000602 rs146027667 21.3
CDC27 c.C1697T:p.A566V – – 36
CEP164 c.337delA:p.K113fs – – –
CES1 c.A145G:p.I49V 0.303 rs3826193 10.91
CES1 c.G53T:p.G18V 0.285 rs3826190 18.35
CXorf40B c.T159G:p.C53W 0.00747 rs140921811 1,305
FBXW10 c.T2552C:p.V851A 0.000155 rs199779085 9,638
FOXD4L1 c.A463G:p.I155V 0.000705 rs199845792 18.09
KRT18 c.C300G:p.S100R – – 16.24
KRT18 c.C308A:p.T103N – – 14.54
KRT18 c.C316T:p.R106W – rs11551638 14.74
MTCH2 c.G196A:p.G66R – – 27.9
OPALIN c.G52T:p.A18S 0.00449 rs35821065 25.2
PAK2 c.A383G:p.K128R 0.028 rs78043821 21.6
PLEC c.G8992A:p.E2998K 0.000982 rs200898220 7,527
RASA4, RASA4B c.A1054G:p.M352V 0.124 rs144395384 7.05
SERPINA4 c.C403T:p.R135C 0.0000244 – 15.31
SLC11A2 c.C1291A:p.L431I 0.00251 rs144863268 19.37
SPDYE6 c.C890T:p.P297L 0.00348 rs202078839 –
UBXN11 c.1104_1181del:p.368_394del 0.301 – –
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stimulated: p < 0.0001) cells, indicating that this mutation alters 
the kinase activity of NIK. The ratio of phosphorylated IKKα to 
un-phosphoryla ted IKKα is shown in Figure 6G, with a significant 
difference observed between the wild-type-transfected and the 
mutant-transfected cell groups that have been stimulated with BCG  
(p = 0.0090).

Downstream Functional effects  
of niKVal345Met

Phosphorylated IKKα results in the ubiquitination and pro-
teosomal degradation of p100 to produce p52. The difference 
in p100 and p52 levels between cells expressing wild-type and 
mutant NIK was thus also investigated to determine whether 
NIKVal345Met has any downstream effects. The ideal would have 
been to use patient-derived immune cells for these experi-
ments to more accurately measure the downstream effects of 
the identified mutation. Unfortunately, the patient deteriorated 
to such an extent that we could not obtain more blood samples 
from her. HEK293T  cells, that are incapable of eliciting an 
immune response upon infection, were first used. However, 
no quantifiable levels of p52 were detected (Figure 5B), while 
no significant differences in the levels of p100 were observed 
between wild-type- and mutant-transfected groups (Figure 5B; 
p  =  0.7409). p100 and p52 levels were also measured in 

phosphorylated IKKα levels were significantly reduced by 
NIKVal345Met in both HEK293T (Figure  5A; p  =  0.0353) and 
RAW264.7 (Figures  6B,D,F; unstimulated: p  =  0.0010; 
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FigUre 1 | ClustalW multiple sequence alignment. The c.G1033A (p.Val345Met) homozygous mutation identified in this patient is situated at a highly conserved 
position in MAP3K14 (34).

FigUre 2 | Validation by Sanger sequencing of NIKVal345Met found by whole exome sequencing. Patient’s c.G1033A homozygous mutation, with one mutated allele 
inherited from each of the healthy, heterozygous parents.
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BCG-stimulated and unstimulated RAW264.7 cells transfected 
with NIKVal345Met and NIKWT. In BCG-stimulated cells, p100 
levels were significantly increased (p = 0.0458) and p52 levels 
decreased (p =  0.0208) in the mutant compared to the wild-
type groups (Figures  6C,H,I). The difference in p100 levels 
between the mutant and wild-type groups was not significant in 
BCG-unstimulated RAW264.7 cells (Figures 6B,I; p = 0.1745), 
although the decrease in p52 levels remained significant in the 
unstimulated cells (Figures 6B,H; p = 0.0330). The NIKVal345Met 
variant thus significantly affects the downstream functioning 
of the non-canonical NF-κB signaling pathway. The ratio of 
p52 to p100 is shown in Figure 6J, with significant differences 
observed between the wild-type-transfected and the mutant-
transfected cell groups in both BCG-stimulated and unstimu-
lated cell populations (unstimulated: p  =  0.0077; stimulated: 
p = 0.0053).

effect of niKVal345Met on autophagy
Autophagy is a dynamic catabolic process during which double-
membrane vesicles (autophagosomes) form by engulfing parts of 
the cytoplasm and subsequently fuse with lysosomes to degrade 
and recycle their contents (36). LC3 immunoblotting is widely 
used to measure autophagic activity (37–39). SDS-PAGE and 
immunoblotting detects two bands of endogenous LC3, namely 
LC3-I and LC3-II. LC3-I is present in the cytosol, while LC3-II is 
bound to phosphatidylethanolamine and localized to autophago-
somal membranes (40, 41), thus directly correlating with the 
number of autophagosomes (42). The effect of NIKVal345Met on 
autophagy was also investigated in this study by measuring 
LC3-II levels. The western blots and corresponding bar graphs 
are shown in Figure 5C. Significant differences in LC3-II were 
observed when comparing cells transfected with NIKWT before 
and after Baf treatment (p  =  0.0418), as well as those infected 
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FigUre 4 | Schematic representation of NIK protein domain structures. The NRD (light blue) contains the BR and the P-RR domains (darker blue). The conserved 
domain containing V345M (purple label) is indicated in pink and situated before the kinase domain (green). This is followed by the NCR (gray). The P565R amino 
acid change observed in P1 and P2 by Willmann et al. is situated in the kinase domain. Black labels indicate the mutations previously observed in the murine studies 
(Lys429Ala; Lys430Ala; Gly860Arg). TRAF3, tumor necrosis factor receptor-associated factor 3; NRD, negative regulatory domain; BR, basic region; P-RR, 
proline-rich repeat; NCR, non-catalytic region; Lys, lysine; Ala, alanine; Pro, proline; Arg, arginine; Gly, glycine; Val, valine; Met, methionine; IKKα, IkappaB 
kinase-alpha; NIK, NF-κB inducing kinase (44).

FigUre 3 | Amino acid changes caused by the mutation identified in the proband. (a) Mutation of Val to Met, as observed at position 345 in NIK of the patient.  
The conserved backbone is indicated in red, with the unique side-chain in black. (B) Mutant Met (red) is larger than wild-type Val (green), potentially influencing 
interactions within the protein as well as with other proteins (27).
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with NIKVal345Met before and after treatment (p  =  0.0366), thus 
indicating effective functioning of the autophagic pathway. When 
comparing the difference in LC3-II levels between mutant and 
wild-type groups (Figure 5C), however, no significant difference 
was observed (p  =  0.9506), indicating that NIKVal345Met has no 
effect on autophagy.

DiscUssiOn

Phenotype heterogeneity is often observed in patients with 
mutations in the same gene, and this may in part depend on 
the patient’s environment (43). We identified a patient with a 
mutation in NIK where the phenotype was modified by early 
BCG exposure as part of routine vaccination in the first days  
of life.

Only one previous study to date has described mutations in 
NIK in humans and identified a bi-allelic mutation as the cause 
of a primary immunodeficiency characterized by multifaceted 
aberrant lymphoid immunity in two patients (44). Patient 1 (P1) 
was born to consanguineous healthy parents and had a younger 
brother who died at the age of 2 years from suspected combined 
immunodeficiency. Decreased IgG and IgA and elevated IgM 
levels were identified on a single occasion before any treatment 
was prescribed. Despite treatment (such as regular intravenous 
Ig substitution and ganciclovir), the patient continued to suffer 
from multiple episodes of bacterial and viral infections. There 
was also one documented episode of granulomatous hepatitis and 
tuberculosis osteomyelitis due to dissemination after BCG vac-
cination. An allogeneic hematopoietic stem cell transplantation 
(HSCT) after reduced toxicity conditioning was performed at the 
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age of 9 years, and upon last report in 2014 she remained clini-
cally well. Patient 2 (P2) is a first-degree cousin of P1 also born 
to consanguineous healthy parents. She presented with severe 
chronic diarrhea, recurrent lower respiratory tract infections, 
as well as oral and esophageal candidiasis. She tested positive 
for Cryptosporidium on one occasion. Her human leukocyte 
antigen-identical mother was used as a donor for an allogeneic 
HSCT performed without conditioning at the age of 3  years. 
As no engraftment was observed after 50 days, the same donor 

was used and a second transplant was performed. However, the 
patient died on day 6 following the second HSCT due to rapidly 
accelerated septic shock and multi-organ failure.

We describe a patient with similar symptoms: initial diagnosis 
of humoral immunodeficiency with severe hypogammaglobu-
linemia, decreased memory B cells, B cell lymphopenia, normal 
T  cell proliferation to mitogens and recall antigens, as well as 
normal IFN-γ production by T cells (Table 1). However, while 
the patients from the previous study presented with recurrent 
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FigUre 5 | Comparison between NIKVal345Met- and NIKWT-transfected HEK293T cells. (a) No phospho-IKKα was detected in untransfected HEK293T cells, with 
significant amounts present in transfected cells, proving efficient transfection. A significant decrease in phospho-IKKα is observed in cells transfected with NIKVal345Met 
compared to NIKWT. The ratio of phospho-IKKα over IKKα is also significantly affected by NIKVal345Met. a: p = 0.0084*; b: p = 0.3879; c: p = 0.0003*; d: p = 0.0353*; 
e: p = 0.0199*. (B) No quantifiable p52 levels were observed in untransfected, wild-type-transfected, or mutant-transfected samples. p100 was detectable at 
significant amounts, but no differences between the wild-type and mutant groups were observed. a: p = 0.7409. (c) Significant differences were seen when 
comparing cells transfected with wild-type NIK and IKKα before and after Baf treatment, as well as mutant NIK and IKKα before and after treatment. However, the 
difference in autophagy between wild-type-transfected and mutant-transfected groups was not significant. a: p = 0.0418*; b: p = 0.0366*; c: p = 0.9506. Each 
image is representative of three experiments conducted independently. * indicates significance.
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viral, bacterial, and Cryptosporidium infections, the phenotype 
of our patient seems to be confined to BCG-osis. Our patient 
did not present with any other infections. WES and subsequent 

bioinformatics analysis identified a novel putative disease-causing 
homozygous variant, c.G1033A, situated in NIK. NIK encodes the 
947 residue protein mitogen-activated protein kinase 14, which 
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is a serine/threonine protein kinase involved in NF-κB activity 
(NM_003954.4). The NIKVal345Met variant identified in this patient 
has never been described and is predicted to be disease-causing 

and deleterious by two in  silico prediction tools. It is difficult 
to predict the exact result of this variant on protein function, 
since NIK is poorly characterized. The variant is situated in a 
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FigUre 6 | Continued
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FigUre 6 | Comparison between NIKVal345Met- and NIKWT-transfected RAW264.7 cells. (a,B) Similar amounts of IKKα was detected in the wild-type and mutant 
cell groups, indicating that NIKVal345Met had no effect on IKKα production. p100 levels were similar in the wild-type and mutant RAW264.7 cell line groups, with 
reduced levels of phospho-IKKα and p52 observed in cells transfected with NIKVal345Met compared to NIKWT, without BCG stimulation. (c,D) p100, p52, and 
phospho-IKKα levels were affected by the Val345Met mutation, with increased p100, and decreased p52 and phospho-IKKα levels observed in BCG-stimulated 
cells transfected with NIKVal345Met compared to NIKWT. IKKα levels were not affected. (e) Quantification of western blots in (a,c) showed similar amounts of IKKα  
in wild-type and mutant cell groups, both without and with BCG stimulation. a: p = 0.4757; b: p = 0.1844; (F) quantification of western blots in (B,D) show 
significant reductions in phospho-IKKα in the mutant-transfected cell groups compared to the wild-type-transfected groups, both without and with BCG 
stimulation. a: p = 0.0010*; b: p < 0.0001*. (g) The ratio of phosphorylated IKKα over un-phosphorylated IKKα was similar between the wild-type- and 
mutant-transfected cell groups in the absence of BCG stimulation, but significantly reduced in the mutant-transfected groups compared to the wild-type-
transfected groups when stimulated with BCG. a: p = 0.0760; b: p = 0.0090*. (h) Significantly reduced levels of p52 was observed in cells transfected with 
NIKVal345Met compared to NIKWT, both in the absence and in the presence of BCG stimulation. a: p = 0.0330*; b: p = 0.0208*. (i) p100 levels were similar in cells 
transfected with NIKVal345Met compared to NIKWT without BCG stimulation. However, p100 levels significantly increased in the NIKVal345Met-transfected groups upon 
BCG stimulation. a: p = 0.1745; b: p = 0.0458*. (J) The ratio of p52 over p100 differed significantly between cells transfected with NIKVal345Met compared to 
NIKWT, both without and with BCG stimulation. a: p = 0.0077*; b: p = 0.0053*. The data for each image in this figure is representative of three experiments 
conducted independently. * indicates significance.
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highly conserved region (Figure 4). The domain it is located in 
is important for NIK’s activity and interacts with residues from 
other domains, making it possible for this mutation to inhibit 
the correct functioning of NIK. The involvement of NIK in B cell 
development and maturation makes it a perfect candidate gene 
to investigate further for association with primary immunodefi-
ciency and increased susceptibility to TB.

Phenotypic heterogeneity may be due to different effects of a 
mutation on protein function (43). However, clinical phenotypic 
variation cannot always be attributed to different functional 
consequences of a mutation. As an example, the first patient 
in whom a mutation in TYK2 (member of the JAK family of 
tyrosine kinases) was identified was diagnosed with hyper-IgE 
syndrome accompanied by lesions of the skin, BCG disease, as 
well as fungal and viral infections (45). A second patient, also 
with small deletions in TYK2 and the absence of protein on west-
ern blots like the first patient, presented with BCG disease and 
brucellosis, but had normal IgE levels and no skin lesions (46). 
In a further example, three Chinese siblings with intracranial 
calcifications and epileptic seizures, without severe infectious 

diseases, were exome sequenced and a mutation in ISG15 was 
identified (47). Mutations in this gene were previously found to 
cause MSMD in three unrelated children from two families in 
Iran and Turkey (48). Subsequently, intracranial calcifications 
were also identified in other ISG15-deficient patients. The 
Chinese individuals never received BCG vaccinations, which 
could explain why they did not have the MSMD phenotype. 
Even within a single family, mutations in the same gene have 
been shown to cause very different clinical phenotypes (35). This 
is due to the range of infectious or environmental exposures, 
age of exposure and various modifying epigenetic factors that 
can affect disease presentation. Therefore, clinical outcomes 
of patients with immunodeficiencies, even with previously 
described phenotype/genotype associations, cannot always be 
accurately predicted.

Phenotypic differences observed between the proband in this  
study and P1 and P2 described by Willmann and colleagues 
can also be attributed to the location, and thus the effect, of the 
identified mutations. The previously identified mutation is situ-
ate in the kinase domain of NIK, and completely abolishes the 
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Germline mutations in the RING finger protein gene RNF168 have been identified in 
a combined immunodeficiency disorder called RIDDLE syndrome. Since only two 
patients have been described with somewhat different phenotypes, there is need to 
identify further patients. Here, we report on two Polish siblings with RNF168 deficiency 
due to homozygosity for a novel frameshift mutation, c.295delG, that was identified 
through exome sequencing. Both patients presented with immunoglobulin deficiency, 
telangiectasia, cellular radiosensitivity, and increased alpha-fetoprotein (AFP) levels. The 
younger sibling had a more pronounced neurological and morphological phenotype, 
and she also carried an ATM gene mutation in the heterozygous state. Immunoblot 
analyses showed absence of RNF168 protein, whereas ATM levels and function were 
proficient in lymphoblastoid cells from both patients. Consistent with the absence 
of RNF168 protein, 53BP1 recruitment to DNA double-strand breaks (DSBs) after 
irradiation was undetectable in lymphoblasts or primary fibroblasts from either of the 
two patients. γH2AX foci accumulated normally but they disappeared with significant 
delay, indicating a severe defect in DSB repair. A comparison with the two previously 
identified patients indicates immunoglobulin deficiency, cellular radiosensitivity, and 
increased AFP levels as hallmarks of RNF168 deficiency. The variability in its clinical 
expression despite similar cellular phenotypes suggests that some manifestations of 
RNF168 deficiency may be modified by additional genetic or epidemiological factors.

Keywords: Dna repair, chromosome instability, radiosensitivity, immunodeficiency syndrome, double-strand 
break repair

inTrODUcTiOn

Primary immunodeficiency syndromes commonly associate with functional impairments in DNA 
double-strand break (DSB) repair, highlighting the critical nature of this pathway for the develop-
ment and maturation of the immune system (1, 2). A genetic disorder including “radiosensitivity, 
immunodeficiency, dysmorphic features, and learning difficulties,” coined RIDDLE syndrome, has 
initially been described in a single patient whose cells lacked the ability to recruit 53BP1 to DSB sites 
(3). Subsequent work revealed that the RNF168 gene was mutated in this patient (4).

RNF168 encodes an E3 ubiquitin ligase that orchestrates the accumulation of 53BP1 or BRCA1  
to DNA lesions (4, 5). RNF168 binds to ubiquitinated linker histone H1 at sites of DNA damage (6)  
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where it then ubiquitinates histones H2A and H2AX, a prerequisite 
for accurate DSB repair (5, 7–10). RNF168-dependent ubiquitina-
tion of histones generates docking sites for RAP80 that mediates 
binding of BRCA1 to sites flanking the break (11) and also generates 
one of the histone marks required for 53BP1 recruitment (12, 13). 
RNF168 has been reported to further promote the initial recruit-
ment of 53BP1 through its direct polyubiquitination (14). 53BP1 
in turn suppresses end resection and promotes non-homologous 
end-joining in antagonism with BRCA1 (15). Consistent with 
its role in 53BP1 activation, RNF168 is required for class switch 
recombination and for V(D)J recombination (16, 17).

The second patient with RNF168 deficiency has been 
described in the literature with a somewhat different clinical phe-
notype including mild gait ataxia, ocular telangiectasia, elevated 
AFP, immunodeficiency, microcephaly, growth retardation, and 
terminal respiratory failure (18). Again, patient cells lacked 
RNF168 expression and the ability to recruit 53BP1 to sites of 
DNA DSBs. By contrast with the originally described patient, the 
clinical description of this patient indicated normal intelligence 
but a phenotype resembling ataxia–telangiectasia (18).

Given the rarity and non-overlapping features of the syndrome, 
it will be important to identify additional patients, describe 
consistent clinical phenotypes or differences, and better define 
the clinical spectrum of this disorder. In this work, we report on 
two Polish siblings with RNF168 deficiency.

PaTienTs anD MeThODs

case reports
The older boy, now aged 21 years, was born at term with asphyxia, 
hypotrophy (2,100 g), and second-degree intraventricular hemor-
rhage. He was rehabilitated until 2 years of age. He started to walk 
alone at the age of 1.5 years, then slightly abnormal gait and some 
“motor clumsiness” were observed. Since the neonatal period 
he was suffering from recurrent respiratory infection including 
pneumonia, a few events of bronchitis and chronic sinusitis.  
At the age of 7  years, he was hospitalized due to suspicion of 
seizure disorders, to be differentiated with tics. He was found to 
have reduced level of eye–hand coordination and elevated levels 
of emotional tension. The severity of health problems increased 
by the age of 13, when he was again hospitalized several times 
because of recurrent respiratory infections, sinusitis, and noctur-
nal enuresis. By age 14, he was hospitalized because of recurrent 
fever, generalized chronic lymphadenopathy, gait disturbances, 
mild arthritis, and erythematous, scaly skin lesions on lower 
limbs. Based on biopsies of lymph nodes and bone marrow and 
imaging tests, a proliferative process was excluded. Although 
the skin lesions clinically resembled those of vascular origin, a 
pathological examination of skin biopsy did not reveal any signs 
of vasculitis. Due to an increased level of serum AFP [59.1 IU/
mL (normal range < 5  IU/mL)], cancer of testis was excluded. 
MRI of brain showed lesions localized in white matter to be dif-
ferentiated with inflammation, vasculitis, or demyelination. EMG 
revealed slight chronic neurogenic, axonal damage of muscles 
of the lower limbs, suggesting demyelinating component or 
sensomotor neuropathy. Finally, the only diagnosis the boy was 

given was mononucleosis but since then he has been suffering 
from repeated headaches. By the age of 15, he was admitted to the 
Department of Immunology due to hypogammaglobulinemia. 
His total IgG was 4.29  g/L (range for age 7.06–14.40  g/L) and 
his IgA was below 0.06  g/L (range for age 0.85–1.94  g/L). He 
presented with conjunctival telangiectasia, persistent skin lesion 
on his lower limbs, chronic sinusitis, recurrent headaches, and 
stomach pains. His karyotype was 46,XY, but a few translocations 
were found involving chromosomes 7q and 14. Based on labora-
tory tests, we suspected ataxia–telangiectasia and regular substi-
tution of intravenous immunoglobulin was commenced. By the 
age of 16, the boy was again hospitalized due to abdominal pain, 
prolonged diarrhea, and significant weight loss. Gastroscopy and 
colonoscopy were performed and Helicobacter pylori infection 
was confirmed but inflammatory bowel disease was excluded.

His younger sister, now aged 12 years, was born at term after an 
uneventful pregnancy and suffered from her first infection of upper 
respiratory tract by the age of 6 months. Since early childhood she 
presented with psycho-motor developmental delay. By the age of 
6 years, she was consulted in the Immunology Outpatient Clinic 
Children’s Memorial Health Institute (CMHI) due to recurrent 
mucosal herpes simplex infections. Up to now she has had a few 
upper respiratory tract infections including bronchitis and otitis, 
and for 9 years an increasing number of herpes infections. She 
had a decent value for total IgG of 8.85 g/L (normal range for age 
8.53–14.40 g/L) but reduced IgA < 0.06 g/L (normal range for 
age 0.38–2.35 g/L). IgG subclass analysis revealed reduced IgG2 
at 0.39 g/L (normal range for age 0.71–3.41 g/L). Like her brother, 
she had markedly increased serum AFP at 41.9 IU/mL (normal 
range < 5 IU/mL).

At the time of this manuscript, there was no evidence of growth 
failure in both siblings. The brother’s weight was 105.5 kg (3.69 
SD, >97c), height was 182.5  cm, head circumference 59.5  cm 
(1.7 SD), and BMI 31.68 (3.73 SD). The sister’s weight was 66 kg 
(3.04 SD, >97c), height 160.5 (1.56 SD, 90c), head circumference 
52 cm (−1.37 SD, 10c), and BMI 25.54 (2.57 SD, >97c). Written 
informed consent was obtained from the patients for the publica-
tion of these case reports and their photographs (Figure S1 in 
Supplementary Material).

cell culture
Lymphoblastoid cell lines (LCLs) were established using routine 
EBV immortalization of B-lymphocytes from peripheral EDTA 
blood samples for each of both patients and were grown in 
RPMI 1640 supplemented with 10% fetal calf serum, 500 U/mL 
penicillin, 0.5 mg/mL streptomycin, and 2 mM l-glutamine. The 
LCLs were designated HA591 for the sister and HA592 for her 
older brother. Previously established LCLs from a healthy donor 
(HA325) and from a patient with classical ataxia–telangiectasia 
(HA56) were maintained under the same cell culture conditions. 
Primary fibroblast cultures were obtained from skin biopsies for 
each of both patients and were grown in DMEM with the above-
mentioned supplements. The fibroblast lines were designated 
F591 for the sister and F592 for her older brother. The previously 
described ADP fibroblast line from a healthy male donor was 
cultured under the same conditions (19). All cell cultures were 
maintained at 37°C in a humidified atmosphere with 5% CO2. 
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FigUre 1 | Assessment of ATM mutation (a), ATM protein level (B), and ATM kinase activity (c). (a) Direct sequencing of ATM exon 12 reveals heterozygosity for 
the novel frameshift mutation c.1402_1403delAA in genomic DNA from the sister (HA591) but not the brother (HA592). (B) Immunoblotting detects ATM protein in 
lymphoblastoid cells from both patients (HA591, HA592). Lymphoblastoid cell lines (LCLs) from a healthy individual were used as an ATM-proficient control (HA325), 
and LCLs from a patient with classical ataxia–telangiectasia were used as an ATM-deficient control (HA56). DNA-dependent protein kinase, catalytic subunit, served 
as the loading control (DNA-PKcs). (c) Immunoblotting of cells after irradiation reveals radiation-induced phosphorylation of the ATM substrate KAP1 at Ser824. 
Cells were irradiated with 0, 1.5, or 6 Gy, respectively, and proteins were extracted at 30 min after irradiation. LCLs from a healthy individual were used as an 
ATM-proficient control (HA325), and LCLs from a patient with classical ataxia–telangiectasia were used as an ATM-deficient control (HA56). β-actin served as the 
loading control (ACTB).
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For treatment with ionizing radiation, cells were γ-irradiated 
at the respective doses (1.5 and 6 Gy) using a Mevatron MD-2 
accelerator (Siemens, Munich, Germany).

genetic analysis
Genomic DNA was extracted from peripheral blood lymphocytes 
or cultured lymphoblastoid cell lines using proteinase K diges-
tion and phenol–chloroform extraction. Exome sequencing 
was performed on genomic DNA samples (1 µg) from each of 
both affected siblings. For this purpose, exonic sequences were 
enriched using the SureSelect XT Human All Exon V6 library 
(Agilent Technologies, Santa Clara, CA, USA) and were analysed 
on an Illumina HiSeq2500 platform using TruSeq SBS Kit v3-HS 
(200 cycles, paired end run) with an average of 25 × 106 reads per 
single exome and 100× coverage (Illumina Inc., San Diego, CA, 
USA). Raw exome sequencing data were called, de-multiplexed, 
and aligned according to the GATK pipeline and variants were 
annotated using the SnpEff tool (http://snpeff.sourceforge.net/
SnpEff.html). Mutations were filtered according to their minor 
allele frequencies in the NCBI SNP and/or 1000Genomes data-
bases and according to their predicted effects. The truncating 
mutation in RNF168 was then confirmed by Sanger sequenc-
ing using BigDye chemistry and a Genetic Analyzer 3100 
Avant (Applied Biosystems, Foster City, CA, USA). Primers 
for validation sequencing of the RNF168*c.295delG mutation 

were 5′-GGACAAAATCTTGCCCTTGAC-3′ and 5′-ACC 
CGAAGAAATTCTCTCGTC-3′. Primers for the sequencing  
of the ATM*1402_1403delAA mutation were 5′-CTATGGA 
AATGATGGTGATTCTC-3′ and 5′-GCATCTGAAATAGAATT 
TGACATC-3′ (20). Purified PCR products were subjected to 
direct sequencing using BigDye v1.1 terminator chemistry and a 
3100 Avant capillary sequencer (Life Technologies). Sequencing 
data were analyzed with the Sequencing Analysis 5.1.1 software. 
Patient and parental genomic DNAs were further genotyped by 
means of RFLP analysis. For this assay, 10 µL genomic PCR prod-
ucts were generated with the RNF168 primer pair listed above and 
were incubated overnight with 1.5 U MnlI (New England Biolabs). 
Cleavage fragments were separated through electrophoresis on 
2% agarose gels supplemented with GelRed and were visualized 
over an UV transilluminator.

immunoblotting
Cells were lysed in cell extraction buffer (50  mM Tris pH 7.4, 
150 mM NaCl, 2 mM EGTA, 2 mM EDTA, 25 mM NaF, 0.1 mM 
Na3VO4, 0.1 mM PMSF, 2 mg/mL Leupeptin, 2 mg/mL Aprotinin, 
0.2% Triton X-100, 0.3% NonidetP-40) for 30  min on ice and 
centrifuged at 16100 rcf for 15 min. Protein extracts were sepa-
rated through SDS-PAGE followed by immunoblotting. Primary 
antibodies against the following proteins were used: ATM (rabbit 
monoclonal, Epitomics, 1:1,000), DNA-PKcs (mouse monoclonal, 
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FigUre 2 | Assessment of RNF168 mutation (a) and RNF168 protein level (B). (a) Direct sequencing of RNF168 exon 12 reveals homozygosity for the novel 
frameshift mutation c.295delG in genomic DNA from either of both patients (HA591, HA592). (B) RFLP analysis of PCR products on 2% agarose gel 
electrophoresis. S, size marker; 1, undigested PCR product; 2–6, PCR products cleaved with MnlI: 2, wild-type control, 3, paternal sample, 4. maternal sample, 5, 
patient HA591, 6, patient HA592. (c) Western blot analysis reveals strongly reduced immunoreactivity for RNF168 protein in lymphoblastoid cells from either of both 
patients (HA591, HA592). Lymphoblastoid cell lines (LCLs) from a healthy individual were used as an RNF168-proficient control (HA325), and LCLs from a patient 
with classical ataxia–telangiectasia were used for comparison (HA56). β-actin served as the loading control (ACTB).
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Calbiochem, 1:500), pSer824-KAP1 (rabbit monoclonal, Bethyl 
Laboratories, 1:5,000), RNF168 (rabbit polyclonal, GeneTex, 
1:1,000), and β-Actin (mouse monoclonal, Sigma, 1:3,000). Anti-
mouse and anti-rabbit horseradish peroxidases labeled second-
ary antibodies were purchased from GE Healthcare. Enhanced 
chemiluminescence (Dura ECL, Thermo Scientific/Pierce) was 
used for visualization of immunoreactive bands.

immunocytochemistry
Subconfluent fibroblast cells grown on cover glasses in six-well 
plates or lymphoblastoid cells centrifuged onto slides through 
cytospin were fixed with 3% (w/v) PFA, 2% (w/v) sucrose for 
10 min. Cells were permeabilized with 0.2% (v/v) Triton X-100 
in 1× PBS for 3 min and rinsed three times with 1× PBS. Cells 
were incubated for 1–1.5  h at room temperature with the 
primary antibodies against Histone H2A.x Phospho(S139) 
(Millipore, 1:200) and 53BP1 (Bethyl Laboratories, 1:200) in 2% 
(w/v) normal goat serum (Dianova). After 1× PBS washing, cells 
were incubated with Alexa Fluor anti-mouse IgG 488 and Alexa 
Fluor anti-rabbit IgG 546 (Invitrogen) for 45 min to 1 h at room 
temperature in the dark. Cells were washed with 1× PBS, and 
DNA was counterstained with 4′,6-diamidino-2-phenylindole 

(DAPI) (Invitrogen) (1:50,000 in PBS) for 5 min and mounted 
using Prolong Gold® (Invitrogen). Foci were counted under a 
Leica DMI 6000B fluorescence microscope, and cells with n > 4 
foci were considered “positive” cells. Results from n = 100–150 
cells with two technical replicates of each line were analyzed. 
Mean values of RNF168-deficient cells and RNF168-proficient 
reference lines were compared with two-sample t-tests. 
Accounting for multiple testing, p-values were considered 
significant at α < 0.01.

resUlTs

Two Polish siblings presented with a primary immunodefi-
ciency of unknown cause at the Department of Immunology, 
The CMHI, Warsaw (21). They had been born to healthy 
consanguineous parents (third degree cousins). Pictures at 
their present age are provided as Figure S1 in Supplementary 
Material, and extended case reports are provided in the Section 
“Patents and Methods.” Both siblings showed normal growth 
and no signs of microcephaly or ataxia, no café-au-lait spots 
or gray hair, although the younger sister has some mild facial 
dysmorphism and showed clumsy gait at earlier childhood. 
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FigUre 3 | Immunocytochemical analysis of irradiation-induced repair foci in RNF168-deficient fibroblasts and lymphoblastoid cell lines. Detection of γH2AX foci 
(second column) and 53BP1 foci (third column) in reference ADP fibroblasts (upper panel) compared to patient fibroblasts F591 and F592 (middle and bottom panel) 
at 1 h after 6 Gy irradiation. DAPI staining and merged pictures are shown in the outer columns as controls for intracellular localization.
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Conjunctival telangiectasia was noted in both siblings. Mild 
mental retardation with learning difficulties was apparent for the 
sister but not for her older brother, both siblings still suffer from 
nocturnal enuresis. Laboratory measurements revealed IgA and 
IgG2 deficiency in the sister, while the brother had markedly 
reduced total IgG which required starting regular IVIG, later 
SCIG substitution in 2010. While lymphocyte subpopulations 
were within the normal range for their age, reduced percent-
age, and number of memory B cells and “switched” B cells were 
found in both siblings. Both siblings also had strongly elevated 
serum levels of AFP. Cellular radiosensitivity, as measured by 
means of colony survival assays in lymphoblastoid cells, was 
markedly increased for both siblings.

Because of the IgG and IgA deficiency, cellular radiosensitiv-
ity, telangiectasia, and elevated AFP, we explored the possibility 
of an ATM-related dysfunction. Although the siblings showed no 
ataxia, it is known that very mild form of ataxia–telangiectasia 
exist where the cerebellar phenotype is attenuated and occurs 
late in life (22–24). Indeed, direct sequencing of germline DNA 
demonstrated a novel ATM gene mutation, c.1402_1403delAA, 
in one of the two siblings (Figure 1A). However, this mutation 
was carried by the sister only in the heterozygous state and was 
not shared with her brother. Subsequent immunoblot analyses 

of protein extracts obtained from lymphoblastoid cells revealed 
wild-type levels of ATM protein in the cell lines from both siblings 
(Figure 1B). To further investigate the functional proficiency of 
the ATM pathway, we irradiated lymphoblastoid cells from both 
siblings at 1.5 or 6  Gy and monitored the phosphorylation of 
KAP1 (Ser824), a known target of the ATM kinase (25). We did 
not observe any significant difference between the patient cells 
and a wild-type control, demonstrating largely normal ATM 
kinase activity (Figure 1C). Thus, the heterozygosity for an ATM 
mutation in one of the two patients was insufficient to explain 
their clinical phenotype.

To elucidate the molecular basis for the immunodeficiency, we 
performed exome sequencing on genomic DNA samples from 
both patient LCLs. We identified one novel truncating mutation 
in RNF168, c.295delG, that appeared in the homozygous state 
(Figure 2A) and was shared by both siblings. Conceptual translation 
with this mutation results in a frameshift that starts at codon 99 and 
generates a premature termination signal 17 codons downstream 
(p.Glu99Lysfs*17). Because RNF168 mutations had previously 
been associated with an immunodeficiency (RIDDLE) syndrome 
in two unrelated patients (4, 18), this mutation was considered for 
further analyses. Genomic DNA samples from both parents were 
genotyped using RFLP analysis and direct sequencing and were 
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TaBle 1 | Monitoring DNA repair protein foci in fibroblasts with RNF168 
deficiency.

Fibroblast line Mean foci per cell Percentage of foci-
positive cells

53BP1 γh2aX p(γh2aX) 53BP1 γh2aX p(γh2aX)
a

aDP reference
1 h after 6 Gy 11 ± 3 43 ± 5 Ref 28 ± 1 67 ± 1 Ref
24 h after 6 Gy 3 ± 0 6 ± 2 Ref 18 ± 1 39 ± 8 Ref
48 h after 6 Gy 2 ± 0 3 ± 4 Ref 9 ± 1 13 ± 1 Ref
72 h after 6 Gy 1 ± 0 2 ± 2 Ref 7 ± 1 2 ± 1 Ref

F591 rnF168 deficient
1 h after 6 Gy 0 44 ± 1 0.80 0 71 ± 0 0.01
24 h after 6 Gy 0 13 ± 2 0.08 0 58 ± 1 0.07
48 h after 6 Gy 0 11 ± 3 0.12 0 45 ± 2 0.002
72 h after 6 Gy 0 9 ± 1 0.05 0 39 ± 1 0.0009

F592 rnF168 deficient
1 h after 6 Gy 0 52 ± 1 0.13 0 71 ± 2 0.12
24 h after 6 Gy 0 12 ± 1 0.06 0 61 ± 1 0.06
48 h after 6 Gy 0 11 ± 3 0.12 0 59 ± 2 0.001
72 h after 6 Gy 0 9 ± 0 0.04 0 43 ± 1 0.0007

The number of 53BP1 or γH2AX foci per cell and the percentage of foci-positive cells 
were assessed in primary fibroblasts from the two patients with RIDDLE syndrome 
(F591, F592) and wild-type fibroblasts from a healthy donor (ADP) at five time-points 
(0, 1, 24, 48, 72 h). Shown are the mean values from two technical replicates after 
normalization to the untreated condition (t = 0). Because no 53BP1 foci were detected 
in F591 and F592, the monitoring over time was only performed for γH2AX foci and  
p-values were determined by two-sample t-tests using ADP as the reference.
ap < 0.01 marked in bold.

6

Pietrucha et al. Siblings with RNF168 Deficiency

Frontiers in Immunology | www.frontiersin.org December 2017 | Volume 8 | Article 1683

confirmed to be heterozygous, thereby proving true homozygosity 
of the affected patients (Figure 2B). We then assessed the amount 
of RNF168 protein using immunoblot analyses of lymphoblastoid 
cells from both patients. By contrast with wild-type control and 
with ataxia–telangiectasia cells, we could not detect RNF168 
protein in the LCLs from both patients (Figure 2C).

Because the patient cells had shown cellular radiosensitivity 
in the initial assay and RIDDLE cells had been reported to be 
defective in 53BP1 recruitment (3), we comparatively monitored 
the formation and disappearance of γH2AX and 53BP1 repair 
foci over time in both, lymphoblastoid cells and fibroblasts from 
both patients. Whereas the initial formation of γH2AX occurred 
near normally at 1 h after irradiation with 6 Gy, the fibroblasts 
from both patients failed to form any detectable 53BP1 foci 
(Figure 3; Table 1). Similarly, we could not detect any 53BP1 foci 
after irradiation in lymphoblastoid cells from both patients (data 
not shown). At later time-points of 48 or 72 h post-irradiation, 
we observed significantly more residual γH2AX foci in the 
patient cells than in wild-type control lymphoblasts or fibroblasts 
(p ≤ 0.002), consistent with a pronounced defect in the repair of 
DNA DSB damage. At 72 h, some 38–44% of RNF168-deficient 
fibroblasts were still γH2AX-positive compared with 1–3% of 
reference fibroblasts (Table 1).

DiscUssiOn

Patients suspected of immunodeficiency frequently have 
underlying DNA DSB repair defects with considerable impact 
on V(D)J recombination, class switching and lymphocyte matu-
ration, leading to increased infections and cancer risk (1, 2).  

In addition, the phenotype of cellular radiosensitivity may 
identify immunologically compromised patients with increased 
toxicity to radiation and chemotherapeutic agents. Because such 
disorders are often partial phenocopies of one another, they 
have been tentatively classified as a “XCIND” group of disorders 
characterized by X-ray sensitivity, cancer susceptibility, immu-
nodeficiency, neurological abnormalities, and DNA DSB repair 
dysfunction (1). Modulation and sensing of damage-induced 
histone ubiquitylation strongly impact on DSB repair pathway 
choice and genome integrity, as well as cell and organismal fit-
ness, and RNF168 plays a unique role in being a writer as well as 
a reader of the histone ubiquitylation code (15). In this work, we 
have identified two siblings with RNF168 deficiency, also termed 
RIDDLE syndrome, for which only two single cases have been 
published previously (3, 18). Our genetic testing results for two 
homozygous siblings and their unaffected heterozygous parents 
corroborate the autosomal recessive inheritance of this disorder. 
As a clinical phenotype may be influenced by many genetic and 
epidemiological factors, it is important to collect clinical data 
from several patients of a rare syndrome to identify a common 
theme emerging from a defined molecular deficiency.

The first patient reported had marked IgG deficiency, mild 
motor control and learning difficulty, mild facial dysmorphism, 
and short stature (3). However, the second reported patient 
featured ataxia, telangiectasia, elevated AFP, IgA deficiency, 
microcephaly, and pulmonary failure (18). In this study, even 
though one of the two siblings also was heterozygous for an 
A–T mutation, the RNF168 deficiency resulted in a much 
milder neurological phenotype, if any, with the major clinical 
feature being the immunological defect. The lack of classic 
ataxia was in line with the ATM proficiency measured in vitro 
in both patients’ lymphoblastoid cell lines. Table 2 compares the 
features reported for all four hitherto described patients with 
RNF168 deficiency.

From this comparison, it becomes evident that RNF168 
deficiency is consistently associated with immunoglobulin 
deficiency and cellular radiosensitivity, whereas ataxia, micro-
cephaly, short stature, or learning difficulties were more variable 
phenotypes and not found in each of the four patients (Table 2). 
It is unlikely that the type of mutation in RNF168 can explain 
the variability as all four patients harbor a truncation upstream 
of the WD40 domain that is crucial for homology-directed 
repair (26) and showed absence of RNF168 protein in vitro. It is 
possible that mutation in additional genes, including the ATM 
heterozygosity identified in the younger sister, may contribute 
as modifiers to phenotypic expressions. Interestingly, elevated 
serum AFP appears to be a common feature and may be of 
diagnostic use in future screening. We have further confirmed, 
in patient fibroblasts and in patient lymphoblast cells, a failure 
to form radiation-induced 53BP1 foci while γH2AX foci remain 
unaffected (3). Since there is no other human disorder known to 
show this phenotype, this may provide a rapid and specific diag-
nostic tool to distinguish RNF168 deficiency from phenocopies.

RNF168 deficiency is presently classified as combined 
immunodeficiency with syndromic features (27). Our study of 
two new patients refines reduced immunoglobulin levels and 
radiosensitivity as the hallmarks of this syndrome, confirms its 

147

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive


7

Pietrucha et al. Siblings with RNF168 Deficiency

Frontiers in Immunology | www.frontiersin.org December 2017 | Volume 8 | Article 1683

unique cellular phenotype in the DNA damage response, and 
suggests elevated serum AFP as a useful laboratory marker. 
RNF168 has occasionally been included on sequencing panels 
for primary immunodeficiencies (28, 29), and in one study 
two unspecified RNF168 missense variants were reported in 
1/33 patients (28). Another missense variant in RNF168 has 
been observed in an adult patient with ZAP70 deficiency and 
was suggested to modify his phenotype (30). It is anticipated 
that, with the increasing use of next-generation sequencing in 
the diagnosis of immunodeficiency disorders (31), additional 
patients with RNF168 mutations might be identified and can 
help to define and perhaps extend the clinical spectrum of 
RNF168 deficiency.

eThics sTaTeMenT

This study was carried out in accordance with the Declaration 
of Helsinki. All subjects gave written informed consent, and 
the protocol was approved by the Bioethical Commission, The 
Children’s Memorial Health Institute, Warsaw.

TaBle 2 | Comparison of diagnostic features of reported patients with RNF168 deficiency.

Patient 1 (15-9Bi) (3, 4) Patient 2 (rs66) (18) Patient 3 (ha591) (this study) Patient 4 (ha592) (this study)

Country of origin UK Turkey Poland Poland
Sex Male Male Female Male
Age 22 16 13 21
RNF168 mutation (cDNA level) c.397dupG/c.1323_1326delACAA c.391C>T homozygous c.295delG homozygous c.295delG homozygous
RNF168 mutation (protein level) p.A133Gfs*10/p. N441Rfs*16 p.R131X homozygous p.E99Kfs*17 homozygous p.E99Kfs*17 homozygous
ATM mutation No No c.1402_1403delAA heterozygous No
Cellular radiosensitivity Yes Yes Yes Yes
Reduced IgG Yes No Yes (IgG2) Yes
Reduced IgA (No)a Yes Yes Yes
Elevated AFP n.d. Yes Yes Yes
Ataxia (No)b Yes, mild (No)b (No)b

Telangiectasia No Yes Yes Yes
Short stature Yes Yes No No
Microcephaly (No)c Yes (No)c No
Learning difficulties Yes No Yes No
Respiratory failure No Yes No No

Clinical and cellular features were summarized for the first (15-9BI) and second (RS66) reported patients with RNF168 deficiency according to the descriptions by Stewart et al. (3) 
and Devgan et al. (18), and for the two new patients in the present report.
aBorderline in early childhood.
bMild motor control difficulties.
cMild facial dysmorphism.
Ig, immunoglobulin; AFP, alpha-fetoprotein.
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Background: New sequencing techniques have revolutionized the identification of the 
molecular basis of primary immunodeficiency disorders (PID) not only by establishing 
a gene-based diagnosis but also by facilitating defect-specific treatment strategies, 
improving quality of life and survival, and allowing factual genetic counseling. Because 
these techniques are generally not available for physicians and their patients residing 
in developing countries, collaboration with overseas laboratories has been explored as 
a possible, albeit cumbersome, strategy. To reduce the cost of time and temperature- 
sensitive shipping, we selected Guthrie cards, developed for newborn screening, to 
collect dried blood spots (DBS), as a source of DNA that can be shipped by regular mail 
at minimal cost.

Method: Blood was collected and blotted onto the filter paper of Guthrie cards by 
completely filling three circles. We enrolled 20 male patients with presumptive X-linked 
agammaglobulinemia (XLA) cared for at the Vietnam National Children’s Hospital, their 
mothers, and several sisters for carrier analysis. DBS were stored at room temperature 
until ready to be shipped together, using an appropriately sized envelope, to a CLIA-
certified laboratory in the US for sequencing. The protocol for Sanger sequencing was 
modified to account for the reduced quantity of gDNA extracted from DBS.

result: High-quality gDNA could be extracted from every specimen. Bruton tyrosine 
kinase (BTK) mutations were identified in 17 of 20 patients studied, confirming the diag-
nosis of XLA in 85% of the study cohort. Type and location of the mutations were similar 
to those reported in previous reviews. The mean age when XLA was suspected clinically 
was 4.6 years, similar to that reported by Western countries. Two of 15 mothers, each 
with an affected boy, had a normal BTK sequence, suggesting gonadal mosaicism.

conclusion: DBS collected on Guthrie cards can be shipped inexpensively by airmail 
across continents, providing sufficient high-quality gDNA for Sanger sequencing over-
seas. By using this method of collecting gDNA, we were able to confirm the diagnosis of 
XLA in 17 of 20 Vietnamese patients with the clinical diagnosis of agammaglobulinemia.

Keywords: X-linked agammaglobulinemia, genetic sequencing, primary immunodeficiencies, Btk, dried blood spots

150

http://www.frontiersin.org/Immunology/
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2018.00289&domain=pdf&date_stamp=2018-02-16
http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/Immunology/editorialboard
http://www.frontiersin.org/Immunology/editorialboard
https://doi.org/10.3389/fimmu.2018.00289
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
https://creativecommons.org/licenses/by/4.0/
mailto:gesmar2@gmail.com
mailto:hans.ochs@seattlechildrens.org
https://doi.org/10.3389/fimmu.2018.00289
https://www.frontiersin.org/Journal/10.3389/fimmu.2018.00289/full
https://www.frontiersin.org/Journal/10.3389/fimmu.2018.00289/full
https://www.frontiersin.org/Journal/10.3389/fimmu.2018.00289/full
https://www.frontiersin.org/Journal/10.3389/fimmu.2018.00289/full
https://www.frontiersin.org/Journal/10.3389/fimmu.2018.00289/full
http://loop.frontiersin.org/people/505905
http://loop.frontiersin.org/people/506068
http://loop.frontiersin.org/people/506048
http://loop.frontiersin.org/people/438774
https://loop.frontiersin.org/people/525676
http://loop.frontiersin.org/people/514847
http://loop.frontiersin.org/people/25319
http://loop.frontiersin.org/people/25831


Figure 1 | Distribution of the mutations in the Bruton tyrosine kinase gene identified in the 17 Vietnamese X-linked agammaglobulinemia patients.
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inTrODucTiOn

Recent technical advances in gene analysis have facilitated 
diagnosis and treatment of primary immunodeficiency diseases 
(PID), with more than 320 genes identified that cause PID when 
mutated (1). While those technologies are readily available in 
developed countries, most developing countries do not have the 
medical facilities to perform gene sequencing and protein analy-
sis (2, 3). Many physicians caring for PID patients in these parts of 
the world enter into partnerships with researchers in the United 
States, Europe, and selected Asian countries to initiate genetic 
evaluation of their patients (2, 3). However, shipping blood or 
cryopreserved peripheral blood mononuclear cells between con-
tinents is hampered by bureaucratic road blocks, is expensive, and 
is sometimes unsuccessful.

X-linked agammaglobulinemia (XLA), a genetic disorder 
first described by Bruton in 1952 (4), is caused by mutations in 
the Bruton tyrosine kinase (BTK) gene (5). Patients with XLA 
have low or absence of circulating B cells and markedly reduced 
serum immunoglobulin and specific antibody levels, resulting in 
increased susceptibility to bacterial and selective viral infections. 
Affected boys present typically with respiratory tract infections, 
but may also develop colitis, arthritis, and neurologic findings 
(6–8). The BTK gene consists of 18 coding exons and directs the 
production of a 659 amino acid protein with 5 distinct structural 
domains (Figure 1) that plays a crucial role in B cell development 
and function (6, 9).

The clinical criteria sufficient for a probable diagnosis of XLA 
include a male with less than 2% CD19+ B cells in whom other 
causes of hypogammaglobulinemia have been excluded, who has 
at least one of the following: onset of recurrent bacterial infec-
tions in the first 5 years of life, serum IgG, IgM and IgA that are 
more than 2 SD below normal for age, and poor responses to vac-
cines. The “definitive” diagnosis of XLA requires gene sequencing 
confirming a mutation in BTK and/or absence of BTK protein 
expression in monocytes or platelets (10). Because analysis of 
protein expression and sequencing of the BTK gene are not com-
monly available in developing countries, a definitive diagnosis of 
XLA cannot be established.

To provide an inexpensive and effective method of performing 
genetic analyses in patients from developing countries with clini-
cal and laboratorial findings compatible with a diagnosis of XLA, 
we tested the procedure established more than 50 years ago to col-
lect and ship blood samples from hospitals to State laboratories 
for newborn screening. Originally designed for early detection 
of metabolic disorders such as phenylketonuria (11), dried blood 
spots (DBS) collected on filter paper (Guthrie cards) have been 
used in recent years as a source of gDNA to screen for severe 
combined immune deficiency, based on the presence or absence 

of T  cell receptor excision circles, representing recent thymic 
emigrants (12, 13). We used Standard Guthrie cards to collect 
DBS, which can be shipped in a regular envelop by air mail (20 
cards/envelop) from Vietnam to a CLIA-approved laboratory in 
Seattle, WA, USA, where the DNA was extracted and sequenced 
for mutations in the BTK gene. The approach has been validated 
by the demonstration that gDNA, stored for years in DBS, is 
stable and suitable for sequence analysis (14).

MaTerials anD MeThODs

ethics statement
The DBS analysis for BTK mutations was approved by the 
institutional review boards at Seattle Children’s Hospital and 
Vietnam National Children’s Hospital. Written informed consent 
for genetic testing was obtained from the parents of Vietnamese 
patients by local physicians.

Patients
Twenty patients with a clinical diagnosis of XLA, cared for by 
physicians at the Vietnam National Children’s Hospital, Hanoi, 
were enrolled in the study from May to July 2017, and DBS were 
collected on Guthrie cards. A possible clinical diagnosis of XLA 
was based on the increased susceptibility to bacterial infections 
at an early age, low serum immunoglobulin levels, and marked 
decrease or absence of peripheral blood B lymphocytes (10). 
Mothers and sisters of these patients were invited to provide DBS 
for investigation of carrier status.

samples
Vietnamese physicians caring for the patients collected venous 
blood or blood from a finger stick and completely filled three cir-
cles on the paper filter cards (ID Biological, Greenville, SC, USA) 
used by the Washington State Department of Health for newborn 
screening. The samples were stored at room temperature until 
DBS from all 20 patients were collected and were shipped in a 
single standard envelope by regular air mail to the Immunology 
Diagnostic Laboratory at Seattle Children’s Research Institute. 
Upon arrival, gDNA was extracted from one of the three blood 
spots collected from each patient using the Quiagen DNA blood 
Mini Kit (Quiagen, Germantown, USA). The average yield was 
3–20 ng/µl (total 150 µl). The unused DBS were stored at room 
temperature for future use.

BTK gene analysis
The targeted Sanger sequencing protocol for regular DNA analysis was 
modified, as the final concentration of gDNA extracted from DBS 
(5–25 ng/μl) was lower than that obtained from peripheral blood.  
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TaBle 1 | Clinical findings, laboratory results, and BTK mutations in 20 Vietnamese patients with agammaglobulinemia.

Patient 
number

Birth date Onset of  
symptoms,  

age (months)

age at 
diagnosis 
(months)

age when  
genetic  
analysis  

was done  
(months)

iga 
(g/l)

igM 
(g/l)

igg 
(g/l)

cD19/
mm3

cD19 
(%)

BTK mutation Mutation 
reported 

previously

p01 20/09/2012 4 14 58 0.03 0.07 3.17 5 0 c.1735G>C; p.D579H No
p02 11/10/2011 6 22 69 0.01 0.09 0.01 1 0 c.1908+2delTAAGTGCTT  

(splicing defect)
No

p03 21/04/2010 4 75 87 0.01 0.27 0.16 7 0 c.752G>A; p.W251* YES
p04 12/04/2011 9 42 75 0.05 0.08 0.1 78 1 c.117_119del; p.Y40del No
P05 25/06/2011 5 23 73 0.01 0.14 0.07 8 0 c.521-1G>A (splicing defect) No
P06 07/01/2013 a 6 54 0.13 0.13 0.22 48 1 c.1744del; p.A582Lfs*5 Yes
P07 08/10/2015 6 11 21 0 0.05 0.01 0 0 c.763C>T; p.R255* Yes
P08 04/07/2011 27 58 72 0.01 0.17 0.06 0 0 c.1713_1714 del; p.Y571* No
P09 29/09/2011 9 59 70 0.01 0.01 0.16 0 0 c.1768A>T; p.I590F Yes
P10 10/02/2001 1 153 197 0.01 0.01 0.06 0 0 c.1782del; p.K595Rfs*54 No
p11 14/01/2003 24 113 174 0.35 0.36 1.58 2 0.1 c.37C>T; p.R13* Yes
p12 23/10/2008 14 61 105 0.02 0.12 0.02 1 0 c.1610del; p.V537Dfs*19 No
p13 06/06/2008 9 63 109 0.03 0.16 1.2 1 0 c.953C>T; p.S318F Yes
p14 27/09/2010 6 62 82 0.01 0.01 1.7 15 0.4 c.1657del; p.S553Afs*3 No
p15 17/11/2010 4 72 80 0.03 0.19 0.12 52 1 c.124T>G; p.Y42D No
p16 06/01/2013 20 51 54 0.01 0.15 0.88 52 1 c.627_628insA; p.P210Tfs*6 No
p17 04/03/2012 8 59 64 0.02 0.21 0.06 20 1 c.1651T>A; p.Y551N No
p18 07/07/2014 4 25 36 0.02 0.39 0.2 0 0 No mutationb –
p19 22/06/2012 12 50 61 0.18 0.23 1.28 1 0 No mutationb –
p20 10/02/2005 9 79 149 0.01 0.82 0.62 0 0 No mutationb –

aPatient diagnosed before he developed symptoms.
bIn exons and exon/intron junctions.
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We optimized PCR amplification using only 2 μl of gDNA per exon 
or 5 µl gDNA for the longest exons or multiple exons based on 
the (modified) primers reported previously (15). Briefly, samples 
were amplified in 10 µl reactions containing 1 µl each of forward 
and reverse primers (5 mM each), 1 µl of dNTP mix, 1 µl of 10× 
buffer, 0.5  µl of MgSO4 (50  mM), and 0.1  µl of undiluted Taq 
DNA Polymerase. All exons were amplified under the same PCR 
conditions: denaturation at 94°C during 2 min and then 38 cycles 
at 94°C for 30 s, 55°C for 30 s, and 68°C for 1.5 min, with final 
extension at 68°C for 5 min. Amplicons were sequenced accord-
ing to the standard Big Dye protocol, analyzed, and aligned using 
the Mutation Surveyor and BioEdit software to detect mutations 
in the coding sequence and exon/intron junctions of BTK. The 
nomenclature for mutations in BTK is according to guidelines 
by the Human Genome Variation Society as determined by 
Mutalyzer 2.0.26-Name checker (NM_000061.2).

resulTs

Table 1 presents clinical findings and laboratorial data of the 20 
patients and lists BTK mutations identified in 17 participants. 
The mean age at the onset of symptoms was 9.52 months (range, 
1–27 months), and the mean age at diagnosis was 54.70 months 
(range, 6–153 months). There was no difference between those 
patients with BTK mutations and those patients without. The 
mean age when the diagnosis was confirmed by BTK genetic 
analysis was 84.50 months (range, 21–197 months). The diagnosis 
of XLA based on the clinical characteristics was suspected at the 
age of 6 months in an asymptomatic boy (p06) who had an older 

diseased brother with an XLA phenotype. All patients started 
to receive IVIG as soon as the diagnosis of XLA was suspected 
clinically.

The most prevalent infections observed in this cohort of 20 
patients were otitis media (121 episodes) and pneumonia (61 epi-
sodes), followed by conjunctivitis, arthritis, sepsis, sinusitis, and 
meningitis (Figure 2). The mean IgG level before IVIG therapy 
was 0.58 g/l (range, 0.01–3.17 g/l).

Pathogenic mutations in the BTK gene were identified in 17 
of our cohort of 20 unrelated symptomatic patients tested by 
sequencing the 18 coding exons and exon–intron junctions. The 
mutations included missense and nonsense mutations, insertions, 
deletions, and splicing defects and were located throughout the 
BTK gene (Table 1; Figure 1). Additional samples were provided 
from 15 mothers of the 17 unrelated patients with BTK muta-
tions (Table 2). Thirteen of the mothers had the same mutation 
as their sons and are considered XLA carriers. Of three girls, each 
having a full brother with a BTK mutation, one was found to be 
a carrier. The daughter of one of the two mothers with normal 
BTK sequence was found to have the same BTK mutation as her 
brother (p01), suggesting gonadal mosaicism.

DiscussiOn

The diagnosis of agammaglobulinemia can be suspected based on 
the clinical and laboratory characteristics. While the majority of 
patients with agammaglobulinemia are male, suggesting X-linked 
inheritance and mutations in BTK, there are a handful of genes that, 
if mutated, result in autosomal recessive agammaglobulinemia, 
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TaBle 2 | Carriers found among mothers and sisters of patients with XLA 
diagnosis.

Patient relative tested

p01a Mother not carrierb

Sister carrier
p02 Mother carrier
p03 Mother not carrierb

p04 Mother carrier
p05 Mother carrier
p06 Mother carrier
p07 Mother carrier
p08 Mother carrier
p11 Mother carrier

Sister not carrierb

p12 Mother carrier
Sister not carrierb

p13 Mother carrier
p14 Mother carrier
p15 Mother carrier
p16 Mother carrier
p17 Mother carrier

aThe presence of a BTK mutation in the brother (p01) and sister while absent in the 
mother suggests gonadal mosaicism of the mother.
bTarget sequencing directed to the affected exon of the BTK gene did not reveal the 
mutation of the proband.
BTK, Bruton tyrosine kinase.

Figure 2 | Frequency of infections in a cohort of 20 Vietnamese patients 
with agammaglobulinemia.
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including IGHM (μ heavy chain deficiency), IGLL1 (λ5 defi-
ciency), CD79A (Igα deficiency), CD79B (Igβ deficiency), BLNK, 
PIK3R1 (1), IKAROS (16), and one gene (TCF3, E47 deficiency) 
causing an autosomal-dominant agammaglobulinemia (17). 
Because of this heterogeneity, molecular analysis is imperative 
for optimal therapy, prognostic considerations, and genetic coun-
seling of patients with agammaglobulinemia. While sequence 
analysis, either by Sanger sequencing of individual genes or by 
next-generation sequencing is broadly available in the developed 
world, most developing countries do not have access to these 
advanced techniques.

This pilot study demonstrates the feasibility of collecting 
blood on Guthrie cards, shipping the cards at minimal cost from 
one continent to another, and identifying causative mutations 
in BTK by Sanger sequencing in 17 of 20 (85%) unrelated male 
patients with clinical and laboratory findings compatible with 
XLA. We have used this technique to collect and ship DBS from 
a number of South American countries to identify disease-
causing mutations in >25 PID-associated genes including WAS, 
CD40L, PIK3CD, FOXP3, CTLA4, STAT1, STAT3, RAG1, and 
RAG2. Because of the limited quantity of patient material, we 
had to slightly modify the PCR amplification technique that we 
routinely use for gDNA extraction from peripheral blood or 
saliva.

The type and distribution of the BTK mutations were similar 
to those reported previously. Since only the coding region and 
the intron/exon junctions of BTK were sequenced, mutations in 
the promoter or Poly A regions, or deep intronic variants, would 
have been missed. Identifying those mutations will require 
analysis of mRNA or protein expression, we hope to develop in 
the future. The clinical characteristics and laboratory findings 
of the 17 Vietnamese XLA patients with BTK mutations were 
similar to those observed in Western countries, with episodes of 
pneumonia reported by 80% of the Vietnamese patients, 62% of 
US patients (7), 100% of patients from the Netherlands (18), and 
77% of patients from China (8).

The mean age at diagnosis, based on clinical and immuno-
logical criteria, was similar to Western countries: 4.6  years in 
Vietnamese patients, compared with 5.37 in the United States (7) 
and 6.5 years in patients from the Netherlands (18), but slightly 
lower than in those from China (7.09 years) (8).

In conclusion, DBS are easy to collect, can be stored and 
shipped at room temperature, and transported inexpensively 
across continents. DBS are an excellent source of high-quality 
gDNA in sufficient quantity for Sanger sequencing, making this 
collection technique an affordable option for developing coun-
tries to interact and collaborate with sophisticated laboratories 
anywhere in the world.
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exome sequencing Diagnoses 
X-Linked Moesin-associated 
Immunodeficiency in a primary 
Immunodeficiency Case
Gabrielle Bradshaw, Robbie R. Lualhati, Cassie L. Albury, Neven Maksemous,  
Deidre Roos-Araujo, Robert A. Smith, Miles C. Benton, David A. Eccles, Rod A. Lea,  
Heidi G. Sutherland, Larisa M. Haupt and Lyn R. Griffiths*

Genomics Research Centre, School of Biomedical Sciences, Institute of Health and Biomedical Innovation, Queensland 
University of Technology, Brisbane, QLD, Australia

Background: We investigated the molecular etiology of a young male proband with 
confirmed immunodeficiency of unknown cause, presenting with recurrent bacterial 
and Varicella zoster viral infections in childhood and persistent lymphopenia into early 
adulthood.

aim: To identify causative functional genetic variants related to an undiagnosed primary 
immunodeficiency.

Method: Whole genome microarray copy number variant (CNV) analysis was performed 
on the proband followed by whole exome sequencing (WES) and trio analysis of the 
proband and family members. A >4 kbp deletion identified by repeated CNV analysis of 
exome sequencing data along with three damaging missense single nucleotide variants 
were validated by Sanger sequencing in all family members. Confirmation of the caus-
ative role of the candidate gene was performed by qPCR and Western Blot analyses on 
the proband, family members and a healthy control.

Results: CNV identified our previously reported interleukin 25 amplification in the proband; 
however, the variant was not validated to be a candidate gene for immunodeficiency. 
WES trio analysis, data filtering and in silico prediction identified a novel, damaging (SIFT: 
0; Polyphen 1; Grantham score: 101) and disease-causing (MutationTaster) single base 
mutation in the X chromosome (c.511C > T p.Arg171Trp) MSN gene not identified in 
the UCSC Genome Browser database. The mutation was validated by Sanger sequen-
cing, confirming the proband was hemizygous X-linked recessive (–/T) at this locus and 
inherited the affected T allele from his non-symptomatic carrier mother (C/T), with other 
family members (father, sister) confirmed to be wild type (C/C). Western Blot analysis 
demonstrated an absence of moesin protein in lymphocytes derived from the proband, 
compared with normal expression in lymphocytes derived from the healthy control, father 
and mother. qPCR identified significantly lower MSN mRNA transcript expression in the 
proband compared to an age- and sex-matched healthy control subject in whole blood 
(p = 0.02), and lymphocytes (p = 0.01). These results confirmed moesin deficiency in the 
proband, directly causative of his immunodeficient phenotype.
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Conclusion: These findings confirm X-linked moesin-associated immunodeficiency in 
a proband previously undiagnosed up to 24  years of age. This study also highlights 
the utility of WES for the diagnosis of rare or novel forms of primary immunodeficiency 
disease.

Keywords: lymphopenia, whole exome sequencing, moesin, MSN, X-linked moesin-associated immunodeficiency

INtRoDUCtIoN

Primary immunodeficiency disorders (PIDs) encompass a diverse 
group of mostly inherited genetic disorders that compromise 
immune system function and predispose individuals to recur
rent infections and other immune disorders such as auto
immunity, hematological disorders and lymphoid malignancies 
(1–3). As defined by the International Union of Immunological 
Societies, there are almost 300 single gene defects described 
which are causative for the wide range of phenotypes (4), 
making PIDs a rapidly expanding field of medicine. Loss of 
function mutations in multiple genes coding for proteins that 
regulate the actin cytoskeleton are known to cause PID, the 
most well characterized form being WiskottAldrich (WAS) 
syndrome (5). This is a rare X chromosomelinked PID where 
expression and function of the WAS protein results in failure 
of Arp2/3mediated actin polymerization causing a combined 
defect of innate and adaptive immunity associated with micro
thrombocytopenia, eczema, blood cancers, and increased risk of  
autoimmunity (5).

Nextgeneration DNA sequencing technologies such as 
whole genome sequencing (WGS) and whole exome sequenc
ing (WES) have revolutionized the field of genomics by 
enabling a highthroughput and increasingly costeffective 
method for complex and rare disease diagnosis (6). While 
WGS is the most comprehensive technique able to identify 
around 4 million variants within the entire genome, including 
coding and noncoding regions, WES provides more focus 
on only proteincoding exons, which harbor around 85% of 
pathogenic mutations (7, 8). Currently, WES permits lower 
operating costs (US$800 per sample compared to US$1,500 per 
sample for WGS) with faster data generation and less complex 
analysis, however, it is unable to identify structural variants  
(6, 9). Here, we used WES to elucidate possible diseasecausing 
variants in a case diagnosed previously as immunodeficient of 
unknown cause.

BaCKGRoUND

The proband is a 24year–old male. At age 7 weeks, he had boils 
in his groin and axillae. At 18 months of age, he had a prolonged 
episode of bronchitis for which he received antibiotics but was 
not hospitalized. He suffered repeated upper respiratory tract 
infections and ear infections for the next few years. He had 
two episodes of chicken pox (Varicella) at around 18  months 
and 3 years. The first episode was severe, with widespread skin 
lesions, but no secondary infection or hemorrhagic lesions. At 
about 3 years of age, he had a persistent eye infection, which 
progressed to periorbital cellulitis, secondary to Pseudomonas 

aeruginosa infection. Neutropenia was first noted during that 
episode. Bone marrow aspirate showed normal myeloid matu
ration, consistent with an immune etiology. No treatment was 
started at that stage. At 4  years of age, he had an episode of 
thrombocytopenia, with platelets falling to <5. A further bone 
marrow aspirate was consistent with an immune mediated 
thrombocytopenia, and he responded rapidly to intravenous 
immunoglobulin. He had some further skin infections and 
paronychiae at this time, and continued to suffer repeated 
respiratory infections, although not requiring hospitalization. 
At 6 years 6 months of age, he had his first episode of pneumonia 
and had several hospitalizations.

At this stage, a diagnosis of combined immunodeficiency was 
made: he had persistent absolute lymphopenia, normal Tcell 
receptor Vβ distribution, low numbers of Tcell receptor excision 
circles (TRECs), no mutation in the common γ chain gene, low 
IgG, IgA, and IgM. He was negative for HIV by PCR. He started 
immunoglobulin replacement (IVIg) and GCSF treatment in 
early 2000 and has very much improved symptomatically since 
then, however, lymphocyte counts have remained severely 
decreased (Tables 1and 2).

We previously investigated a functional molecular cause for 
this undiagnosed immunodeficiency through whole genome 
arrays. Briefly, analysis of Affymetrix 250K SNP microarray data 
of the case and a matched healthy control subject via a copy num
ber analysis tool identified hyperploidy of a region centromeric 
to chromosome 14q11.2, mapped over the interleukin 25 (IL25) 
gene (10). IL25 (a member of the IL17 family of cytokines) 
induction in mice has been previously associated with a Thelper 
(Th) 2like pathological immune response (11) and shown to 
regulate the development of autoimmune inflammation medi
ated by IL17producing cells (12, 13) and was deemed a plausible 
candidate for further analyses.

Green et  al. (10) paired genetic analysis with transcrip
tional profiling and found a large number of genes associ
ated with Th1/Th2 profiles to be differentially expressed in 
peripheral blood lymphocytes of the proband, indicative of a 
Th2 bias confirmed by flow cytometric analysis. Tcells from 
the proband and control subject were cultured and activated 
in  vitro with qPCR analysis demonstrating higher IL25 
expression in the proband when compared to the control. The 
skewed Th2 immunity hypothesized in the proband was in line 
with his susceptibility to infections normally cleared by Th1 
responses, such as Varicella and Pseudomonas. Further in vitro 
studies were performed in Bcell line models to measure the 
effect of IL25 treatment on cellular proliferation and viability, 
however when proband and control lymphocytes were treated 
with exogenous IL25, no differences were observed (data not 
shown).
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taBLe 2 | Hematology laboratory workup for the proband.

Hematology December 
16, 2016

July  
04, 2017

Units Ref interval

Age at evaluation 23 years 24 years >12 years
Hemoglobin 138 142 g/L 135–175
Hematocrit 0.42 0.41 0.40–0.54
Red cell count 4.8 4.9 ×1012/L 4.5–6.5
Mean cell volume 87 84 fL 80–100
White cell count 1.5 L 1.3 L ×109/L 3.5–10.0
Neutrophils 0.96 L 0.74 L ×109/L 1.5–6.5
Lymphocytes 0.46 L 0.47 L ×109/L 1.0–4.0
Monocytes 0.06 0.08 ×109/L 0–0.9
Eosinophils 0.00 0.00 ×109/L 0–0.6
Basophils 0.01 0.02 ×109/L 0–0.15
Platelets 316 255 ×109/L 150–400

Lymphocyte subsets 0.46 L ND ×109/L 1.0–4.0
T-cells CD3+ 0.43 L ND ×109/L 0.75–2.50
T-helper CD4+ 0.15 L ND ×109/L 0.50–1.90
T suppressor CD8+ 0.24 ND ×109/L 0.21–1.2
B-cells CD19+ 0.01 L ND ×109/L 0.05–0.60
NK cells CD16+/56+ 0.02 L ND ×109/L 0.05–0.60

Protein studies
Immunoglobulin G (IgG) 
on IVIg

9.15 6.98 g/L 5.76–15.36

Immunoglobulin A (IgA) 0.49 L 0.45 L g/L 1.24–4.16
Immunoglobulin M (IgM) 0.13 L 0.21 L g/L 0.48–3.1

Current hematology results showing persistent leucopenia with neutropenia, 
lymphopenia, and hypogammaglobulinemia at 23 and 24 years of age. Peripheral 
blood lymphocyte surface markers shows all lymphocyte subsets are below the normal 
range excluding T suppressor CD8+ cells which are on the lower level of normal.
IVIg, intravenous immunoglobulin; ND, not determined.
Red font indicates values lower than the reference interval.

taBLe 1 | Hematology laboratory workup for the proband.

Hematology June 28, 2001 June 17, 2004 June 14, 2005 Units Ref interval

Age at evaluation 8 years 11 years 12 years 6–12 years
Hemoglobin 118 127 127 g/L 110–15
Hematocrit 0.34 0.36 0.37 0.36–0.46
Red cell count – 4.3 4.5 ×1012/L 4.0–5.6
Mean cell volume 87 84 84 fL 77–95
White cell count 2.4 L 2.5 L 3.4 L ×109/L 5.0–12.0
Neutrophils 2.04 2.00 2.67 ×109/L 1.5–7.5
Lymphocytes 0.32 L 0.40 L 0.52 L ×109/L 1.0–6.5
Monocytes 0.04 0.10 0.11 ×109/L 0–1.5
Eosinophils – 0.00 0.05 ×109/L 0–0.6
Basophils – 0.00 0.01 ×109/L 0–0.20
Platelets 363 329 401 ×109/L 150–600

Lymphocyte subsets
Lymphocytes 370 L ND ND Cells/μL 1,900–3,700
T-cells CD3+ 74 L ND ND Cells/μL 600–2,600
T-helper CD4+ 33 L ND ND Cells/μL 650–1,500
T suppressor CD8+ 33 L ND ND Cells/μL 370–1,100
B-cells CD19+ 15 L ND ND Cells/μL 270–860
NK cells CD16+/56+ 3 L ND ND Cells/μL 4–20
TRECs <100,000 L ND ND Per million PBMC 100,000

Protein studies
Immunoglobulin G (IgG) on IVIg 805 ND ND mg/dL 520–1,098
Immunoglobulin A (IgA) 16 L ND ND mg/dL 36–230
Immunoglobulin M (IgM) 30 L ND ND mg/dL 42–172

Historical hematology workup showing persistent leucopenia with lymphopenia and hypogammaglobulinemia at 8, 11, and 12 years of age. Neutropenia improved with G-CSF 
treatment.
PBMC, peripheral blood mononuclear cells; IVIg, intravenous immunoglobulin; ND, not determined.
Red font indicates values lower than the reference interval.
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MateRIaLs aND MetHoDs

Whole exome sequencing
Peripheral blood samples were obtained from all participants 
and genomic DNA (gDNA) extracted using the QIAamp DNA 
Blood Maxi Kit (Qiagen) according to the manufacturer’s 
instructions. Exome sequencing of the family trio (case, mother, 
and father) was performed on the Ion Chef and Ion Proton 
Next Generation Sequencing platform using the Ion Ampliseq 
Exome RDY Kit 4 × 2 (Life Technologies). DNA was quantitated 
using the Agilent 2100 Bioanalyser using the Agilent High 
Sensitivity DNA kit (Agilent Technologies) with 50 ng gDNA 
used for library preparation of each family member. Barcode 
adapters were ligated to each exome library with the Ion Express 
Barcode Adapters 196 Kit (Life Technologies). Using a Qubit 
2.0 Fluorometer (Life Technologies), libraries were diluted to a 
concentration of 100 pM before being clonally amplified on the 
Ion Chef System using the Ion PI Chip v3 (Life Technologies) 
prior to loading on an Ion PI Chip v3 for sequencing via 
semiconduction.

Wes analysis
Raw sequences from each library were aligned to the GRCh37/
Hg19 reference genome via the Ion Torrent Server TMAP 
alignment algorithm. Trio analysis was performed on the Ion 
Reporter Suite V.5.0 (Life Technologies) where variant annotation 
identified included singlenucleotide polymorphisms (SNPs) 
and indels (insertions and deletions) for each exome library.  
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At a total readdepth of 20×, the target base coverage was 94.63%. 
A combined total of 51,997 variants were identified with 482 of 
these unique to the proband. Variant filtering then focused on 
deleterious variants (frameshift insertion and deletion, stoploss, 
missense, and nonsense) followed by screening using the OMIM 
public database as a filter for genes related to immunological 
disorders. 13 identified variants were then further filtered using 
in silico missense variant effect prediction tools with the following 
parameters designated as damaging: SIFT < 0.05, PolyPhen > 0.8, 
and Grantham Score > 100. SIFT and PolyPhen predict both the 
structural and functional impact of a variant based on properties 
such as accessible surface area, ligand contacts, solvent acces
sible area, and change in residue side change volume (14). The 
Grantham score focuses on the difference between amino acid 
atomic composition, polarity, and volume where a radical amino 
acid substitution gives a score above 100 (15). MutationTaster 
predicts whether a variant is tolerable, polymorphic, or damaging 
and diseasecausing to identify potential diseasecausing variants 
(16). Three final candidate variants were then verified using the 
Integrative Genome Viewer (IGV) software (Broad Institute). 
Copy number variant (CNV) analysis was performed on WES data 
for the case and family members using the same filtering steps as 
described. WES was used to indicate the general presence of the 
CNV, which was validated by touchdown PCR and Sanger sequen
cing. A more detailed description of the methods used can be found 
in the BMC Bioinformatics paper by Demidov et al. (17). With the 
ongoing advances in sequencing technology and improvement in 
alignment techniques for largescale data analysis, we were able 
to confirm that IL25 does not lie within the previously identified 
amplified region on chromosome 14, but rather 4 Mb downstream.

sanger sequencing
PCR was performed using forward and reverse primers for the 
MSN (F: 5′TTCTCTCCTGCACAGGGACTTT3′; R: 5′ATTC 
ACCCTGTAAGGGAAGTGGG3′), TET2 (F:5′GCCTGATGG 
AACAGGATAGAAC3′;R:5′TTCCCTTCATACAGGGTAT 
TC3′), and NLRP8 (F:5′ATATCCAGCGCCTGATAGCG3′; 
R:5′TCAGGGTGACGGTCAGTT3′) single nucleotide variants 
(SNVs). Following amplification, PCR products were treated with 
ExoSAP for use in Big Dye Terminator v3.1 sequencing reac
tions, analyzed on the 3500 Genetic Analyzer (ThermoFisher 
Scientific, Life Technologies). Sequencing data for each sample 
chromatogram was assessed using Chromas Lite 2.1.1 software.

Lymphocyte Isolation, activation, and 
expansion In Vitro
Peripheral blood mononuclear cells (PBMCs) were isolated from 
heparinized whole blood from the family trios and a healthy 
control subject, using the FicollHistopaque centrifugation 
method (SigmaAldrich). Isolated PBMCs were washed in 1X 
PBS and plated into T75 culture flasks in RPMI1640 culture 
medium (Invitrogen, ThermoFisher) with phytohemagglutinin 
(PHA) mitogen for up to 24 h to allow monocytes to adhere to 
the bottom of the flask. After 3 h lymphocytes in suspension were 
removed and plated into a new T75 flask with PHA and IL2 
(SigmaAldrich). Lymphocytes were allowed to proliferate in 

RPMI1640 culture medium at 37°C in 5% CO2 for up to 5 days, 
and if necessary further expanded after 2 days. Live lymphocyte 
counts were performed on a hemocytometer and viability 
assessed by Trypan blue dye. Cell lysates were prepared for qPCR 
and Western Blot analyses with 4 × 105 to 3 × 106 cells.

total RNa extraction, cDNa synthesis, 
and qpCR
Whole blood from a healthy control subject and family members 
was collected in PAXgene™ vacutainer tubes for immediate 
stabilization of intracellular RNA at collection. Total RNA was 
extracted using the PreAnalytiX PAXgene™ Blood RNA Kit 
according to the manufacturer’s instructions. Lymphocytes were 
harvested in TRIzol and total RNA extracted using the Direct
zol™ RNA MiniPrep kit (Zymo Research). Total RNA from whole 
blood and lymphocytes was converted to cDNA using the iScript™ 
cDNA Synthesis Kit (BioRad) according to the manufacturer’s 
instructions. Samples for qPCR were assayed in triplicate using 
the Promega SYBR Green with 18S expression used as an endog
enous control for normalization of the data. The ΔΔCt comparison 
method was used to measure relative gene expression on the 
QuantStudio™ 7 instrument (ThermoFisher) and analyzed using 
Student’s Ttest to calculate statistical significance (p < 0.05).

Western Blotting
Total protein was extracted from cell lysates using Runx protein
lysis buffer (containing protease and phosphatase inhibitors) as 
previously described (18). Protein concentration was measured 
using the Qubit™ Protein Assay Kit (Invitrogen). A Western Blot 
using 30 µg protein per sample was performed using an antiMSN 
primary antibody (ab52490, Abcam) and an HRPconjugated sec
ondary antibody (antiRabbit IgG #7074, Cell Signaling). Sample 
loading was normalized using HRPconjugated antiBetaactin 
(#5125S, Cell Signaling). Detection of target protein was carried 
out with ECL (Clarity™ ECL, BioRad) using the Fusion Spectra 
chemiluminescent system (Vilber Lourmat, Fisher Biotec) and 
optical density quantitation assessed using Bio1D software.

ethics and Cell Line Validation
This study was performed in accordance with the recommen
dations of the Queensland University of Technology Human 
Research Ethics Committee (Approval number 1400000125). 
All subjects gave written informed consent in accordance with 
the Declaration of Helsinki. Written informed consent was also 
obtained from the proband and family members for the publica
tion of this case report. Cell line validations were performed for 
commercial Toledo nonHodgkin lymphoma (NHL) Bcell and 
MCF7 breast cancer cell lines (data not shown).

ResULts

Identification and Validation of a sIRpβ1 
Deletion
Copy number variant analysis of the WES data identified a large 
>4  kbp deletion in the SIRPβ1 gene in the proband (chr20:1, 
576,140–1,580,375 Hg38) not present in other family members. 
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Further inspection suggested the deletion in the proband encom
passed exon 2 of the SIRPβ1 gene. Validation of this deletion by 
touchdown PCR and Sanger sequencing confirmed a deletion of 
exon 2, which has high sequence homology with another exon 
in the same gene (data not shown). Further Sanger validation to 
determine the size of the deletion was discontinued due to high 
sequence homology in that region. Furthermore, this exon 2 
deletion has also been found in a number of healthy individuals 
(19); and therefore, this variant was considered to be an unlikely 
pathogenic candidate for the immunodeficiency.

Identification and Validation of a 
Hemizygous X-Linked MsN Mutation
Filtering of the WES data on the Ion Reporter Suite yielded three 
variants in three immune function genes TET2, NLRP8 and 
MSN with damaging SIFT and Polyphen scores predicted to be 
diseasecausing/polymorphic by MutationTaster (Table  3). The 
TET2 SNP (rs111948941, C >  T) has a frequency of 0.15. The 
homozygous case (T/T) inherited an affected allele from each 
parent, both of whom are heterozygous (C/T) at this locus. The 
NLRP8 variant (rs754128390, A > C) is very rare, occurring in 
<1/10,000 individuals. The proband was identified to be de novo 
heterozygous (A/C) with both parents homozygous wild type 
(A/A) at this locus. The MSN variant (c.511C > T, p.Arg171Trp 
at position chrX:64951012, Hg19) was a novel mutation, not 
reported in the genomic databases or the literature at the time 
of query. The proband is hemizygous Xlinked for the mutation 
(/T), inheriting the affected allele from his heterozygous (C/T) 
mother. The TET2 SNP and NLRP8 rare variant occur in healthy 
individuals with no known disease associations, therefore, they 
were considered unlikely candidates and not analyzed further. 
WES coverage for the MSN mutation was 145× for the proband, 
119× for the father, 150× for the mother, with an average total 
coverage of 138×. The MSN mutation was validated by Sanger 
sequencing (Figure  1A) and confirmed using IGV for whole 
genome and exome data in all four family members (Figure 1B) 
and as such, considered to be the most likely candidate.

protein Detection and Quantification
MSN encodes the moesin protein (MSN) which is a member of 
the ezrinradixinmoesin (ERM) family of cell structurerelated 
proteins. Western Blot analysis confirmed the presence of the 
68  kDa MSN protein in the Toledo NHL Bcell line (positive 
control) and absence of MSN in the MCF7 breast cancer cell line 
(negative control). MSN was shown to be present in the healthy 
control, father, mother, and is absent in the proband (Figure 2A). 
Relative MSN concentrations were normalized against betaactin 
concentrations where the MCF7 cells and the proband show 
very low MSN concentrations (<0.5 μg; Figure 2B). These data 
confirm the proband has a MSN protein deficiency, not present in 
the healthy control or parents, and is the most likely sole genetic 
cause for the persistent lymphopenia.

MsN mRNa transcript expression
MSN gene expression was measured in all samples (healthy con
trol, father, mother and proband). In whole blood the proband 
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FIGURe 2 | MSN protein detection and MSN gene expression. (a) Western Blot shows absence of the 68 kDa moesin protein in the MCF-7 cell line (negative 
control, lane 3) and in the proband (lane 6), and presence of moesin in the healthy control subject (lane 1), Toledo B-cell line (positive control, lane 2), father (lane 4), 
and mother (lane 5). Beta-actin (42 kDa) was used as the loading control. (B) Optical density protein quantitation software showed very low levels of moesin 
(<0.5 μg) in the MCF-7 cells and the proband, confirming a moesin deficiency. (C) qPCR analysis of MSN mRNA transcript levels in whole blood (PAXgene) from the 
control subject, father, mother and proband. Error bars depict standard error of the mean (SEM) between triplicates. (D) qPCR analysis of MSN mRNA transcript 
levels in lymphocytes from the control subject, father, mother, and case. Error bars depict SEM between triplicates.

FIGURe 1 | Validation of the R171WMSN mutation in family members. (a) Sanger sequence and pedigree tree diagram for the missense MSN C > T mutation. P, 
proband; F, father; M, mother; S, sister. Mother is heterozygous C/T marked by a double blue and red peak and proband is hemizygous –/T marked by a single red 
peak. (B) IGV software showing MSN genotypes for the mother (C/T), proband (–T), and father (C/C), respectively. IGV, integrative genomics viewer.
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had significantly lower moesin mRNA expression than the 
control (p = 0.02), father (p = 0.002) and mother (p = 0.01) and 
the mother had significantly lower expression than the father 
(p = 0.01) and control (p = 0.04) (Figure 2C). In isolated lym
phocytes, the proband (p = 0.01) and mother (p = 0.004) had sig
nificantly lower expression than the control (Figure 2D). Overall 
expression levels in all participants were higher in lymphocytes 
than in whole blood, with MSN mainly expressed in lymphocytes, 
however, it is also expressed in monocytes, neutrophils and plate
lets. The lower levels observed in the mother compared to the 
father and control and higher levels than the proband are likely 
due to the heterozygous C > T mutation in the MSN gene. High 
levels were observed in the healthy control who was age and 
sexmatched to the proband.

DIsCUssIoN

The variant identified here in the MSN gene is a missense, hemizy
gous, singlebase mutation in the proband. This mutation was not 
identified in current online databases (UCSC Genome Browser, 
gnomAD) with no reference number and no disease association 
reported in OMIM at the time of query (March 2016). A genome
wide association study (GWAS) search in the GWAS Catalog (20) 
produced no results for diseasetraitassociated variants in the 
MSN gene, or other polymorphisms within the MSN gene.

More recently an OMIM entry for Immunodeficiency50 was 
identified describing a novel Xlinked moesinassociated immu
nodeficiency (XMAID) (21). This was the first study to docu
ment a moesinassociated disease in humans and describes six 
male cases from four unrelated families with the same R171WMSN 
missense mutation as identified in the proband. A seventh case 
had a different mutation, p.R553X, which caused a frameshift and 
truncation of MSN in the Factin binding domain. The authors 
show an impact on lymphocyte function in vitro where moesin 
deficiency impaired proliferation following activation with mito
gen, increased adhesion, and reduced migration (21).

Moesin is a member of the ERM family of cell structurerelated 
proteins that regulate the cell’s actin cytoskeleton (5, 22). The 
mutation identified results in a radical amino acid substitution 
from basic arginine to nonpolar tryptophan within the func
tional fourpointone, ezrin, radixin, moesin domain. However, 
interestingly both our study and that of LagreslePeyrou et  al. 
suggest that rather than interfering with protein function, the 
R171WMSN mutation triggers degradation of moesin mRNA 
in lymphocytes with a loss of expression at the transcript and 
protein level (21). Moesin has been shown to have a crucial and 
nonredundant role in lymphocyte homeostasis in mice (23). As 
such, a lack of moesin protein could prevent efficient lymphocyte 
migration and egress from lymphoid organs causing persistent 
absolute lymphopenia in the peripheral blood, as observed in the 
case. The low TRECs exhibited by the proband at a young age, are 
an indicator of recent thymic emigrants (24). We compared the 
LagreslePeyrou et al. cases’ (P1P7) and proband phenotypes in 
more detail and we surmise the P3 case would be the most similar 
to the proband in terms of clinical outcomes due to both indi
viduals presenting with no eczema, no Molluscum contagiosum, 
and presentation of an autoimmune reaction in the form of TTP 
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The role of aire in the immunity 
against Candida Albicans in a Model 
of human Macrophages
Jose Antonio Tavares de Albuquerque1, Pinaki Prosad Banerjee 2,3, Angela Castoldi1,  
Royce Ma2,3, Nuria Bengala Zurro1, Leandro Hideki Ynoue1, Christina Arslanian1,  
Marina Uchoa Wall Barbosa-Carvalho1, Joya Emilie de Menezes Correia-Deur 4,  
Fernanda Guimarães Weiler 4, Magnus Regios Dias-da-Silva4, Marise Lazaretti-Castro4, 
Luis Alberto Pedroza5, Niels Olsen Saraiva Câmara1, Emily Mace 2,3,  
Jordan Scott Orange 2,3† and Antonio Condino-Neto1,6*†

1 Department of Immunology, Institute of Biomedical Sciences, University of São Paulo, São Paulo, Brazil, 2 Center for Human 
Immunobiology, Texas Children’s Hospital, Houston, TX, United States, 3 Department of Pediatrics, Baylor College of 
Medicine, Houston, TX, United States, 4 Escola Paulista de Medicina, Universidade Federal de São Paulo, São Paulo, Brazil, 
5 Colegio de Ciencias de la Salud, Escuela de Medicina, Hospital de los Valles, Universidad San Francisco de Quito, Quito, 
Ecuador, 6 Institute of Tropical Medicine, University of São Paulo, São Paulo, Brazil

Autoimmune-polyendocrinopathy-candidiasis-ectodermal dystrophy (APECED) is a 
primary immunodeficiency caused by mutations in the autoimmune regulator gene 
(AIRE). Patients with AIRE mutations are susceptible to Candida albicans infection and 
present with autoimmune disorders. We previously demonstrated that cytoplasmic 
AIRE regulates the Syk-dependent Dectin-1 pathway. In this study, we further evaluated 
direct contact with fungal elements, synapse formation, and the response of macro-
phage-like THP-1 cells to C. albicans hyphae to determine the role of AIRE upon Dectin 
receptors function and signaling. We examined the fungal synapse (FS) formation in 
wild-type and AIRE-knockdown THP-1 cells differentiated to macrophages, as well 
as monocyte-derived macrophages from APECED patients. We evaluated Dectin-2 
receptor signaling, phagocytosis, and cytokine secretion upon hyphal stimulation. 
AIRE co-localized with Dectin-2 and Syk at the FS upon hyphal stimulation of macro-
phage-like THP-1 cells. AIRE-knockdown macrophage-like THP-1 cells exhibited less 
Dectin-1 and Dectin-2 receptors accumulation, decreased signaling pathway activity 
at the FS, lower C. albicans phagocytosis, and less lysosome formation. Furthermore, 
IL-1β, IL-6, or TNF-α secretion by AIRE-knockdown macrophage-like THP-1 cells and 
AIRE-deficient patient macrophages was decreased compared to control cells. Our 
results suggest that AIRE modulates the FS formation and hyphal recognition and help 
to orchestrate an effective immune response against C. albicans.

Keywords: aPeceD, aire, C. albicans, hyphae, macrophages, receptor recruitment, Dectin receptor

inTrODUcTiOn

Immunocompromised patients affected by fungal infections experience high morbidity and mortal-
ity. Most of these infections are caused by opportunistic yeasts, such as Candida spp., present in 
the skin and mucous membranes (1). It is well established that the recognition and destruction of 
Candida by phagocytic cells are pivotal (2). The interactions between different receptors on phagocytic 
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cells and components of the fungal cell wall are known to trigger 
phagocytosis and subsequent immune responses (3, 4). However, 
the receptors directly mediating the initial stage of recognition 
have not been clearly defined.

Although many immunodeficient patients are susceptible 
to fungal infections, some deficiencies have a signature disease 
associated with yeast (5–8). Patients with CARD9 deficiency are 
susceptible to invasive fungal diseases and chronic mucocutane-
ous candidiasis (CMC) as a result of primary immune dysfunc-
tion (9, 10). Patients with inborn errors of IL-17F, IL-17RA, or 
at the adaptor protein from IL-17 receptor, ACT1, which abolish 
the TH17 response, present clinically with CMC (11, 12). Gain-
of-function (GOF) mutations in signal transducer and activator 
of transcription 1 (STAT1) impair dephosphorylation of STAT1 
in response to IFN-γ, IFN-α/β, and IL-27 stimulation. This leads 
to defects of IL-17-producing T cells, and many of these patients 
develop severe CMC (5, 13). STAT3 plays a central role in signal 
transduction downstream of IL-6, IL-10, IL-17, IL-22, IL-23, 
and IL-27 cytokines. STAT3-deficient patients have severely 
decreased frequency of circulating IL-17A- and IL-22-producing 
T  cells, and as a result also develop CMC (5, 14). The Y238X 
polymorphism in Dectin-1 do not result in immune deficiencies 
but it increases predisposition to fungal infections due to low 
production of cytokines by innate immune cells and a functional 
defect in T helper (TH) 17 responses (15, 16). Finally, patients 
with autoimmune polyendocrinopathy-candidiasis-ectodermal 
dystrophy (APECED) may present with high titers of neutralizing 
autoantibodies against IL-17A, IL-17F, and IL-22 and subsequent 
CMC (17, 18).

Autoimmune polyendocrinopathy-candidiasis-ectodermal 
dystrophy is a rare syndrome with a worldwide incidence of 
1:100,000, albeit higher incidence in certain ethnic groups 
such as Italians, Iranian Jews, and Finns (1:9,000, 1:14,000, and 
1:25,000, respectively) (17, 19). APECED is caused by mutations 
in the autoimmune regulator (AIRE) gene, which encodes a 
transcription factor involved in thymic antigen expression and 
T cell education (19–21). However, many studies have shown that 
AIRE is expressed in extra-thymic cells. These include peripheral 
lymphoid tissues and monocytes and dendritic cells, and there 
is evidence that AIRE can modulate the inflammatory response 
(22–24).

Interestingly, CMC, typically affecting the oral, vaginal, and 
esophageal mucosa, is the sole infectious disease seen in AIRE-
deficient patients (17, 18, 21, 25). This susceptibility can be 
potentially attributed to the production of autoantibodies against 
IL-17 and IL-22 cytokines in APECED patients (17, 21). However, 
some AIRE-deficient patients do not produce autoantibodies 
against IL-17A, IL17F, and IL-22 but still have CMC, similarly 
the presence of cytokine autoantibodies does not correlate with 
the presence of CMC (18, 26). This suggests that other factors 
may be involved in the profound susceptibility to develop CMC 
in APECED patients.

Dectin-1 and Dectin-2 receptors recognize yeast and hyphal 
forms of C. albicans, respectively (27). The balance in the 
activation of these receptors stimulates the phagocytic activity, 
lysosomal activation, and production of cytokines, which in turn 
contribute to the anti-fungal response including the generation 

of TH1 and TH17 cells (28). Although some studies have shown 
that susceptibility of APECED patients to candidiasis is related 
to defects in innate immune cells, the molecular mechanisms 
potentially impairing mononuclear phagocytes remain unclear.

We have previously demonstrated that cytoplasmic AIRE 
regulates the Syk-dependent Dectin-1 pathway and TNF-α secre-
tion by monocytes in APECED patients (23). The Syk-dependent 
pathway, however, is shared by other receptors involved in 
defense against fungal infections, such as Dectin-2 (28). C. 
albicans hyphae possess low concentrations of β-glucan and 
high concentrations of α-mannan exposed in the cell wall that 
are recognized, respectively, by Dectin-1 and Dectin-2 (29, 30). 
Thus, the recruitment and activation of Dectin-1 and Dectin-2 
to the interface formed with fungal elements, which we term as 
fungal synapse (FS), appears to be crucial for an effective response 
against C. albicans.

We hypothesized that AIRE is important for an effective 
response against C. albicans and that this response involves 
Dectin-1 and Dectin-2 receptors at the FS, influencing further 
steps of the immunological response.

MaTerials anD MeThODs

Patients and healthy Donors
We selected adult APECED patients presenting with CMC and 
autoimmunity, as confirmed by genetic analysis of the AIRE 
gene; two of these patients have a Pro326Leu substitution, one 
has two deleted residues (exon 5 Ser187 and exon 9 Gln358) and 
another stop codon in exon 5. Blood samples were collected from 
patients and healthy donors and were then processed and shipped 
according to the protocols approved by the Institutional Ethics 
Committee, the Ministry of Health of Brazil, and the Helsinki 
Convention.

reagents
The following reagents were used: puromycin, piceatannol, 
and polybrene (Sigma-Aldrich); RPMI 1640 culture medium 
and Dulbecco’s PBS (Invitrogen); anti-Dectin-1, anti-Dectin-2 
(H-46), anti-AIRE (H-300 and C-2), anti-Syk (4D10), anti-
CARD9 (C-17) (Santa Cruz Biotechnology); anti-Dectin-1 
(AF1756), anti-Dectin-2 (AF3114) (R&D Systems); and human 
IgG (Abcam 90285). Lentiviral particles specific for AIRE 
knockdown and control shRNA Lentiviral particles (shRNA;  
sc-37669-V and sc-108080) (Santa Cruz Biotechnology) were 
used in the transduction of THP-1 cell.

culture conditions
The myelomonocytic THP-1 cell line was cultured in RPMI 1640 
supplemented with 10% inactivated fetal bovine serum (iFBS), 
2 mM l-glutamine, 10 U/mL penicillin, 100 µg/mL streptomycin, 
10 mM HEPES, 2 mM sodium pyruvate, and 100 µM MEM non-
essential amino acids, in a humid 5% CO2 atmosphere at 37°C. 
2.5  ×  106 THP-1 cells were differentiated to macrophage-like 
THP-1 cells using 100 U/mL IFN-γ and 1000 U/mL TNF-α for 
24–48  h in 6-well plates, following overnight resting in RPMI 
media. This time point was selected based upon detection of AIRE 
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protein by western blotting (data not shown). Only adherent cells 
were used in the experiments. Peripheral blood mononuclear 
cells (PBMCs) from healthy donors and AIRE patients were puri-
fied using a Ficoll Paque gradient (GE Healthcare Life Sciences). 
Human monocytes were isolated by adherence and differentiated 
into macrophages by incubation with 5 ng/mL GM-CSF (R&D 
Systems) for 6 days. The C. albicans strain used was ATCC SC5314 
(kindly provided by Dr. Joachim Morschhauser from Institut Fur 
Molekulare Infektionsbiologie, Wurzburg, Germany) (31), and it 
was cultured in Sabouraud medium with 10% iFBS for 3  h to 
induce hyphal differentiation.

Transduction of ThP-1 cells With 
lentiviral Particles and aire 
Overexpression in heK293T cells
2 × 104 THP-1 cells were cultured in supplemented RPMI medium 
in 96-well plates for 24 h. Then, 8 mg/mL polybrene was added 
prior to cell transduction with lentiviral particles at a multiplic-
ity of infection (MOI) of 1:10. Cells were incubated for 5 h, and 
then the culture medium was replaced with fresh medium. After 
48 h culture stabilization, fresh medium containing 1.5 mg/mL 
puromycin was added for 72  h to select transduced cells. The 
puromycin concentration was then increased to 3 mg/mL, and 
the cells were incubated for an additional 72 h. AIRE expression 
in the transduced clones was monitored by western blotting, 
flow cytometry, and RT-PCR, using anti-AIRE (H-300 and C-2), 
donkey anti-rabbit Alexa Fluor 647 (a31573) (Molecular Probes), 
and human AIRE primers (sc-37669-PR). For overexpression of 
AIRE, 3 × 106 HEK293T cells were transfected with pLenti-AIRE 
(NM_000383) Human Tagged ORF, mGFP tagged (RC213497L2, 
OriGene) using FuGENE 6 Transfection Reagent (Promega) for 
overexpression of AIRE.

complementary Dna Preparation and 
real-Time Pcr
3 × 106 macrophages-like THP-1 cells stimulated with hyphae for 
10, 20, or 30 min were submitted to RNA extraction using Trizol 
reagent (Life Technologies). Preparation of complementary DNA 
(cDNA) was performed using 2  μg of RNA, 0.8  µL of reverse 
transcriptase M-MLV, 4 μL of 5× Reaction Buffer M-MLV, 2 μL 
of 10 mM dNTPs, 32 U/μL of RiboLock™ Ribonuclease Inhibitor 
(Fermentas), and 320  ng of oligo-dT primer (Integrated DNA 
Technologies). This mixture was incubated at 42°C for 60 min and 
then at 70°C for 10 min. cDNA was stored at −20°C. After prepa-
ration of cDNA, quantification of gene expression by real-time 
PCR was performed. Amplification conditions were standardized 
for each transcript. A comparative relationship between reaction 
cycles (CT) was used to determine gene expression relative to 
PPIA control (housekeeping gene). The detection of the gene of 
interest was performed using Quantstudio apparatus (Applied 
Biosystems). Commercially available probes (Life Technologies) 
were used for PPIA (Hs_99999904). The following sequences of 
primers, detected using SybrGreen® (Life Technologies) were 
also used for this study: KiCqStart Primers Human H_Clec7a 
(Dectin-1) (NM_022570), H_Syk (NM_001135052), H-Card9 
(NM_052813), H_Clec6 (Dectin-2) (NM_001007033), and 

H_AIRE (NM_000383) (Sigma Aldrich). The quantification 
method was 2 − ΔΔCt (32) using unstimulated THP-1 samples 
as a normalizer.

Western Blotting and immunoprecipitation
Wild-type and AIRE-knockdown macrophage-like THP-1 cells 
(3 × 106 cells) were stimulated with Candida hyphae. Lysates were 
obtained using Pierce RIPA buffer. The protein concentrations 
were determined using a Pierce BCA Protein Assay Kit (Life 
Technologies), and equivalent amounts of protein were subjected 
to SDS-PAGE. The membrane was incubated with primary anti-
body for 1 h, followed by incubation with an IRDye 800CW, IRDye 
680RD (LI-COR), or horseradish peroxidase (Sigma Aldrich) 
secondary antibody. Bands were visualized with an Odyssey® CLx 
Infrared Imaging System (LI-COR) or ImageQuant LAS 500 (GE 
Healthcare Life Sciences). 18 × 106 macrophage-like THP-1 cells, 
control, or stimulated with hyphae was lysed with immunopre-
cipitation buffer (500 mM Tris pH7.4; 500 mM NaCl; 500 mM 
EDTA pH8.0; 200 mM EGTA; 1% TRITON X-100). Total protein 
was quantified using Bradford reagent (BioRad) before immuno-
precipitation with anti-AIRE (C-2), anti-Dectin-2 (H-46) (Santa 
Cruz Biotechnology), and control IgG. Macrophage-like THP-1 
cells (2.5 × 106 cells) were stimulated with Candida hyphae for 10, 
20, or 30 min. The cytoplasmic fraction was separated using Buffer 
1 (10 mM HEPES pH7.9, 50 mM NaCl, 0.5 M sucrose, 0.1 mM 
EDTA, and 0.5% TRITON X-100). The nuclear pellet was washed 
using 1  mL Wash Buffer (10  mM HEPES, 60  mM KCl, 1  mM 
EDTA, 1 mM DTT, 1 mM PMSF), and nuclear fraction extraction 
was performed using Buffer 2 (20 mM Tris-HCl, 1.5 mM MgCl2, 
400 mM NaCl, 0,2 mM EDTA, 1 mM PMSF, and 15% Glycerol). 
Western blotting was performed using anti-AIRE (H-300), 
anti-AIRE (C-2), anti-CARD9, anti-Syk (4D10), anti-Dectin-1 
(Santa Cruz Biotechnology), and anti-Dectin-2 (AF3114) (R&D 
Systems). Anti-β-Actin (I-19), anti-GAPDH (FL-335) (Santa 
Cruz Biotechnology), and anti-Lamin B1 (Abcam16048) were 
used as loading controls.

confocal Microscopy
After macrophage differentiation, cells were trypsinized and 
adjusted to 2  ×  105 cells/mL. Cells were then incubated for 
45 min at 37°C on poly-l-lysine-treated slides to promote cel-
lular adhesion. Macrophage-like THP-1 cells were subsequently 
stimulated with C. albicans hyphae for different times. Fc recep-
tors were blocked using human IgG to prevent non-specific 
binding, followed by staining for anti-Dectin-1 (AF1756), 
anti-Dectin-2 (AF3114) (R&D Systems), or anti-Dectin-2 
(H-46) (Santa Cruz Biotechnology). Cells were then fixed with 
100  µL CytoFix/CytoPerm (BD Bioscience), according to the 
manufacturer’s recommendations, and stained for anti-AIRE 
(H-300), anti-Syk (4D10), or anti-CARD9 (C-17) (Santa Cruz 
Biotechnology) on ice to reduce non-specific binding. The cells 
were washed with wash buffer (BD Bioscience) and stained with 
fluorescence secondary antibody (Molecular Probes). Slides 
were mounted with Gel Mount (Vectashield) and sealed with 
nail polish prior to image acquisition using a Zeiss confocal 
microscopy equipped with Yokogawa CSU-10 spinning disk 
and Hamamatsu ORCA-ER camera. Confocal micrographs 
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were analyzed by Volocity software (PerkinElmer) to obtain 
area and mean fluorescence intensity (MFI). 30 cells from 3 
independent experiments were measured. All antibodies were 
validated with a species-specific IgG negative control at the 
same concentration (Figure S1A in Supplementary Material). To 
validate the specificity of the AIRE antibody used for confocal 
microscopy, AIRE-mGFP was overexpressed in HEK293T cells 
as described earlier. Cells were fixed using CytoFix/CytoPerm 
(BD Biosciences) or FoxP3/Transcription Factor Fix/Perm 
solution (Thermo Fisher Scientific) at room temperature and 
gently washed with Perm wash (BD Biosciences) or Perm buffer 
(Thermo Fisher Scientific). Staining for GFP was performed with 
anti-GFP (BioLegend) directly conjugated to AlexaFluor 488 
(BioLegend). Staining for AIRE was performed with anti-AIRE 
(Santa Cruz Biotechnology) followed by goat anti-rabbit IgG 
conjugated to AlexaFluor 568. Coverslips were mounted using 
using VectaShield with DAPI (Vector Laboratories). Images were 
acquired in Leica TCS SP8 laser scanning confocal microscope 
(Leica Microsystems) using LASAFx software (Figure S1B in 
Supplementary Material).

C. albicans Phagocytosis and lysosome 
Production
Wild-type and AIRE-knockdown macrophage-like THP-1 cells 
were treated with 10 µg/mL piceatannol (selective Syk inhibitor) 
or vehicle control and stimulated with hyphae or yeast for 20 or 
30 min. To evaluate lysosome production, cells were incubated 
with LysoTracker Red for 30 min and washed and stimulated with 
C. albicans. Next, the cells were fixed with 4% paraformaldehyde 
in PBS for 10 min and washed and resuspended in 80 µL PBS. 
Samples were analyzed by Imagestream X Mark II Imaging 
Flow Cytometer (Amnis). Flow cytometry image data analysis 
was performed on LysoTracker/Candida-GFP double positive 
cells, following by the analysis of the internalization function 
using IDEAS software (Amnis). The internalization gate was 
generated using THP-1 macrophages stimulated at 4°C. Human 
macrophages were stimulated with yeast (MOI 1:5) and hyphae 
(MOI 1:2) for 30 min on coverslips for phagocytosis evaluations 
using cells from healthy donors and patients. After being washed, 
the cells were stained with panoptic dye (Laborclin), and C. albi-
cans were counted under a light microscope. As control, human 
macrophages or macrophage-like THP-1 cells were stimulated 
with E. coli (MOI 1:5) for 30 min, incubated with gentamicin for 
45 min, washed and cultured in Luria Bertani agar. The number of 
colony-forming units (CFU) was counted after overnight incuba-
tion at 37°C.

cytokine evaluation
Macrophage-like THP-1 cells were stimulated with hyphae for 
6 h. Supernatants were collected and assessed for IL-1β and TNF-
α using BioLegend’s LEGENDplex™ kits. Human macrophages 
were stimulated with hyphae or 100  ng/mL lipopolysaccharide 
(LPS; Sigma Aldrich), and cytokine secretion was evaluated using 
IL-6 (eBioscience) and TNF-α (BD Biosciences) ELISA kits.  
A standard curve was generated using purified protein to obtain 
a R2 value of 0.99.

resUlTs

Fs Formation in Macrophages after 
hyphae stimulation
To evaluate the FS formation, macrophage-like THP-1 cells 
were stimulated with C. albicans hyphae for 10, 20, or 30  min 
(Figure 1A). Dectin-1 and Dectin-2 expression increased at the 
membrane following contact with hyphae compared to unstimu-
lated macrophage-like THP-1 cells (Figures 1B,C). Analysis of 
macrophage in contact with hyphae demonstrated higher per-
centages of Dectin-1 and Dectin-2 at the FS after 20 min stimula-
tion compared to levels in the cells as a whole (Figures 1D,E). In 
addition, expression of Dectin-2 was higher than Dectin-1 at the 
FS. This was expected since the cell wall of hyphae binds more 
strongly to Dectin-2 than to Dectin-1. Moreover, the amount of 
Dectin-1 did increase after 30 min (Figures 1F,G) as did the co-
localization of Dectin-1 and Dectin-2 at the FS (Figures 1H,I).

To determine any potential role of Dectin-2 in the recruitment 
of Dectin-1 to the nascent FS, we first blocked Dectin receptors 
in macrophage-like THP-1 cells using either an anti-Dectin-1 or 
anti-Dectin-2 antibody or both for 30 min prior to hyphal stimu-
lation (Figure S2 in Supplementary Material). Blocking Dectin-1 
increased the accumulation of Dectin-2 at the FS compared with 
control IgG-treated macrophages. Since these receptors likely 
share a Syk-dependent signaling pathway, blocking Dectin-1 may 
increase signaling promoting Dectin-2 activation. After blocking 
Dectin-2, however, there was no significant change in Dectin-1 
accumulation at the FS (Figures S2A,C in Supplementary 
Material). To verify that Dectin-1 recruitment was initiated by 
its own ligation and signaling, we blocked both Dectin receptors 
before hyphal stimulation. This blockage resulted in decreased 
accumulation of both receptors at the FS (Figures S2B,D in 
Supplementary Material). These findings suggest that Dectin-1 
recruitment is mainly attributed to its own ligation and activation.

aire interaction With Dectin-2 and syk
First, we investigated whether FS activation is modulating the 
transcription of Dectin-1, Dectin-2, Syk, Card9, and AIRE. We 
observed that only Dectin-2 and AIRE mRNA significantly 
increased the transcription after hyphae stimulation (Figure S3B 
in Supplementary Material). Since Dectin-2 localizes to the FS and 
we observed increased mRNA expression levels of Dectin-2 and 
AIRE, we next evaluated whether AIRE might be involved in the 
Dectin-2 signaling pathway. Macrophage-like THP-1 cells were 
stimulated with hyphae to evaluate AIRE and Syk recruitment 
to the FS. This stimulation led to considerable co-localization of 
Dectin-2, Syk, and AIRE (Figure 2A) as well as increased AIRE 
and Syk expression at the FS (Figures 2B,C). Interestingly, the 
cell surface expression of AIRE, as well as the accumulation 
of Dectin-1 and Dectin-2 receptors at the FS, reached peaks 
at 20  min (Figures  1D,E and 2B). However, the percentage of 
AIRE accumulated at the FS remained relatively constant across 
all time points (Figures  2B–D). Thus, AIRE accumulation did 
not change because its expression was increased throughout the 
cell and not only at the FS. Although Syk is important for Dectin 
receptor activation, Syk expression remained consistent at all 
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FigUre 1 | Dynamics of Dectin-1 and Dectin-2 recruitment to the fungal synapse (FS). (a) Representative confocal micrographs of macrophage-like THP-1 cells 
stimulated with Candida albicans hyphae for 10, 20, or 30 min to observe the recruitment of Dectin-1 (green) and Dectin-2 (red) receptors to the FS. (B–i) Each dot 
represents a cell used for the measurement indicated. The horizontal bars denote the mean. * p < 0.05 as determined by t-test. (B,c) Amounts of Dectin-1 (B) and 
Dectin-2 (c) on the cell surface. (D,e) Relative percentages of total Dectin-1 (D) and Dectin-2 (e) at the FS compared with that in the whole cell. (F,g) Amounts of 
Dectin-1 (F) and Dectin-2 (g) at the FS. (h,i) Synaptic co-localization of Dectin-1 with Dectin 2 (h) or of Dectin-2 with Dectin-1 (i). Representative confocal 
micrographs of 30 cells counted in 3 independent experiments. Scale bar = 5 µm.
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time points (Figures 2C–E). An increase in AIRE and Syk co-
localization, however, was detected after 20 min of hyphal stimu-
lation (Figures 2F,G). Moreover, we separated cytoplasmic and 
nuclear fractions to confirm AIRE expression in macrophage-like 
THP-1 cells stimulated with hyphae. AIRE was identified in two 
isoforms, with higher expression at 20  min in the cytoplasmic 
fraction while it was increased after hyphae stimulation at the 
nuclear fraction (Figure  2H). To determine whether Dectin-2, 
Syk, and AIRE actually physically interact, AIRE or Dectin-2 was 
immunoprecipitated from hyphae-stimulated macrophage-like 
THP-1 cells. AIRE was identified in molecular complexes with 
Dectin-2 and Syk, in macrophage-like THP-1 cells that had been 
activated with C. albicans hyphae (Figure 2I). Moreover, AIRE 
was increased compared to unstimulated cells. Thus, Dectin-2 
localizes to the FS as part of a molecular complex with both Syk 
and AIRE.

aire is required for Fs Formation
To evaluate the role of AIRE in macrophages with regard to the 
FS, AIRE was knocked down in THP-1 cells, and the FS formation 
compared to that in control cells. There was no overall change in 
the total expression levels of Dectin-1, Dectin-2, Syk, and CARD9 
in the AIRE-knockdown cells (Figures S4A–E in Supplementary 
Material). Given that these were maintained at physiological lev-
els, we next examined whether AIRE is involved in FS formation. 
Wild-type and AIRE-knockdown macrophage-like THP-1 cells 
were stimulated with hyphae for 20 or 30 min, and then Dectin-1 
and Dectin-2 recruitment to the FS was analyzed (Figure 3). We 
observed decreased accumulation of both receptors at the FS in 20 
and 30 min in AIRE knockdown macrophages (Figures 3A–G). 
To evaluate if this has any functional significance, we asked 
whether protein signaling was affected in AIRE knockdown cells. 
Importantly, decreased Syk amount was observed at the FS at both 
time points in AIRE-knockdown macrophages and decreased 
CARD9 recruitment was identified at 30 min (Figures 4A–G). 
These results suggest that the delayed FS formation is attributed 
to decreases in Dectin-1 and Dectin-2 recruitment and protein 
signaling.

The role of aire in Macrophage  
anti-Fungal activity
Based on the observed delay in FS formation in AIRE-knockdown 
macrophage-like THP-1 cells, we determined if the phagocytosis 
of C. albicans might be affected. Notably, decreased yeast and 
hyphal conjugation as well as internalization was observed in 
AIRE-knockdown macrophage-like THP-1 cells when com-
pared to controls in 20 and 30 min (Figures 5A–C). However, 
E. coli phagocytosis was not affected in AIRE-knockdown 

macrophage-like THP-1 cells (Figure S5 in Supplementary 
Material). To determine whether this effect of AIRE was upstream 
of Syk as previously proposed, yeast and hyphal phagocytosis 
were measured in AIRE-knockdown macrophage-like THP-1 
cells treated with piceatannol, a Syk inhibitor. In this setting, the 
reduced levels were not further altered by Syk inhibition in AIRE-
knockdown macrophage-like THP-1 cells, only in control cells 
(Figures S6A,B in Supplementary Material), showing that AIRE is 
important for yeast and hyphal phagocytosis and that it requires a 
Syk-dependent pathway in macrophage-like THP-1 cells.

Since Dectin-1 is also recruited to the FS after 30 min of hyphal 
stimulation (Figure 1F) and it is important for lysosomal matura-
tion (33), we determined if lysosomal production was affected by 
absence of AIRE. Wild-type and AIRE-knockdown macrophage-
like THP-1 cells were stimulated with yeast or hyphae for 20 or 
30 min. No difference was observed between the wild-type and 
AIRE-knockdown macrophage-like THP-1 cells stimulated with 
hyphae. However, simulation of macrophages with yeast resulted 
in decreased lysosome production in the AIRE-knockdown 
macrophage-like THP-1 cells at 30 min compared with that in 
the wild-type macrophage-like THP-1 cells (Figures 5D,E). This 
suggests that AIRE can be involved in lysosomal production by 
Dectin-1 in macrophages stimulated with yeast.

Cytokines are pivotal to both innate and adaptive immunity, 
and their production increases following Dectin ligation. We 
evaluated IL-1β and TNF-α secretion in wild-type and AIRE-
knockdown macrophage-like THP-1 cells stimulated with 
hyphae. As might be predicted from the interrupted Dectin 
signaling complex in the absence of normal AIRE function, 
AIRE-knockdown macrophage-like THP-1 cells secreted lower 
levels of IL-1β and TNF-α after stimulation with hyphae for 6 h 
(Figure  5F). This demonstrated that the physiologic inflam-
matory response after hyphal stimulation requires AIRE in 
macrophage-like THP-1 cells.

aPeceD Patients Macrophages 
responses to Fungal stimulation
To determine if those mechanisms are relevant to APECED 
patients, we evaluated human monocyte-derived macrophages 
from APECED patients with AIRE mutations as well as from 
healthy donors. Decreased Dectin-2 expression throughout the 
entire cell surface of APECED patient macrophages was detected 
after 30 min of stimulation with C. albicans hyphae compared to 
those from healthy donors (Figure 6). In addition, the APECED 
macrophages exhibited low phagocytic activity following stimu-
lation with yeast or hyphae for 30 min compared to that in the 
healthy donor cells (Figure  7A). Macrophages from APECED 
patients also showed reduced IL-6 and TNF-α secretion after 24 h 
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FigUre 2 | Dectin signaling at fungal synapse (FS). (a) Representative confocal micrographs of macrophage-like THP-1 cells, unstimulated (0 min) or stimulated with 
C. albicans hyphae for 10, 20, or 30 min to observe the recruitment of Dectin-2 (green), Syk (blue), and autoimmune regulator (AIRE) (red) to the FS. (B–g) Each dot 
represents a cell used for the measurement indicated. The horizontal bar in each column denotes the mean. *p < 0.05 as determined by the t-test. (B,c) Amounts of 
AIRE (B) and Syk (c) on the cell surface. (D,e) Amounts of AIRE (D) and Syk (e) at the FS (conjugated–unconjugated). (F,g) Synaptic co-localization of AIRE with Syk (F) 
or of Syk with AIRE (g). (h) Western blotting analysis of AIRE in cytoplasmic and nuclear fractions from macrophage-like THP-1 cells, unstimulated (unst) or stimulated 
with hyphae for 10, 20, or 30 min. (L) Ladder, GAPDH and Lamin B1 was used as loading control. (i) Lysates from macrophage-like THP-1 cells, unst or stimulated with 
hyphae for 30 min, were immunoprecipitated with AIRE (left panel) or Dectin-2 antibodies (right panel) and with a control antibody (IgG). The immunoprecipitated products 
were probed for AIRE, Dectin-2, and Syk as indicated. Representative confocal micrographs of 30 cells counted in 3 independent experiments. Scale bar = 5 µm.
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FigUre 3 | AIRE-mediated recruitment of Dectin receptors to fungal synapse (FS). (a) Representative confocal micrographs of wild-type and AIRE-knockdown 
macrophage-like THP-1 cells stimulated with C. albicans hyphae for 20 or 30 min to observe the recruitment of Dectin-1 (blue) and Dectin-2 (red) receptors to the 
FS. (B–e) Each dot represents a cell used for the measurement indicated. The horizontal bars denote the mean. *p < 0.05 as determined by the t-test. (B,c) 
Percentages of total Dectin-1 (B) and Dectin-2 (c) at the FS compared with that in the whole cell. (D,e) Amounts of Dectin-1 (D) and Dectin-2 (e) at the FS 
(conjugated-unconjugated cells). (F,g) Synaptic co-localization of Dectin-1 with Dectin-2 (F) or Dectin-2 with Dectin-1 (g). Representative confocal micrographs of 
30 cells counted in 3 independent experiments. Scale bar = 5 µm.
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of hyphal stimulation compared with those from healthy donors 
(Figure 7B). Importantly, they were not globally impaired as there 
was no detectable difference in cytokine secretion from those 
macrophages after LPS stimulation (Figure S7 in Supplementary 

Material). Thus, the CMC observed in AIRE-deficient patients 
may be associated with the delay in FS formation and associated 
defective fungal-specific macrophage signal generation, phago-
cytosis, and cytokine production.
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FigUre 4 | Influence of autoimmune regulator (AIRE) on fungal synapse (FS) formation. (a) Representative confocal micrographs of wild-type and AIRE-knockdown 
macrophage-like THP-1 cells stimulated with C. albicans hyphae for 20 or 30 min to observe the recruitment of Dectin-2 (red), Syk (green), and CARD9 (blue) to FS. 
(B–e) Each dot represents a cell used for the measurement indicated. The horizontal bars denote the mean. *p < 0.05 as determined by the t-test. (B,D,F) 
Percentages of total Dectin-2 (B), Syk (D) and (F) CARD9 at the FS compared with those in the whole cell. (c,e,g) Amount of Dectin-2 (c), Syk (e), and CARD9 
(g) at the FS (conjugated–unconjugated cells). Representative confocal micrographs of 30 cells counted in 3 independent experiments. Scale bar = 5 µm.
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DiscUssiOn

In this study, we explored the influence of AIRE on Dectin-1 and 
Dectin-2 dynamic in macrophages stimulated with C. albicans 
hyphae. Although Dectin-1 and Dectin-2 are known to be the 
key receptors that control the anti-fungal responses against yeast 
and hyphal forms, respectively (27), the molecular mechanisms 

underlying the FS formation and function remain unclear. The 
most important C. albicans virulence trait is the reversible capac-
ity to transform into yeast or hyphae. Hyphae promotes invasion, 
whereas yeast promotes dissemination. They are predominantly 
recognized by Dectin-2 and Dectin-1, respectively (27, 30). Thus, 
the process of pathogen recognition may be central to the FS 
formation, and any ability that it has to modulate the intensity 
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FigUre 5 | Continued
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FigUre 6 | Dectin-2 recruitment in macrophages from healthy donors and autoimmune-polyendocrinopathy-candidiasis-ectodermal dystrophy (APECED) patients 
after hyphal stimulation. (a) Representative confocal micrographs of macrophages from healthy donors and AIRE-deficient patients stimulated with Candidaalbicans 
hyphae for 30 min to observe the recruitment of Dectin-2 (red) receptors to the fungal synapse (FS). The blue arrow indicates the FS. Representative image of 4 
independent experiments for both healthy donors and APECED patients, 10 pictures acquired per sample. Scale bar = 5 µm.

FigUre 5 | Candidacidal activity in wild-type and AIRE-knockdown macrophage-like THP-1 cells. Wild-type and AIRE-knockdown macrophage-like THP-1 cells 
were stimulated with yeast [multiplicity of infection (MOI 1:2)] (B) or hyphae (MOI 2:1) GFP C. albicans (c) for 20 or 30 min. (a) Image Stream analysis of fungal 
phagocytosis by macrophages. GFP fluorescence intensities were gated for further analysis. The cells were divided into subpopulations according to the GFP 
maximum pixels. Internalization gate was performed for cells incubated with yeast or hyphae at 4°C. Each dot represents one independent experiment used for the 
measurement indicated. Wild-type (blue circle) and AIRE-knockdown macrophage-like THP-1 cells (red square). (D,e) Measurement of cytoplasm acidification in 
wild-type and AIRE-knockdown macrophage-like THP-1 cells stimulated with yeast (MOI 1:2) (D) or hyphae (MOI 2:1) (e) for 20 or 30 min by Image Stream analysis. 
Representative images of five independent experiments are shown. (F) IL-1β and TNF-α secretion in supernatants from resting and hyphae-stimulated cells. 
Wild-type (black bar) and AIRE-knockdown (gray bar) macrophage-like THP-1 cells were stimulated with hyphae (MOI 2:1) for 6 h. The horizontal bars denote the 
mean. Representative graph of three independent experiments. *p < 0.05 as determined by the t-test.

11

Albuquerque et al. AIRE in Immunity Against Candida

Frontiers in Immunology | www.frontiersin.org March 2018 | Volume 9 | Article 567

and appropriateness of the response necessary for C. albicans 
destruction. Concomitantly, patients with defects in this recogni-
tion process or in Dectin activity are more susceptible to fungal 
infection (34–36).

Our study shows that FS formation in hyphae-stimulated THP-1 
cells is promoted by Dectin-1 and Dectin-2, followed by AIRE, 
Syk, and CARD9 recruitment when stimulated by C. albicans 
hyphae. These results suggest that a relationship exists between 
Dectin-1 and Dectin-2 activation and AIRE in macrophages 
that are activated by hyphae. These receptors are responsible 
for activation of cytokine secretion, lysosome production, and 
phagocytic activity in macrophages (3, 27, 33). Given these find-
ings, the absence of AIRE likely results in altered FS formation due 
to disrupted interactions among AIRE, Dectin-1, Dectin-2, Syk, 
and CARD9. The FS is important for the recognition of hyphae 

by macrophages and for the subsequent generation of an effective 
immune response (3). Because of abnormal FS formation, AIRE-
knockdown macrophage-like THP-1 cells exhibited suppressed 
phagocytosis of yeast and hyphae. This was due to a reduction in 
activation of the Syk-dependent pathway following Dectin-1 and 
Dectin-2 ligation, as illustrated in piceatannol-treated THP-1 cells.

The Dectin-1 Syk-dependent pathway is involved in addi-
tional immunological functions necessary for the elimination 
of Candida, such as lysosomal activation. Efficient phagosome 
maturation is central for the control of candidiasis and is pivotal 
to both innate and adaptive immunity (33). As we observed, 
lysosome production in the AIRE-knockdown macrophage-like 
THP-1 cells stimulated with yeast was reduced; however, this 
decrease was not observed in the macrophage-like THP-1 cells 
stimulated with hyphae. These results may be due to the binding 
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FigUre 7 | Fungal response in macrophages from autoimmune-polyendocrinopathy-candidiasis-ectodermal dystrophy (APECED) patients. (a) Representative 
images of C andida albicans phagocytosis in macrophages from healthy donors and AIRE-deficient patients after 30 min of stimulation with yeast or hyphae. The 
arrow indicates fungal phagocytosis by macrophages. The images on the right show the numbers of yeast and hyphae inside of the macrophages. (B) IL-6 and 
TNF-α secretion by macrophages from a healthy donor or AIRE-deficient patient in cells unstimulated or stimulated with hyphae for 24 h. (a,B) The horizontal bars 
denote the mean. *p < 0.05 as determined by the t-test. Representative image of four independent experiments for both healthy donors and APECED patients.
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of β-glucan to Dectin-1 and the fact that the β-glucan concentra-
tion is high in the yeast cell wall and low in the hyphal cell wall. 
This carbohydrate activates Dectin-1, thereby stimulating lyso-
some production by the Syk-dependent pathway (3). Moreover, 
the hyphal form inhibits lysosomal maturation via O-mannan, 
which is present at a high concentration in the cell wall (29). 
Therefore, reduced lysosome production was only observed in 
the AIRE-knockdown macrophage-like THP-1 cells stimulated 
with yeast in this study.

Chronic mucocutaneous candidiasis is frequent in acquired or 
inherited disorders involving profound T cell defects, especially in 
those affecting TH17 responses (26, 37). Patients with deficiency 
in IL-17RA, IL-17F, or ACT1 have defective TH17 function 
and CMC (11, 14, 18, 26, 37). However, patients with CARD9 
deficiency or Dectin-1 Y238X polymorphism are also susceptible 
to CMC and other fungal infections (8, 15, 35, 38, 39). Defective 
Dectin-1 expression caused by the Tyr238X polymorphism does 
not result in immune deficiencies but it is associated with high 
risk of fungal infections and CMC. This polymorphism gener-
ates a truncated Dectin-1 that results in low secretion of IL-1β, 
IL-6, and TNF-α by peripheral blood mononuclear cell (PBMC), 
monocytes, and macrophages with impaired IL-17 production in 
response to C. albicans or β-glucan, but normal killing of C. albi-
cans by neutrophils (15, 16). On the other hand, CARD9-deficient 

patients are predisposed to recurrent mucocutaneous and 
invasive fungal infections with C. albicans. These patients show 
a strong impairment of TNF-α or IL-6 production by neutrophil 
and monocyte-derived dendritic cells in response to C. albicans, 
whereas IL-17 T-cell production is normal (9, 10, 35).

Autoimmune regulator is essential for proper T cell develop-
ment and selection in the thymus. While Dectin-1 and CARD9 
are expressed in many cell types, studies have shown that AIRE 
is expressed in peripheral lymphoid tissues, monocytes, and 
dendritic cells and that it participates in extrathymic func-
tions (23, 24, 40). APECED patients produce variable titers of 
autoantibodies against IL-17A, IL-17F, or IL-22 associated with 
CMC (17, 18, 26). However, some patients are susceptible to 
CMC without these autoantibodies (18), suggesting that other 
factors may involved in CMC in these patients. AIRE deficiency 
has been associated with failure in building a proper immune 
response by monocytes (23, 24, 41). Recently, it has been shown 
that monocytes from APECED patients have a decrease in IFN-
γR2 and STAT1 protein levels that are associated with lower levels 
of phosphorylated STAT1 molecules after IFN-γ stimulation 
(24). Another study reported failure of the immune response to 
C. albicans, including a dysregulation of IL-23p19 production in 
monocytes from APECED patients stimulated with C. albicans 
(41). In 2012, Pedroza et al. established that cytoplasmic AIRE 
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could regulate a Syk-dependent Dectin-1 pathway and secretion 
of TNF-α in monocytes from APECED patients stimulated with 
curdlan, a Dectin-1 agonist (23). These results suggest that other 
Syk-dependent receptors may be affected by AIRE deficiency. 
Corroborating these findings, here we demonstrate that AIRE-
deficient macrophages exhibited less signaling pathway activa-
tion at the FS, lower C. albicans phagocytosis, and less lysosome 
formation. On the other hand, CARD9 signaling induces IL-1β, 
IL-6, and TNF-α secretion by macrophages upon Dectin-1 recep-
tor activation (42). In our study, AIRE-deficient macrophages 
show CARD9 and Dectin-1, as well as Dectin-2, recruited to the 
FS followed by decreased secretion of IL-1β, IL-6, and TNF-α. 
These cytokines are responsible for increasing the intensity of the 
innate immune response and are involved in generating the TH17 
response (7, 43). IL-1β and IL-6 are pivotal to an efficient TH17 
response against C. albicans (44). TNFα in combination with 
IL-22 induce innate immune mechanisms in human keratinocytes 
and maintain the epidermal barrier integrity during C. albicans 
infection (45). Thus, AIRE downstream of Dectin-1 and Dectin-2 
engages a critical pathway contributing to antifungal immunity.

In summary, our results show that AIRE is required for the 
interaction among Dectin-1 and Dectin-2 receptors and Syk-
dependent pathway components in human macrophages upon 
C. albicans stimulation. The susceptibility to CMC observed in 
APECED patients likely includes direct roles of AIRE in peripheral 
immunity via the FS formation and function, which becomes a 
part of the overall host defense defect. Although APECED is asso-
ciated with defects in IL-17 immunity caused by autoantibodies, 
the additional mechanisms we have identified provide additional 
insight into CMC so frequently observed in these patients.
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FigUre s1 | (a) Isotype control staining of macrophages THP-1 cells. 
Representative macrophage-like THP-1 cells stained with AIRE (red), Dectin-1 
(purple), Dectin-2 (green), Syk (blue), and its respective IgG control as a negative 
control for nonspecific staining. (B) AIRE overexpression in HEK293T cells. 
Representative HEK293T cells stained with AIRE (red), nuclei (DAPI, Purple) 
anti-GFP (green), and respective IgG controls.

FigUre s2 | Localization of Dectin-1 and Dectin-2 at the FS is independent 
of the other Dectin receptor activation. (a) Representative confocal 
micrographs of macrophage-like THP-1 cells blocked with anti-Dectin-1, 
anti-Dectin-2, or IgG control before stimulation with C. albicans hyphae for 
30 min to observe the recruitment of Dectin-1 (green) or Dectin-2 (red) 
receptors to the FS. (B) Representative confocal micrographs of macrophage-
like THP-1 cells blocked with anti-Dectin-1 and anti-Dectin-2 or IgG control 
before stimulation with C. albicans hyphae for 30 min to observe the 
recruitment of Dectin-1 (green) or Dectin-2 (red) receptors to the FS. (c,D) 
Each dot represents a cell used for the measurement indicated. The horizontal 
bars denote the mean. *p < 0.05 as determined by the t-test. (C) Relative 
percentage of total Dectin-1 and Dectin-2 at the FS in macrophage-like THP-1 
cells blocked with anti-Dectin-1, anti-Dectin-2 or IgG control. (D) Relative 
percentage of total Dectin-1 and Dectin-2 at the FS in macrophage-like THP-1 
cells blocked with anti-Dectin-1 and anti-Dectin-2 or IgG control. 
Representative confocal micrographs of 30 cells counted in 3 independent 
experiments.

FigUre s3 | (a) Real-time PCR measurement of Dectin-1, Dectin-2, AIRE, Syk, 
and Card9 expression in macrophage-like THP-1 cells stimulated with hyphae for 
10, 20, or 30 min. Representative graph of three independent experiments. The 
horizontal bars denote the mean. *p < 0.05 as determined by the ANOVA.

FigUre s4 | Expression of Dectin receptors and proteins from Syk-dependent 
pathway in wild-type and AIRE-knockdown macrophage-like THP-1 cells. (a) 
Evaluation of AIRE expression in AIRE-knockdown macrophage-like THP-1 cells: 
wild-type (black line), AIRE-knockdown (dashed line) and IgG control cells (gray 
line). (B) Relative expression of AIRE mRNA (left) and protein expression (right) 
in AIRE-knockdown and wild-type macrophage-like THP-1 cells. (c,D) 
Expression of Dectin receptors in wild-type (black line) and AIRE-knockdown 
(dashed line) macrophage-like THP-1 cells and IgG control cells (gray line). (e) 
Syk-dependent pathway activation in macrophage-like THP-1 cells for Dectin-1, 
Syk, CARD9, and β-actin. Representative image of three independent 
experiments.

FigUre s5 | Phagocytic activity in wild-type and AIRE-knockdown 
macrophage-like THP-1 cells. Wild-type and AIRE-knockdown macrophage-like 
THP-1 cells were stimulated with E. coli (MOI 1:5) for 20 or 30 min. Cells were 
incubated for 45 min with gentamicin, washed, lysed, and cultured in LB agar. 
CFU was counted after overnight incubation at 37°C. Representative graph of 
three independent experiments.

FigUre s6 | Decreased phagocytic activity resulting from chemical Syk 
inhibition in THP-1 cells. Wild-type and AIRE-knockdown macrophage-like 
THP-1 cells were treated with piceatannol for 45 min, followed by stimulation for 
30 min with yeast (MOI 1:2) (a) or hyphae (MOI 2:1) (B) from GFP-positive C. 
albicans. Phagocytosis was assessed with Image Stream. Each dot represents 
one independent experiment used for the measurement indicated. The horizontal 
bars denote the mean. *p < 0.05 as determined by the t-test.
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Background: Predominantly antibody deficiencies (PADs) are the most common type 
of primary immunodeficiency in adults. PADs frequently pass undetected leading to 
delayed diagnosis, delayed treatment, and the potential for end-organ damage including 
bronchiectasis. In addition, PADs are frequently accompanied by comorbid autoimmune 
disease, and an increased risk of malignancy.

Objectives: To characterize the diagnostic and clinical features of adult PAD patients in 
Victoria, Australia.

Methods: We identified adult patients receiving, or having previously received immuno-
globulin replacement therapy for a PAD at four hospitals in metropolitan Melbourne, and 
retrospectively characterized their clinical and diagnostic features.

results: 179 patients from The Royal Melbourne, Alfred and Austin Hospitals, and 
Monash Medical Centre were included in the study with a median age of 49.7 years (range: 
16–87 years), of whom 98 (54.7%) were female. The majority of patients (116; 64.8%) met 
diagnostic criteria for common variable immunodeficiency (CVID), and 21 (11.7%) were 
diagnosed with X-linked agammaglobulinemia (XLA). Unclassified hypogammaglobulin-
emia (HGG) was described in 22 patients (12.3%), IgG subclass deficiency (IGSCD) in 
12 (6.7%), and specific antibody deficiency (SpAD) in 4 individuals (2.2%). The remaining 
four patients had a diagnosis of Good syndrome (thymoma with immunodeficiency). 
There was no significant difference between the age at diagnosis of the disorders, with 
the exception of XLA, with a median age at diagnosis of less than 1 year. The median 
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age of reported symptom onset was 20 years for those with a diagnosis of CVID, with 
a median age at diagnosis of 35 years. CVID patients experienced significantly more 
non-infectious complications, such as autoimmune cytopenias and lymphoproliferative 
disease, than the other antibody deficiency disorders. The presence of non-infectious 
complications was associated with significantly reduced survival in the cohort.

conclusion: Our data are largely consistent with the experience of other centers 
internationally, with clear areas for improvement, including reducing diagnostic delay for 
patients with PADs. It is likely that these challenges will be in part overcome by continued 
advances in implementation of genomic sequencing for diagnosis of PADs, and with that 
opportunities for targeted treatment of non-infectious complications.

Keywords: predominantly antibody deficiency, primary immunodeficiency, diagnostic delay, common variable 
immunodeficiency, X-linked agammaglobulinemia, immunoglobulin subclass deficiency, specific antibody 
deficiency

inTrODUcTiOn

Primary immunodeficiencies (PIDs) are a heterogeneous group 
of diseases, characterized by an impaired immune response to 
pathogens, predisposing to more frequent and severe infection, 
in some instances to a single pathogen, and dysregulated immune 
function, which may result in autoimmune disease or inflamma-
tory conditions (1). Knowledge of the key molecular processes 
underpinning these varied disorders continues to evolve with 
advances in genomic technology. The archetypal classification of 
immunologic disorders has recognized predominantly antibody 
deficiency (PAD) as the most prevalent PID, and these patients 
require lifelong antibody replacement therapy (2, 3). In compari-
son with other countries, the prevalence of PADs in Australia has 
not been clearly established. There are only two reports over the 
last two decades with varied results that are likely to represent 
significant under reporting, due to ascertainment bias (4, 5).

Diagnosis is challenging because PADs have varied clinical 
presentations and may present from infancy to late adulthood. 
The hallmark clinical feature is a history of recurrent sino- 
pulmonary bacterial infections, resulting from an ineffective 
antibody response, however, in many cases, non-infectious 
complications, such as autoimmune disease, or malignancy may 
complicate the clinical presentation.

The most profound PAD is agammaglobulinemia with a com-
plete or near-complete absence of serum Ig and absence of mature 
B cells in blood. Most of these individuals suffer from X-linked 
agammaglobulinemia (XLA) which occurs due to mutations in 
the gene encoding Bruton’s tyrosine kinase (BTK), an enzyme 
essential for B-cell development (6). Defects in other genes 
crucial for B-cell development and survival have been identified 
in a smaller proportion of patients (7–10), currently leaving only 
5–10% without a genetic diagnosis.

Common variable immunodeficiency (CVID) constitutes the 
majority of PAD cases which require ongoing treatment, with a 
global incidence of approximately 1:25,000 (11) although this 
varies according to the population studied. A recent Finnish 
study found the prevalence to be as high as 6.9 per 100,000 
(12). CVID has complex clinical features and pathophysiology, 

underpinned by identifiable monogenic defects in a minority 
of patients (13–15). Patients may present with a spectrum of 
manifestations, including recurrent infections and autoimmune 
cytopenias. Several diagnostic criteria, based upon a combination 
of clinical and laboratory features, may be used to aid in diagnosis 
and classification of patients with these complex presentations 
(16–18). A diagnosis may be made from 2 years of age (19).

The spectrum of PAD also includes milder syndromes, 
albeit with variable clinical features that include selective IgA 
deficiency; unclassified hypogammaglobulinemia (HGG), 
characterized by reduced levels of IgG in the presence of normal 
IgA and IgM; IgG subclass deficiency (IGSCD), characterized 
by a reduction in one or more IgG subclasses with normal total 
IgG; and specific antibody deficiency (SpAD), characterized by 
normal serum immunoglobulins with an apparent failure to pro-
duce antibody in response to vaccines. Thymoma with immuno-
deficiency, otherwise eponymously known as Good syndrome, is 
a rare PID associated with the presence of a thymoma, although 
the mechanism is not well understood (1, 20–22).

We sought to identify the diagnostic approaches that had been 
used for PADs and potential obstacles to diagnosis. In addition 
we aimed to characterize the infectious and non-infectious 
manifestations in our patients, such as organ-specific or systemic 
autoimmune disease as well as malignancies such as lymphomas 
and gastrointestinal (GI) tumors.

MaTerials anD MeThODs

Patients
We performed a comprehensive cross-sectional clinical analysis 
of adult patients with PADs managed under clinical immunology 
services in Victoria from January 2001 to February 2017. Patients 
who were currently receiving, or had previously received replace-
ment immunoglobulin for PADs were identified by physicians 
specializing in Clinical Immunology at four major teaching hos-
pitals in metropolitan Melbourne, Victoria: The Royal Melbourne 
Hospital, The Alfred Hospital, Monash Medical Centre and Austin 
Health. Patients with secondary hypogammaglobulinemia were 
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TaBle 1 | Diagnostic and demographic data of the Victorian adult predominantly antibody deficiency cohort.

immunologic diagnosis number of 
patients 

(%)

Male:female 
ratio

current age 
(years; range)

Median age 
at diagnosis 

(years)

Median age at 
symptom onseta 

(years; range)

Median 
diagnostic delaya 

(years; range)

All 179 0.82 49 (16–87) 36 (0–87) 20 (0–68) 7.5 (0–63)
Common variable immunodeficiency (CVID) 116 (64.8) 0.78 48.5 (16–80) 35 (2–80) 20 (1–65) 9 (1–63)
X-linked agammaglobulinemia (XLA) 21 (11.7) N/A 31.5 (23–65) 0 (0–15) 0 (0–2) 1 (0–15)
Hypogammaglobulinemia (unclassified) (HGG) 22 (12.29) 0.16 54 (18–87) 43 (5–80) 19.5 (1–50) 4 (1–59)
Specific antibody deficiency (SpAD) 4 (2.23) 1.00 65.5 (43–81) 68 (33–72) N/A N/A
IgG subclass deficiency (IGSCD) 12 (6.7) 0.20 56 (30–81) 36 (7–74) 20 (2–68) 9 (6–16)
Good syndrome 4 (2.23) 3.0 69 (46–77) 60 (40–71) 58 (38–68) 2 (0–3)

aData for age at symptom onset and diagnostic delay available for the following numbers of patients in each group.
CVID, 83/116; XLA, 16/21; HGG, 7/22; SpAD, 1/4; IGSCD, 7/12; Good syndrome 2/4.
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excluded, as were individuals with a defined combined immuno-
deficiency, or a history of hematopoietic stem-cell transplanta-
tion. To ensure that the cohort included patients with clinically 
significant disease, and receiving regular follow-up, we did not 
include patients who were not deemed to require replacement 
immunoglobulin therapy. The study was carried out according to 
the principles of the Declaration of Helsinki and was approved by 
local human research ethics committees (Melbourne Health pro-
jects 2009.162, 2013.245; Walter and Eliza Hall Research Institute 
projects 10/02, 14/01; Alfred Health 109/15, 277/17). All living 
patients, or their next of kin, consented to the collection of their 
medical information. For those individuals who were deceased at 
the time of the data collection, ethical approval was obtained to 
review the medical records without the consent of the next of kin.

Data collection
Data were retrospectively collected from the clinical case notes 
using a pre-specified template to capture age of reported onset 
of symptoms, age at diagnosis and organ-specific manifestations 
that included respiratory, GI, neurological, musculoskeletal, 
organomegaly, and malignancy. We defined immune dysregula-
tion on clinical notes reporting any of the following diagnoses: 
autoimmune disease, lymphoproliferative disease, organomegaly, 
granulomatous inflammation, and/or enteropathy.

statistical analysis
We examined differences between groups using one-way ANOVA 
for comparison of continuous variables; Chi square analysis for 
comparison of categorical variables with a high frequency, and 
Fisher’s exact test for categorical variables with a frequency of less 
than 5; and Mantel–Cox log rank for comparing differences in 
survival between disease groups. As the data for age of onset, diag-
nosis and diagnostic delay were non-parametrically distributed, 
we have reported median values for these measures. A p value of 
less than 0.05 was considered statistically significant. Statistical 
analyses were performed using GraphPad Prism 7 software.

resUlTs

Patient Demographics
179 patients with PAD were identified from the four centers. 
98 patients were females, and 81 were males, with median 

age of 49  years (Table  1). CVID was the most frequent 
antibody deficiency disorder requiring clinical follow-up 
with 116 patients. XLA was diagnosed in 21 male patients. 
22 patients had HGG, 4 had SpAD, and 12 were diagnosed 
with IGSCD. We also included four patients with thymoma 
and immunodeficiency, with a diagnosis of Good syndrome  
(Table 1).

Diagnostic Features
Age at Diagnosis and Diagnostic Delay
The median age at diagnosis for the entire cohort was 36 years, 
which ranged from diagnoses at birth to 80 years old. Patients 
with XLA were diagnosed at significantly younger ages than 
all other antibody deficiency disorders (Figure 1A; Table 1) 
and experienced significantly shorter delay from symptom 
onset to diagnosis (Table  1; Table S1 in Supplementary 
Material). With regards to CVID specifically, the median age 
of reported onset of symptoms was 20 years, and the median 
age of diagnosis was 35  years (Table  1; Figures  1A,B). 
The median diagnostic delay was available for only 83/116 
CVID patients and was 9 years. The four patients with Good 
syndrome were diagnosed at a median age of 60.75  years 
(interquartile range 44.3–74), which was significantly older 
than XLA (p  <  0.0001) and CVID (p  <  0.05) diagnoses, 
but not the other antibody deficiency syndromes (Table  1; 
Figures 1A,B).

Serum Immunoglobulin Levels
The serum IgG levels at time of diagnosis of CVID were sig-
nificantly lower than those recorded for patients with HGG 
(3.10  ±  1.55 versus 6.32  ±  4.67  g/L, respectively, p  <  0.0001; 
Figure  1D). However, serum IgG levels for CVID and HGG 
were both significantly lower than in patients with a diagnosis 
of IgGSCD and SpAD (p < 0.0001; Figure 1D). Serum IgA levels 
were also significantly reduced in CVID patients, compared with 
other PAD, consistent with the diagnostic criteria (0.23 ±  0.28 
versus 1.16 ± 1.05 g/L, p = < 0.0001; Figure 1D). Serum IgM levels 
in CVID (0.3 ± 0.36 g/L) were significantly lower compared with 
HGG (0.97 ± 0.6 g/L; p < 0.0001), and IGSCD (1.15 ± 0.66 g/L; 
p < 0.0001) (Figure 1D). Serum Ig levels at time of diagnosis were 
not available for most of the XLA patients, due to the historic 
nature of their diagnoses.
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FigUre 1 | Age at diagnosis and diagnostic features differ between disease groups in Victorian adult patients with predominantly antibody deficiencies.  
(a) Box–whisker plot of age at diagnosis according to disease classification with median and 5–95% percentiles indicated. (B) Histogram demonstrating age at 
reported symptom onset, light red, and age at diagnosis (dark red) in common variable immunodeficiency (CVID) patients. (c) Qualitative vaccine responses to 
pneumococcal polysaccharide vaccine responses measured IgG binding against PPS23 polysaccharides in CVID patients (red), unclassified 
hypogammaglobulinemia (HGG) patients (green), IgG subclass deficiency (IGSCD) (purple), and specific antibody deficiency (SpAD) (orange). Darker colored 
columns indicate protective responses, P, and lighter colored columns indicate unprotective responses, U (χ2 analysis: **p < 0.01 and ****p < 0.0001). (D) Serum 
IgG and IgA (g/L, mean ± SD) at diagnosis according to disease classification (**p < 0.01, ***p < 0.001, and ****p < 0.0001, using one-way ANOVA).
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Specific Antigen Responses
The results of pneumococcal polysaccharide vaccine responses 
were available for 55 patients with PAD reported here. For CVID, 
specific pneumococcal polysaccharide antibody titers were 
available for 30 of 116 patients. From these 30 records, 29 CVID 
patients were reported to have unprotective vaccine responses 
(96.7%). Reflecting the heterogeneity of these conditions, the sin-
gle patient with protective vaccine responses, in retrospect had an 
atypical presentation for CVID with early-onset chronic mucocu-
taneous candidiasis, and subsequent adult-onset hypogamma-
globulinemia, was identified to have a gain-of-function (GOF) 
STAT1 mutation, which is not typically associated with PAD. 
Furthermore, consistent with the diagnostic criteria for CVID, 
a higher proportion of HGG and IGSCD patients demonstrated 
protective vaccine responses compared with the CVID and SpAD 
groups, who consistently demonstrated suboptimal vaccine 
responses (χ2; p < 0.001 and p < 0.01 respectively; Figure 1C).

Genetic Diagnoses
Although genetic testing was not uniformly used in the diagnosis 
of these patients, 40/178 had an identified genetic cause for PAD 
(Table S1 in Supplementary Material). This included 21 XLA 
patients with hemizygous BTK mutations. Of the remaining 19 
patients with PAD and an identified genetic contribution, 17 had 
CVID, and 2 had IGSCD. Of the CVID patients, 4 had NFκB1 
deficiency, and 3 were heterozygous for the (C104R) variant 

in TNFSRF13B, encoding TACI, a known risk-factor for the 
development of CVID (23). One of these patients also harbored 
a pathogenic mutation in TCF3 (E555K), which causes an auto-
somal dominant form of agammaglobulinemia (24). In addition, 
we identified NFKB2 mutations in three CVID and two IgGSCD 
patients, who had marked autoimmune clinical manifestations. 
Two patients initially diagnosed with CVID were found to have 
CXCR4 mutations and three patients with CVID were rediag-
nosed with CTLA4 haploinsufficiency.

clinical Features and Disease 
complications
All patients presented with infections; however, most patients 
developed complications in addition; only 28% demonstrated 
an infection-only clinical phenotype (Table  2; Figure  2A). 
Respiratory tract involvement was the most common clini-
cal manifestation followed by disease of the GI tract, skin and 
musculoskeletal system (Table  2; Figure  2A). Pneumonia and 
sinusitis were the most common infectious manifestations of 
the respiratory tract, present in 78% of all PAD patients, and 
GI infections were present in 19% of patients (data not shown). 
CVID patients were disproportionately affected and appeared 
susceptible to a broad range of infections that included Giardia 
in eight patients, Campylobacter and Salmonella in five, candidi-
asis in three, Helicobacter pylori in three and Cryptosporidia spp. 
in two patients. Bronchiectatic structural lung disease was most 
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TaBle 2 | Complications in Victorian adults with predominantly antibody deficiency.

cViD, n(%) Xla hgg igscD spaD good syndrome Total, n(%)

Total number of patients 116 21 22 12 4 4 179
Infections onlya 33 (28) 7 (33) 12 (55) 4 (33) 1 (25)c 0 57 (32)

Bronchiectasis 31 (27) 14 (67) 4 (18) 4 (33) 2 (50) 1 (25) 28 (16)
GLILD 5 (4) 0 0 0 0 0 5 (3)
Autoimmunity (total) 44 (38) 0 3 (14) 4 (33) 1 (25) 2 (50) 54 (30)

Musculoskeletal 11 (9) 0 0 2 (17) 0 1 (25) 14 (8)
Cytopeniab 24 (21) 0 1 (5) 0 0 1 (25)b 26 (15)
Endocrine 9 (8) 0 0 2 (17) 1 0 12 (7)

Gastrointestinal disease (total) 27 (23) 0 2 (9) 1 (8) 0 0 30 (17)
Enteropathy 16 (14) 0 0 1 (8) 0 0 17 (9)
Colitis 11 (9) 0 2 (9) 0 0 1 (25)c 14 (8)

Granulomatous disease 8 (7) 0 0 0 0 1 (25)c 9 (5)
Autoimmune liver disease 3 (3) 0 1 (5) 0 0 0 4 (2)
Neuropathy 4 (3) 0 0 1 (8) 0 0 5 (3)
Malignancyc 20 (17) 0 2 (9) 3 (25) 0 2 (50) 27 (15)

Solid organ 14 (12) 0 2 (9) 2 (17) 0 1 (25)c 19 (11)
Hematological 6 (5) 0 0 1 (8) 0 1 (25)c 8 (4)

CVID, common variable immunodeficiency; XLA, X-linked agammaglobulinemia; HGG, unclassified hypogammaglobulinemia; IGSCD, immunoglobulin subclass deficiency; GLILD, 
granulomatous lymphocytic interstitial lung disease; SpAD, specific antibody deficiency.
aExcludes autoimmunity, gastrointestinal disease, granulomatous disease, liver disease, malignancy, and GLILD.
bExcluding lymphopenia.
cExcluding thymoma.
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common in XLA with 66.7% patients affected compared with  
27% of CVID patients (Table 2; Figure 2A). Four of these patients 
with chronic lung disease underwent lung transplantation; one 
female with CVID, and three males with XLA. One of four 
patients with Good syndrome also developed bronchiectasis.

Neurologic manifestations were also evident in this cohort. 
There were five cases of meningitis, which were enterovirus-
related in two patients, one of whom succumbed to a fatal 
progressive meningoencephalitis (Table  3). Neuropathy was 
reported in four CVID patients and a single patient with IGSCD 
(Table  2). The features of the neuropathy were not specified 
as to severity, pattern or progression. Seizures, optic neuritis, 
autoimmune hypophysitis were also recognized in individual 
patients from this cohort. Endocrine manifestations that were 
recorded included autoimmune thyroid disease in eight CVID 
patients, one IGSCD and one SpAD, while autoimmune adre-
nal insufficiency was reported in one CVID and one IGSCD 
patient.

Overall, manifestations of immune dysregulation were most 
prevalent in CVID and IGSCD patients (72 and 67%, respectively), 
compared with only 5/22 hypogammaglobulinemic patients, and 
1/4 SpAD (Table  2). The proportion of patients with all non-
infectious manifestations was significantly higher in the CVID 
group, compared with the aggregated non-CVID cohort of patients 
(59/116 versus 12/38, respectively; χ2, p < 0.05).

We reviewed the incidence of specific clinical manifestations in 
the cohort according to diagnostic group (Figure 2A). Compared 
with the non-CVID antibody deficient patients, the 116 CVID 
patients more frequently developed cytopenia (p < 0.001), enter-
opathy (p <  0.01), splenomegaly (p <  0.01), lymphadenopathy 
(p < 0.05), and granulomatous infiltration (p < 0.05), but there 
were no significant differences between the proportions of 
patients with bronchiectasis, colitis, solid organ or hematological 
neoplasia and autoimmune liver disease.

To determine if organ complications were cumulative, we 
assessed the presence or absence of bronchiectasis, autoimmune 
liver disease, enteropathy, colitis, organomegaly, granulomas and 
malignancy across the key antibody deficient disease groups. 
Most patients suffered from <2 complications of disease; how-
ever, CVID patients were more likely to have >2 complications 
(Figure 2B).

Management of PaD
Patients were identified on the basis of current or previous immu-
noglobulin replacement therapy. At the time of data analysis all 
patients with a diagnosis of XLA, CVID and Good syndrome were 
receiving replacement immunoglobulin and maintaining IgG 
mean trough levels of 8.8 g/L (data not shown). Antibiotics were 
used prophylactically in 10 of 20 CVID patients with available 
data while systemic immunosuppression was used in 17 CVID 
patients. These included nine individual patients treated with 
prednisolone, four patients with azathioprine or methotrexate in 
combination with prednisolone, whereas rituximab (anti-CD20) 
was administered in six CVID patients for cytopenias. One 
patient with CVID and granulomatous lymphocytic interstitial 
lung disease was treated with rituximab and mycophenolate. 
Splenectomy was performed on two patients for refractory 
cytopenia. One patient had undergone liver transplantation due 
to cirrhosis secondary to nodular regenerative hyperplasia and 
has tolerated tacrolimus well. One other patient had undergone 
renal transplantation. Three XLA patients and one CVID patient 
received lung transplants and were treated with combination 
immunosuppression including mycophenolate, tacrolimus and 
prednisolone as prophylaxis against rejection.

Mortality
From this retrospective analysis, we identified 19 PAD patients 
who had died, including 4 from infections (cytomegalovirus, 
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FigUre 2 | CVID is associated with more frequent non-infectious complications than other predominantly antibody deficiencies, and these complications are 
associated with reduced survival. (a) Histogram depicting frequency of complications in CVID, darker-colored columns, compared with non-CVID cases in 
lighter-colored columns. Abbreviations: GLILD, granulomatous lymphocytic interstitial lung disease; CVID, common variable immunodeficiency. Purple represents 
bronchiectasis; yellow represents non-malignant lymphoproliferative complications; brown, autoimmune complications; green, gastrointestinal disease, and blue, 
malignancies. (Fisher’s exact test: ***p < 0.001; **p < 0.01; and *p < 0.05). (B) Histogram depicting percentage of CVID and non-CVID patients with 0, 1, or more 
non-infectious complications of disease. (c) Survival after diagnosis in individuals with immune dysregulation is significantly reduced compared with patients with 
infections only (p < 0.05, Mantel–Cox log rank). Black line indicates survival of individuals without features of immune dysregulation, red line indicates survival of 
individuals with immune dysregulation. (D) Survival after diagnosis in individuals with bronchiectasis is significantly reduced compared with patients with infections 
only (p < 0.05, Mantel–Cox log rank). Black line indicates survival of individuals without bronchiectasis, and red indicates survival of individuals with bronchiectasis.
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enteroviral encephalitis, sepsis-unspecified, and respiratory infec-
tion) and 6 patients died as a result of malignant disease (breast 
cancer, malignant thymoma, serous ovarian cancer, squamous 
esophageal cancer, lung adenocarcinoma, and diffuse large B cell 
lymphoma; Table 3). Of those, five had CVID and one had a diag-
nosis of Good syndrome, with a malignant thymoma. One patient 
died from an intracerebral hemorrhage, which was thought to be 
unrelated to PAD. Survival following diagnosis was significantly 
reduced in patients with immune dysregulation, with a 75% sur-
vival at 20 years after diagnosis compared with 98% for those with 
an infection-only phenotype (p < 0.05; Figure 2C). Significantly 
reduced survival was also noted in PAD patients with bronchiec-
tasis as early as 10 years post-diagnosis (Figure 2D).

DiscUssiOn

Primary immunodeficiencies are a heterogeneous mix of dis-
orders, with >300 defined conditions. The most prevalent of 
these are PADs, which may present with a broad range of clinical 
features, age of onset, and population-dependent frequency. As 

a result, the underlying immunodeficiency diagnosis is typically 
significantly delayed or missed.

We aimed to characterize how PAD patients have been 
diagnosed, managed and manifested disease and sought to 
identify areas for improvement in clinical practice in Victoria, 
the second most populous state in Australia, with a population 
aged over 15 years of approximately 4.9 million at the end of 2016 
(Australian Bureau of Statistics). Australia is a geographically 
expansive country, with a relatively small population; posing 
unique challenges for diagnosis and treatment of rare diseases. 
The most recent Australian study demonstrated incomplete cap-
ture of all PIDs, with the finding of 5.6 cases per 100,000 (5). We 
found a prevalence of PAD in Victorian adults of approximately 
1 in 25,000, which is similar to other population frequencies 
internationally (11). The prevalence of PAD varies geographically, 
with a very high prevalence in Finland, a non-diverse population, 
in contrast to that of Australia, which is more heterogeneous (25).

As with any retrospective study, there are some limitations to 
this report. Data collection may be incomplete, and inconsist-
ency may arise due to differences in practice between individual 
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TaBle 3 | Causes of death among antibody deficient patients in Victoria (2000–2017).

Patient no. Diagnosis sex clinical phenotype age at diagnosis age deceased cause of death

46 IGSCDa F Immune dysregulation 9 28 Enteroviral encephalitis
90 CVID F Infections only 62 70 Breast cancer
91 Good syndrome M Infections only 75 77 Thymoma
92 CVID F Immune dysregulation 69 74 Serous ovarian cancer
93 CVID F Infections only 47 74 Squamous esophageal cancer

113 CVIDb F Immune dysregulation 67 81 Lung adenocarcinoma
123 CVID F Immune dysregulation 40 65 Intracerebral hemorrhage
156 CVID M Immune dysregulation 42 62 Diffuse large B cell lymphoma
157 CVID F Immune dysregulation ? 48 Sepsis
158 CVID M Immune dysregulation 71 78 Respiratory failure—ILD
159 XLA M Infections/bronchiectasis ? 58 Infection post lung transplant
160 CVID F Infections only 68 73 Not available
161 XLA M Infections/bronchiectasis ? 35 Lung transplant complication
162 CVID M Immune dysregulation 27 32 Enteropathy/cachexia/sepsis
163 XLA M Infections/bronchiectasis 13 59 Respiratory failure
164 XLA M Infections/bronchiectasis ? 39 Infection post lung transplant (CMV)
165 XLA M Infections/bronchiectasis/cirrhosis ? 36 HCV-related cirrhosis
166 CVID M Immune dysregulation 36 53 Respiratory failure and refractory enteropathy
167 CVID F Infections/bronchiectasis 71 80 Respiratory failure

IGSCD, immunoglobulin subclass deficiency; CVID, common variable immunodeficiency; XLA, X-linked agammaglobulinemia; ILD, interstitial lung disease; CMV, cytomegalovirus; 
HCV, hepatitis C virus.
? indicates unknown.
aNFKB2 mutation.
bNFKB1 mutation.
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physicians and centers. Under-diagnosis is likely to relate to the 
relative infrequency of these conditions, and therefore lack of 
suspicion among primary care providers, particularly as the 
clinical features are varied (25). There is also a significant delay 
in diagnosis observed in the majority of these disorders, which 
is associated with an increased risk of mortality, and significant 
morbidity (26). Thus, increased awareness among medical prac-
titioners and improvements in diagnostic tools are of great clinical 
importance. Implementation of increased awareness programs is 
likely to raise the number of patients to be diagnosed and poten-
tially this will lead to identification of a higher prevalence of PAD 
than 1 in 25,000.

While this cohort represents a small group of patients, our 
median diagnostic delay of 9 years in the CVID group is longer 
than other recently reported cohorts. European data from more 
than 2,000 patients with CVID identified a median diagnostic 
delay overall of 5  years when the diagnosis was made prior to 
the year 2000, and 4.2 years when the diagnosis was made during 
or after the year 2000 (27). However, those patients comprised a 
large proportion of children, whereas our cohort only included 
adults, which may introduce a bias to a shorter diagnostic delay 
in that study. Indeed, in other smaller European adult cohorts a 
diagnostic delay of 7 years has been reported (28, 29).

Predominantly antibody deficiency remains a diagnostic 
challenge unless specifically considered in light of the varied 
non-infectious manifestations, and involvement with physicians 
with expertise in diagnosis and treatment of primary immuno-
deficiency. Our data demonstrate that distinguishing primary 
hypogammaglobulinemia from CVID cannot be readily made 
using laboratory parameters in isolation, as there is overlap in 
these parameters between the two conditions. Furthermore, 
vaccination studies, which are used for diagnosis of PAD, are 
complicated by the need for paired serum analyses, and are 

confounded by increasing community use of pneumococcal 
vaccines and variability in the measurement, and interpretation, 
of polysaccharide responses. Taken together, there is a need to 
improve PAD diagnosis, which may entail the use of molecular 
tests and dialog between internal medicine specialists and clinical 
immunologists.

Molecular tests that identify pathogenic mutations will 
improve diagnostic precision in PAD. In this cohort, patients 
who were later identified to have a genetic contribution to their 
disease, had a shorter time to a clinical diagnosis (Table 2). This 
may be influenced by the severity of presenting illnesses and/
or a positive family history pre-empting screening for antibody 
deficiency. In addition, molecular tests may help identify patients-
at-risk for certain disease complications, as in the case of NFKB2 
mutations which are associated with a high risk of central adrenal 
insufficiency. Further highlighting the complexities of clinical 
presentation in PID, we have described a patient who was initially 
misdiagnosed with CVID, but later found to have a STAT1 GOF 
mutation after his diagnosis was reconsidered in light of early-
onset mucocutaneous candidiasis.

We also identified one individual with digenic disease due 
to a pathogenic E555K variant in TCF3 and C104R variant in 
TNFRSF13B. We have previously reported another kindred 
affected by PAD and autoimmune disease; the proband harbored 
a novel non-sense TCF3 mutation and the C104R variant in 
TNFRSF13B, with a resultant CVID-like disorder and systemic 
lupus erythematosus (30). We are not aware of other reports of 
digenic PAD due to the more common pathogenic TCF3 E555K 
variant in combination with an additional genetic risk-factor.

Our findings support improved access to diagnostic genomic 
studies in these patients, although currently the majority of CVID 
cases are unlikely to be readily diagnosed due to their complex 
pathogenesis (31, 32). Nevertheless diagnostic rates could 
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increase to 30% for CVID patients selected for sequencing on the 
basis of certain clinical or laboratory features (14). Other studies 
have identified XLA in adult patients previously misdiagnosed 
as CVID, which has significant implications regarding missed 
opportunities for genetic counseling (33). The genetic diagnoses 
we have reported here may have been biased toward patients with 
more extreme phenotypes, and further work is ongoing to deter-
mine the clinical utility of genomic sequencing to aid diagnosis 
in the cohort more broadly.

Earlier diagnosis of PAD will facilitate earlier IgG replacement 
therapy and/or antibiotic therapy to mitigate the susceptibility 
to infections, and delay or prevent end-organ changes from 
infections such as bronchiectasis. However, optimal manage-
ment of infections alone may not prevent complications that 
arise from immune dysregulation such as autoimmune disease, 
granulomatous inflammation and enteropathy, which affected 
68% of our cohort. This is a higher proportion than reported in 
other cohorts and may reflect a referral bias toward patients with 
more severe disease, and a failure to include stable PID patients 
with infection-only phenotypes controlled on immunoglobulin 
replacement managed by non-Immunology services, or indeed 
those not receiving immunoglobulin at all.

Prediction of risk for the non-infectious complications of 
PAD is a major challenge. In a recent US study, unbiased network 
clustering using two large CVID patient datasets has identified 
novel biochemical markers of patients with lymphoproliferative, 
autoimmune and allergic disease (34). Whether these asso-
ciations apply to the other PADs is unclear. In our cohort CVID 
patients suffered the most non-infectious complications, but we 
also identified non-infectious complications in other PADs. Non-
infectious complications in IGSCD have also been recognized in 
other cohorts, although a recent Dutch study did not identify any 
non-infectious complications in a cohort of patients with HGG 
(35, 36). Importantly, two IGSCD patients in our cohort harbored 
NFKB2 mutations, which may have predisposed these patients to 
the more severe clinical phenotype.

cOnclUsiOn

Predominantly antibody deficiencies are the most common 
of the primary immune deficiency diseases, yet are still likely 
to be underdiagnosed, or diagnosed after the development of 
life-threatening complications. Individuals with PADs suffer 
from diverse and severe complications including infection, 
bronchiectasis and disorders of immune dysregulation, which 
are associated with reduced survival. These complications 
may be averted by earlier and more precise diagnosis, and 

targeted therapeutic interventions. Early diagnosis relies upon 
improved knowledge and appropriate clinical suspicion among 
internal medical physicians and primary care providers, as 
well as equitable access to genetic diagnosis and the benefits of 
personalized medicine.
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sTaT3-Mediated Transcriptional 
regulation of Osteopontin in sTaT3 
loss-of-Function related hyper ige 
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Background: Hyper-IgE syndrome (HIES) caused by loss-of-function (LOF) mutations 
in STAT3 gene (STAT3 LOF HIES) is associated with dental and facial abnormalities in 
addition to immunological defects. The role of STAT3 in the pathogenesis of the dental/
facial features is, however, poorly elucidated.

Objectives: Since mechanism of cellular resorption of mineralized tissues such as bone 
and teeth are similar, we attempted to study the expression of genes involved in bone 
homeostasis in STAT3 LOF HIES.

Methods: Peripheral blood mononuclear cells from healthy controls (HCs), STAT3 LOF 
HIES patients, STAT3−/− PC-3 cells and STAT3+/+ LNCaP cells were stimulated with IL-6 
and quantitative PCR array was performed to study the relative mRNA expression of 43 
pre-selected genes. PCR array finding were further evaluated after stattic induced STAT3 
inhibition.

results: Osteopontin (OPN) gene was seen to be significantly upregulated after IL-6 
stimulation in HC (mean fold change 18.6, p  =  0.01) compared with HIES subjects. 
Inhibition of STAT3 signaling by stattic followed by IL-6 stimulation abrogated the 
OPN response in HCs suggesting that IL-6-induced STAT3 signaling regulates OPN 
expression. Bioinformatics analysis predicted the presence of STAT3 response element 
TTCCAAGAA at position -2005 of the OPN gene.

conclusion: Regulation of OPN gene through IL-6-mediated STAT3 activation and 
its significant dysregulation in STAT3 LOF HIES subjects could make OPN a plausible 
candidate involved in the pathogenesis of dental/facial manifestations in HIES.

Keywords: craniosynostosis, dental anomalies, hyper-ige syndrome, osteopontin, sTaT3 signaling, skeletal 
anomalies

inTrODUcTiOn

Hyper-IgE syndrome (HIES) associated with loss-of-function (LOF) mutations in the STAT3 
gene (STAT3 LOF HIES) (1, 2) with resultant deficiency of TH17 cells and its secreted cytokine 
IL-17 (3–5), are now known to underlie majority of the sporadic and autosomal dominant forms 
of HIES. The syndrome is characterized by varying degrees of immunodeficiency along with 
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TaBle 1 | Clinical and genetic profile of hyper IgE syndrome patients.

Patient 
iD

age 
(years)c

sex nih 
score

sTaT3 mutation ige levels (iU/ml) eosinophilia 
(cells/μl)

eczema skin 
abscesses

Pneumonia skeletal 
abnormalitiesb

P1 40 M 52 1018A>C, K340Q (DBD)a 103,200 295 + + + 1, 2
P4 3 M 42 2141C>T, T714I (TA) 5,000 948 + − + 1, 2
P5 16 M 49 1979T>C, M660T (SH2)a 9,180 968 + + + 1, 3, 4

aNovel mutation reported by Saikia et al. (23, 24).
DBD, DNA binding domain, SH2, Src homology domain; TA, transactivation domain.
b1: coarse facies; 2: increased nasal width; 3: pathological fractures; 4: retained primary teeth.
cAge of the patients at the time of analysis.
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dental, connective tissue, and skeletal defects. Features include 
high-serum levels of IgE (>2,000  IU/ml), staphylococcal  
skin abscesses, recurrent bacterial infections, pneumonia with 
pneumatocele formation, mucocutaneous candidiasis, and 
chronic eczematoid dermatitis manifesting early in life. Coarse 
facies and mild eosinophilia are variable features (6–10). Though 
most of the features of autosomal dominant STAT3 LOF HIES 
reflect a deficient immune system, the non-immunological 
features viz. dental abnormalities (retained primary teeth, non-
eruption of permanent teeth, double rows of teeth), anomalies 
in midline facial development (prominent forehead, wide nasal 
bridge, broad nose, prominent mandible), and skeletal abnor-
malities (bone fractures, hyperextensible joints, scoliosis, and 
craniosynostosis) reflects the multisystem nature of the disease 
(1, 6, 11–14). The exact mechanism by which the STAT3 defect 
leads to the dental/craniofacial manifestations is, however, not 
clearly defined. Recent description of a HIES phenotype with 
craniosynostosis, and scoliosis in mutations of the IL6ST gene 
encoding the gp130 receptor, and of isolated craniosynostosis, 
maxillary hypoplasia, delayed tooth eruption, supernumer-
ary teeth, and minor digital anomalies in IL-11RA mutations  
(15, 16), strongly suggests involvement of the IL-11/gp130/
STAT3 axis in craniofacial and dental features.

It is known that mechanisms in cellular resorption of bone 
and teeth are similar (17) and delayed shedding of primary 
teeth is essentially a manifestation of ineffective apical root 
resorption. On similar lines, the steady state in mature cranial 
and facial bone sutures represents a balance between osteogen-
esis and resorption (18). Osteoclasts (OC) and odontoclasts 
(OdCs) are crucial for resorption of mineralized tissues of 
the craniofacial complex and the rate of resorption as well as 
the timing of OC/OdC function during pre-emergent tooth 
eruption is crucial to support the erupting tooth to move along 
the appropriate path. Though the precise mechanism of apical 
root resorption in shedding of primary teeth have been elusive, 
decreased OdC activity is observed in over-retention of primary 
teeth (19). Though the maintenance of cranial sutures is geneti-
cally much more complex, similar mechanisms of OC function 
and resorption are thought to be involved (18). Minegishi et al. 
in an attempt to correlate STAT3 with OC differentiation and 
function observed that OCs from individuals with STAT3 LOF 
HIES tend to show higher resorptive activity compared with 
controls without any effect on OC differentiation (2). While 
this might explain the skeletal features of osteoporosis and 
fractures (increased OC activity), it fails to explain retention 

of teeth and craniosynostosis (decreased OC activity) in HIES. 
A similar dissociation is observed in the IL-11RA defect and 
craniosynostosis, as IL-11 is known to have a stimulatory effect 
in osteoblasts predicting osteopenia in IL-11RA deficiency, 
but the opposite turns out to be true (18). No detailed study 
has, however, been performed on OC function, osteoporosis, 
and fractures till date in HIES. IL-17 has also been found to 
be involved in bone remodeling by inducing the expression of 
receptor activator of nuclear factor κB ligand (RANKL) which 
in turn increase osteoclastogenesis causing osteoporosis (20) 
implying that TH17 deficiency would lead to decreased osteo-
clastogenesis. Defects in the IL17 axis, however, are known to 
cause chronic mucocutaneous candidiasis (21, 22), which do 
not show any involvement of the dental/skeletal system what-
soever and hence IL17 deficiency as the cause for the dental/
skeletal defects in HIES seems unlikely.

The explanation behind the dental/facial involvement in 
STAT3 LOF HIES would probably lie on a molecule that has both 
immune and osteogenic/odontogenic functions and is regulated 
through STAT3. In the light of the above facts, the study was  
aimed to evaluate plausible molecules involved in bone homeo-
stasis that could be dysregulated in STAT3 LOF HIES.

MaTerials anD MeThODs

study Design and subjects
This prospective study was carried out in the department of 
Immunopathology, Postgraduate Institute of Medical Education 
and Research, Chandigarh, India. Study protocol was approved by 
the Institute Ethics Committee (IEC No. 8827-PG 10-1TRG/8450). 
All subjects were recruited after obtaining a written informed 
consent prior to enrollment as per IEC guidelines.

Three STAT3 LOF HIES subjects with mutation in STAT3 
DNA binding domain (P1; 35  years male; Exon 10, A>C; 
g.54792; c.1018; p.K340Q), transactivation domain (P4; 3 years 
male; Exon 22, C>T; g.71311; c.2141; p.T714I), and SH2 domain 
(P5; 16 years male; Exon 21, T>C; g.66092; c.1979; p.M660T), 
respectively, were enrolled in the study (Table  1). The clinical 
details and laboratory investigations of the subjects P1, P4, and 
P5 have been previously reported (23, 24). All three STAT3 LOF 
HIES subjects had reduced TH17 cell numbers, high serum IgE 
levels, and NIH score more than 40 (Table 1). Healthy volunteers 
without any history of chronic illness and normal serum IgE 
levels were recruited as controls.
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TaBle 2 | List of genes studied by PCR array.

Bone homeostasis 
related genes

immune system related 
genes

Growth factors Epigen, Epireg

Cytokines LIF, Onco M LIF

Negative regulators OPG, Noggin Blmp1, SOCS3, PIAS3

Transcription factors RUNX2, Sp7 (Osterix), 
TWIST1

RORyt

Proteases MMP2, MMP8, MMP9, 
Cath K

Cyst C, Cath E

Protease inhibitors TIMP2 b3 int

Receptors V.D3, LIFR V.D3, LIFR, gp130, T3 zeta 
chain

Adhesion molecules VCAM b3 int, SELL, VCAM

Kinases MAPK1, ROCK1

Phosphatases Calcen, SHP2

Others BSP, DKK1, BGP, DKK2, 
OPN (osteopontin), 
SPARC, LRP5

SIRT1, Cam1, FLt3L, 
MTTF, PLCy2

Housekeeping genes RPL37A, RPLP1, GAPDH, ACTB
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sample collection and Peripheral Blood 
Mononuclear cell (PBMc) isolation and 
cell culture
8 ml of peripheral venous blood was collected in heparin from the 
patients and controls for PBMC isolation using density gradient 
centrifugation method. Cell viability was checked by trypan blue 
dye (Sigma Aldrich, USA) exclusion test and more than 98% 
viability was obtained. PBMCs (1 × 106) were suspended in RPMI 
1640 without fetal bovine serum (FBS) and incubated with or 
without IL-6 (Peprotech, Rocky Hill, NJ, USA) at a dose of 30 ng/ml  
for 2 h. For STAT3 inhibition, PBMCs were incubated in the 
presence of 10 µM of the stattic (Sigma Aldrich, USA), a specific 
STAT3 inhibitor, for 1 h followed by treatment with 30 ng/ml of 
IL-6 for 2 h in 5% CO2. Cells were subsequently harvested for 
RNA extraction. Two prostate cancer cell lines viz. STAT3−/− 
PC-3 (25, 26) and STAT3+/+ LNCaP (25, 27) were procured from 
National Center for Cell Science, Pune, India. The cells were 
maintained in RPMI 1640 and Ham’s F-12 (Sigma Aldrich, USA) 
media, respectively, supplemented with 10% FBS and antibiotics. 
Cells were grown as monolayers at 37°C in 5% CO2. Confluent 
cultures were trypsinized (0.25% trypsin  +  0.02% EDTA),  
re-suspended in complete medium, and seeded at a concen-
tration of 1–2  ×  105  cells/well/ml into 12-well tissue culture 
plates and incubated for 48  h at 37°C to obtain 70–80% 
confluency. Once confluent, cells were serum starved for 4  h 
before stimulation with IL-6 for 2 h, harvested, and RNA was  
extracted.

rna extraction and cDna synthesis
Total RNA was isolated from cells using Trizol according to the 
manufacturer’s protocol (Ambion, Life technologies, CA, USA) 
and stored at −80°C. DNase treatment was carried out using 
RNase-free DNase kit (Sigma Aldrich, USA). RNA concentration 
was determined by Spectrophotometer (Bibby Scientific, Jenway, 
USA) by taking absorbance at 260 nm and quantity was adjusted 
to >40 μg/ml. Purity was checked by taking absorbance ratio of 
260/280 and values of 1.9–2.0 was taken to indicate good quality 
RNA. cDNA synthesis was carried out using the Revert Aid™ 
First strand cDNA Synthesis Kit (Fermentas Life Sciences, USA) 
according to the manufacturer’s instructions and stored at −80°C 
till further use.

relative gene expression study by 
customized Pcr arrays
Forty-three genes, including transcription factors, cytokines, 
growth factors, negative regulators, receptors, extracellular mem-
brane proteins, and proteases, were selected based on their involve-
ment in bone metabolism and immune function after a careful 
literature search (Table 2). Functional aspects of the selected genes 
are illustrated in Table S1 in Supplementary Material. Arrays were 
customized by Molecular Diagnosis & Research Laboratories, 
India. Each 96-well plate composed of 43 genes (in duplicate) 
along with 4 housekeeping genes and negative RT-control. Relative 
expression of these genes was studied in PBMCs from healthy 
controls (HCs) (n = 5) and HIES patients (n = 3) together with 
LNCaP and PC-3 cells after stimulation with IL-6 for 2 h.

Briefly, 5  ng template cDNA was mixed with 2× Real Time 
SYBR Green PCR master mix (Roche Diagnostic, Germany). 
Equal volumes of this mixture was added to each well of the 
96-well PCR array plate containing the pre-dispensed gene-
specific primer sets in duplicate, and quantitative real time 
PCR (qRT-PCR) carried out using Roche LC 480 real time PCR 
machine (Roche Diagnostic, Germany). The amplification condi-
tions used were initial denaturation at 95°C for 10 min, followed 
by 40 cycles of denaturation at 95°C for 15 s, annealing at 60°C 
for 10 s, and extension at 72°C for 20 s. The threshold cycle (Ct) 
values were derived for all genes on all PCR arrays. Finally, the 
fold-changes in gene expression were calculated using RT2 PCR 
Array analysis software, applying the 2−(ΔCt) formula:
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Unstim
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∆
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2

−−

−−

( )
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C  

where ΔCt was calculated using the formula: ΔCt = Ct(GOI) − Ave 
Ct (HKG) (GOI: Gene of interest, HKG: Housekeeping gene, Ave: 
Average).

relative gene expression analysis by 
qrT-Pcr
Relative expression of SOCS3, STAT3, and OPN genes were 
determined by qRT-PCR using SYBR Green chemistry. Reactions 
were performed in triplicates with 50  ng of cDNA in 20  µl 
final reaction volume containing 1× SYBR Green dye (Roche 
Diagnostics, Switzerland) and 10 pmol of each primer (Sigma, 
USA). Each sample along with calibrator was normalized with 
β-actin gene and the ratio of gene expression was obtained by 
applying 2−ΔΔCt formula: ΔΔCt = ΔCt (un-stimulated) − ΔCt 
(stimulated), where ΔCt was calculated using the formula: 
ΔCt = Ct

GOI − Ct
HKG (GOI: Gene of interest; HKG: Housekeeping 

gene). The primer sequences and PCR cycle conditions are 
mentioned in Table 3.
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TaBle 3 | Primer sequences and PCR conditions for STAT3, SOCS3, OPN, and β-actin genes.

genes Primer sequence (5′–3′) Product size (bp) annealing Temp (30 s) extension time (72°c)

STAT3 CATATGCGGCCAGCAAAGAA 152 58°C 30 s

ATACCTGCTCTGAAGAAACT

OPN CAGTGATTTGCTTTTGCCTCC 149 60°C 30 s
ATTCTGCTTCTGAGATGGGTC

SOCS3 CACCTGGACTCCTATGAGAAAGTCA 74 60°C 20 s
GGGGCATCGTACTGGTCCAGGAA

β-Actin AGCACAGAGCCTCGCCTTTGC 280 60°C 40 s
GGGGCATCGTACTGGTCCAGGAA
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evaluation of Phosphorylated sTaT3  
(p.Y705)
Phosphorylation of STAT3 was analyzed using flow cytometry. 
Fresh whole blood (100 µl) or PBMCs (5 × 105) from HCs and 
HIES subjects and cell lines (1 × 106 cells) were incubated with 
IL-6 with or without stattic. Cells were simultaneously fixed and 
RBCs were lysed (in case of whole blood) using BD fix and lysing 
solution (BD Biosciences, USA). Cells were then permeabilized 
for 20 min using Perm III solution (BD Biosciences, USA) and 
subsequently incubated with Alexa Fluor 647 phospho-STAT3 
antibody against phospho-Y705 (BD Biosciences, USA) for 
30  min at room temperature. Washing was done twice with 
stain buffer (PBS  +  2% FBS  +  0.09% sodium azide) and cells 
were suspended in 1% paraformaldehyde. The cells were then 
acquired and analyzed in a BD FACS Aria III, flow cytometer 
(BD Biosciences, USA) using BD FACS Diva software (version 8).

serum OPn Quantification by elisa
Estimation of serum OPN was done using pre-coated commer-
cially available ELISA kit (eBiosciences, San Diego, CA, USA) as 
per the manufacturer’s protocol. Plate was read at 570 and 450 nm 
using an ELISA reader (Tecan, Germany). Standard curve range 
of the kit was 0.47–30 ng/ml with sensitivity of 0.26 ng/ml.

statistical analysis
Statistical analysis was performed using Graph Pad Prism 
software version 5.0 (GraphPad Software, La Jolla, CA, USA). 
Skewed and normally distributed data were deduced as median 
and mean, respectively. Comparisons between groups of related 
samples were assessed by the paired or unpaired t-test (for nor-
mally distributed data). Wilcoxon or Mann–Whitney test were 
performed for non-parametric data. ANOVA test was performed 
for more than two group comparisons. A p value of ≤0.05 was 
considered to be significant.

resUlTs

sTaT3 Phosphorylation and il-6/sTaT3 
Mediated sOcs3 gene expression in hcs, 
hies subjects, and cell lines  
(lncaP and Pc3)
Presence or absence of STAT3 was checked in LNCaP and 
PC-3 cells at protein, mRNA, and genomic level by flow 

cytometry, qRT-PCR, and sequencing, respectively. No STAT3 
protein or mRNA expression was observed in PC-3 cells while 
LNCaP showed STAT3 mRNA as well as protein expression 
(Figures  1A,B). PCR and sequencing of STAT3 gene (Exon 9 
to Exon 23) in PC-3 cells showed either absence or faint and/
or non-specific amplicons indicating a large deletion or absence 
of STAT3 gene (Figure 1C). PC3 cells have been shown to lack 
an entire chromosomal region spanning 500 kb, which includes 
the entire 30 kb STAT3 gene (26). Exons 1–8 were not further 
examined. STAT3 phosphorylation was absent in PC-3 cells 
whereas LNCaP cells showed normal (36%) phosphorylation 
(Figure 1D). These experiments validated the use of the LNCaP 
and PC3 cell lines as +ve and −ve controls for STAT3. The range 
of STAT3 phosphorylation in HCs (n = 15) was 35–67% (mean 
44.62  ±  8.5, median 42.8). P1 with mutation in DNA binding 
domain showed normal phosphorylation (46%) while P4 and 
P5 with mutations in transactivation domain and SH2 domain, 
respectively, had reduced STAT3 phosphorylation: 6.5 and 25% 
(Figure 1D).

To evaluate the IL-6/STAT3 pathway activation, mRNA 
expression of suppressor of cytokine signaling 3 (SOCS3), a known 
downstream target of STAT3 (28) was checked to confirm signal-
ing through the IL-6/STAT3 pathway. For optimizing time and 
dose of IL-6, experiments were performed with HC PBMCs at 
different time intervals (0, 2, 12, and 24 h) and various IL-6 dosage 
(30, 50, and 100 ng/ml) (Figures 1E,F). IL-6 at a dose of 30 ng/ml 
for 2 h showed maximum up-regulation of SOSC3 mRNA using 
qRT-PCR and the same was used for the subsequent experiments. 
SOCS3 was found to be significantly upregulated in HCs (n = 15, 
mean fold change 3.1 ± 1.6, p = 0.001) while all three HIES sub-
jects showed downregulated SOSC3 mRNA expression. LNCaP 
cells showed mean fold change of 6 ± 3.3 (p = 0.03), while PC-3 
cells showed no change in mRNA expression (mean fold change 
0.9 ± 0.34, p = 0.68) (Figure 1G) which indicated an intact IL-6/
STAT3 signaling in HC and LNCaP cells but a disrupted signaling 
in HIES subjects and PC-3 cells.

Pcr array showed Differential gene 
expression Patterns in hcs, hies 
subjects, and cell lines
Of the 43 genes, PCR array in 12 genes showed Ct values beyond 
35 and/or non-specific melting peaks and were hence excluded 
from analysis. Fold change difference in the remaining 31 gene 
sets in HCs (n = 5), HIES subjects, PC-3, and LNCaP is shown 
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FigUre 1 |  (a) Representative flow cytometry histogram of STAT3 protein expression in PC-3 and LNCaP cells. PC-3 cells had no expression of STAT3 protein.  
(B) STAT3 mRNA expression in PC3, LNCaP, hyper-IgE syndrome (HIES) subjects and healthy controls (HCs) by conventional PCR. PC-3 cells showed no 
expression of STAT3 mRNA. (c) Agarose gel pictures showing either absence or non-specific/extremely faint bands of STAT3 amplification (exons 9–22) in PC-3 
cells. Gel 1 (Exons 9–10/12–24/15 and 16–17), gel 2 (exon 11), and gel 3 (exons 18-20/21/22-23) have been grouped together for representation purpose.  
(D) Scatter plot showing per cent STAT3 phosphorylation in HCs, HIES subjects, LNCaP, and PC3 cells; mean values are shown as horizontal bars. Bar graphs 
showing quantitative real time PCR (qRT-PCR) of SOCS3 mRNA expression in HC peripheral blood mononuclear cells stimulated with IL-6 in a  
(e) time-dependent manner at 30 ng/ml and (F) dose-dependent manner for 2 h. Data are shown as mean ± SD for three independent experiments. (g) Bar  
graphs showing qRT-PCR results of SOCS3 expression from HCs, HIES subjects, LNCaP, and PC-3 cells stimulated with IL-6. The primary transcript for each gene 
were assayed at least in duplicate and normalized to β-actin expression. (Data are represented as mean ± SD, *p < 0.05, **p < 0.01, ***p < 0.001, paired t-test.)
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FigUre 2 | (a) Heat map of gene expression profile of HCs, hyper-IgE syndrome (HIES) subjects, LNCaP, and PC-3 cells generated using Plotly software  
(https://plot.ly). Scale bar −4 to +6 and >6. Fold change values were calculated using RT2 PCR array analysis software (Qiagen), an online tool. (B) Bar graphs 
showing differentially expressed genes in the PCR Array post IL-6 stimulation of HCs, LNCaP cells, PC3 cells, and HIES subjects with respect to their unstimulated 
samples. Data were normalized to mean Ct value of β-actin, GAPDH, and RPL37A genes. Statistical significance was determined by Student’s t-test (*p < 0.05, 
**p < 0.01, ***p < 0.001) using RT2 PCR Array Analysis software, Qiagen.
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in the form of a heat map (Figure 2A). Differential fold change 
expression was observed in OPN, RORyt, VitD3 receptor, SHP2, 
SOCS3, and gp130 genes between HCs and HIES subjects with 
respect to their respective unstimulated samples. RORyt, VitD3 

receptor, and SHP2 were found to be ≥2-fold upregulated in 
HCs, whereas SOCS3 and gp130 showed slight upregulation 
(mean fold change 1.5 and 1.7, respectively). However, PBMCs 
from HIES subjects showed either an unaltered expression or 
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FigUre 3 | Bar graphs showing effect of stattic at different doses on cell viability and STAT3 phosphorylation on healthy controls peripheral blood mononuclear 
cells. Cell viability: (a) at 2 h, no effect on cell viability was observed except at high doses where growth inhibition was evident (B) at 24 h, growth was inhibited in a 
dose-dependent manner. Stattic abrogated the STAT3 activity in a dose (c) and time (D) dependent manner. Data are represented as mean ± SD for three 
independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, one way ANOVA post Tukey’s multiple comparison test.
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downregulation of these genes. OPN was found to be the most 
significantly upregulated gene in HCs (mean fold change 18.6, 
p =  0.01) and was not seen in HIES subjects: P1—unchanged, 
P4—2-fold downregulated, and P5—1.8-fold downregulated 
(Figure 2B). OPN was slightly upregulated in LNCaP cells (1.6-
fold) and downregulated in PC-3 cells (−1.9-fold). SOCS3 gene 
expression was significantly upregulated in LNCaP cells but not in 
PC-3 cells. Expression of RORyt, VitD3 receptor, SHP2, and gp130 
was found to be upregulated (≥2-fold) in LNCaP cells while it 
was either downregulated or unaltered in PC-3 cells (Figure 2B). 
Taken together, the PCR array results showed a set of 6 genes to be 
differentially upregulated of which OPN was the most prominent.

Stattic-induced inhibition of sTaT3 
suppresses OPn gene Transcription
To verify the PCR array findings, OPN gene expression was fur-
ther validated by qRT-PCR in HCs, HIES subjects, LNCaP, and 
PC-3 stimulated with IL-6 for 2 h and the effect of stattic on OPN 
expression was studied in HC PBMCs. MTT assay was performed 
to assess toxicity of stattic on PBMC viability (Figures  3A,B). 
Dose and time optimization of stattic were done to assess its 
optimal effect on STAT3 phosphorylation by flow cytometry 
(Figures 3C,D). Maximum reduction in STAT3 phosphorylation 
was observed at 10 µM concentration and hence 10 µM stattic for 
1 h was chosen for the subsequent experiments.
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FigUre 4 | Bar graphs showing relative mRNA expression of SOCS3, STAT3, and OPN in HC peripheral blood mononuclear cells (a,D,g) treated with either IL-6 
alone or with stattic; in hyper-IgE syndrome (HIES) subjects (B,e,h) treated with IL-6 alone and in LNCaP and PC-3 cells (c,F,i) treated with IL-6 alone. The primary 
transcript for each gene were assayed at least in duplicate and normalized to β-actin expression. Data represented as mean ± SD, *p < 0.05, **p < 0.01, 
***p < 0.001, paired t-test and Wilcoxon test.
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Relative mRNA expression of SOCS3 and STAT3 was found 
to be significantly upregulated in HCs after IL-6 treatment: mean 
fold change 3.0  ±  1.6 (p  =  0.002) and 4.7  ±  2.3 (p  =  0.0004), 
respectively, while HIES subjects showed either downregulated or 
unaltered mRNA expression. LNCaP cells showed 46- and 2-fold 

increase in SOCS3 and STAT3 expression while PC-3 cells showed 
0.6-fold and no mRNA expression for these genes, respectively 
(Figures  4A–F). Stattic, however, failed to downregulate the 
SOCS3 expression unlike STAT3 and OPN. Further experiments 
to clarify this apparent discrepancy showed that this was because 
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FigUre 5 | Schematic representation of STAT3 transcription factor binding site (TFBS) in the human OPN gene. Results were obtained using STAT Finder 
Bioinformatics Tool (33, 34).
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of a non-specific action of DMSO in which stattic was dissolved 
(Figure S1 in Supplementary Material). This effect was, however, 
not observed with STAT3 or OPN mRNA expression. Careful 
scrutiny of studies looking at SOCS3 mRNA expression with 
DMSO as vehicle control, showed a significant upregulation 
of SOCS3 even with DMSO alone, and was more than empty  
vector/negative controls (29, 30). Diverse effects of DMSO on 
gene expression profiles have been documented in literature (31).

Osteopontin mRNA expression in HC showed up-regulation 
(mean fold change 149 ± 105, median 149, p = 0.001), whereas 
cells treated with stattic showed markedly diminished expression 
(mean fold change 6 ± 4.8, median 4, p = 0.02). HIES subjects 
showed 1.6-, 0.3-, and 0.4-fold change in OPN gene expression 
which was markedly reduced compared with HC. OPN expres-
sion in LNCaP and PC3 cells were 2.7- and 0.4-fold, respec-
tively. LNCaP cells seemed to be somewhat deficient in OPN 
upregulation compared with HC PBMCs despite an intact STAT3 
signaling (Figures 4G–I). Androgen-dependent LNCaP cells are 
known to express OPN to a much lesser extent compared with 
the androgen-independent counterparts like C4-2, and DU145 
prostate cancer cell lines (32).

serum OPn levels Do not correlate With 
sTaT3 induced OPn mrna expression
Mean serum OPN in HCs were 25 ± 9 ng/ml, whereas HIES sub-
jects showed variable levels—3 (P1), 46 (P4), and 118 (P5) ng/ml.  

This observation suggests that serum OPN in  vivo is regulated 
by pathways other than STAT3 and a defect in the IL-6/STAT3 
pathway does not cause any apparent deficiency in serum OPN 
levels.

In Silico Demonstration of sTaT3 
response element at Distal enhancer 
region of OPn gene
Bioinformatic analysis to find a STAT3 transcription factor bind-
ing site (TFBS) in the OPN gene was done by YMO using the  
STAT finder Bioinformatic tool (33, 34), which predicted four 
response elements in the OPN gene with different binding 
scores (Figure  5). Consensus sequence TTCCAAGAA showed 
a maximum score of 0.99 and hence was considered to be the 
most likely TFBS for STAT3 in the human OPN gene. Similar 
response element with the consensus sequence TTCTGGGAA 
was observed in mice OPN gene with a score of 0.99.

DiscUssiOn

Though both IL-6 and IL-11 signal through the same gp130 
receptor β-subunit, and both activate STAT3, specificity is 
achieved through cell- and tissue-specific expression of the non-
signaling α-receptor subunits. While IL6R is expressed in T-cells, 
monocytes, neutrophils, and pancreatic alpha cells, IL-11R is 
expressed in cardiac myocytes and endothelial and epithelial 
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cells of the colon (35). In addition, IL-6/IL-6R is known to be the 
key signaling pathway in prostate cancer (36). Since we employed 
PBMCs and prostate cancer cells in the study, IL-6 was used as the 
stimulant. Our observations indicate that OPN gene expression 
in STAT3 LOF HIES in response to STAT3 activation is markedly 
diminished and the observation was supported by the PC3 and 
LNCap cell line data. Since cell lines are prone to genetic instabil-
ity, they are not considered as good models for studying signaling 
pathways (37–39). Both LNCaP and PC3 cells used in the study 
were hence extensively characterized and validated with respect 
to STAT3 signaling before including them in the experiments. 
PCR array data pointed to a significant differential upregulation 
of OPN mRNA in HCs after IL-6 stimulation compared with 
HIES. Intriguingly enough, in the pre-STAT3 era, a marked under 
expression of OPN was observed in six of nine HIES subjects 
in the study by Chehimi et  al. (40), 6  years before STAT3 was 
implicated in HIES. The finding, however, was ignored since the 
focus of the study was on traditional cytokine and chemokine 
dysregulation and TH1/TH2 imbalance in HIES. Sequencing of 
OPN gene from genomic DNA in that particular study did not 
reveal any mutations.

Stattic is known to potently and “selectively” inhibit STAT3 
activation and nuclear translocation and selectively induce apop-
tosis of STAT3 dependent cancer cells (41–43). In our inhibition 
experiments using stattic in HC PBMCs, a downregulation of 
OPN gene expression was consistently observed indicating that 
OPN mRNA expression is induced upon IL-6 mediated STAT3 
signaling. Though there is abundant literature on OPN regulation 
by different mechanisms (44–48), there was no emphasis in the 
literature on its regulation through STAT3 till a recent paper by 
Choi et al. which showed that OPN secreted by TM4SF4/GSK3β/β-
catenin signaling activated the JAK2/STAT3 or FAK/STAT3 
pathway which also upregulated OPN expression in an autocrine 
manner (49). Though OPN itself is known to induce STAT3 sign-
aling (50, 51), its regulation through STAT3 pathway was a novel 
finding in our study, and is supported by Choi et al.’s study (49). 
This is further corroborated by a study that showed low mRNA 
expression of OPN in CD4+ve T cells conditionally knocked out 
for STAT3 gene (52). Our bioinformatic analysis predicted the 
presence of STAT3 response element at the distal enhancer region 
of OPN gene with consensus sequence TTCCAAGAA located at 
position -2005. This, however, needs to be further validated using 
reporter assay or chromatin immunoprecipitation assay.

OPN deficiency has been shown to suppress appearance of 
OdCs and resorption of tooth root induced by experimental 
force application (53). While wild-type mice showed appearance 
of OdCs around the mesial surface of the tooth root resulting in 
tooth root resorption, OPN knockout mice showed significantly 
suppressed force-induced increase in the number of OdCs and 
suppressed root resorption. Though this application of force also 
induced increase in the number of OCs in the alveolar bone on 
the pressure side, the number of OCs in such alveolar bone was 
similar between the OPN-deficient and wild-type mice which 
indicate that OPN deficiency specifically suppresses tooth root 
resorption by inhibiting the OdCs without affecting the adjacent 
bone OCs (53). The same study also showed reduced TNFα 
induced bone resorption using anti-OPN neutralizing antibody. 

Similar effects could be achieved using αvβ3 integrin receptor 
blockade using peptide inhibitor echistatin, an RGD containing 
peptide in a rat model (54, 55). The OdC numbers were, however, 
not affected implying that the blockade led to a functional defect 
in the OdCs. OPN is also known to be required for OC recruit-
ment and RANKL expression during tooth drift-associated bone 
remodeling (56). Notably, OPN deficient mice show lower volume 
and length of OC ruffled borders, indicating lower resorptive 
capacity (57) despite normal numbers and also are hypomotile 
with reduced CD44 expression (58).

Though HIES subjects in our study showed low OPN mRNA 
expression, serum OPN levels were not reduced. This implied that 
the serum OPN was rescued in these patients apparently through 
other signaling pathways despite a defective STAT3-mediated 
OPN regulation. Although OPN does not seem to be required for 
skeletal development per se, and OPN knockout mice do not show 
any apparent skeletal malformation (59), its requirement in tooth 
resorption and cranial suture homeostasis might be a local site 
specific and time and age-dependent event which do not reflect 
on the general skeletal development. Moreover, not all patients 
of STAT3 LOF HIES show dental defects. The mediators of 
osteoclastogenesis (and osteoporosis) include many other factors 
like hormones (viz. estrogen, parathormone) and inflammatory 
cytokines (e.g., TNF-α, PGE2, VEGF, etc.). In contrast to alveolar 
bone of the skeleton which is rich in cells and blood vessels with 
abundance of these mediators, tooth cementum and dentin as 
well as cranial sutures are largely matrix dominant tissues and 
avascular. While the OPN deficiency in the trabecular bone of 
the skeleton can be easily overcome by the other mediators, the 
tooth cementum and cranial sutures may be largely dependent on 
the locally produced OPN by OdCs and OPN deficiency in this 
milieu may cause a state of deficiency. The osteoporosis observed 
in STAT3 LOF HIES on the other hand could be a result of the 
existence of a pro-inflammatory state rather than OPN deficiency.

cOnclUsiOn

Together with in vitro and in silico experiments in the study, we 
concluded that STAT3 has a direct role in the transcriptional 
regulation of OPN gene and thus, STAT3 through OPN, might 
be involved in the development of dental/craniofacial manifesta-
tions observed in STAT3 LOF HIES. More detailed multi-centric 
collaborative studies need to be performed in larger STAT3 LOF 
HIES cohorts with and without dental/facial manifestations  
using other appropriate biological systems like primary OCs/
OdCs and macrophages to completely understand its exact role.
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Bacille Calmette–Guerin (BCG) vaccine is widely used as a prevention strategy against 
tuberculosis. BCG is a live vaccine, usually given early in life in most countries. While 
safe to most recipients, it poses a risk to immunocompromised patients. Several primary 
immunodeficiency diseases (PIDD) have been classically associated with complications 
related to BCG vaccine. However, a number of new inborn errors of immunity have 
been described lately in which little is known about adverse reactions following BCG 
vaccination. The aim of this review is to summarize the existing data on BCG-related 
complications in patients diagnosed with PIDD described since 2010. When BCG vacci-
nation status or complications were not specifically addressed in those manuscripts, we 
directly contacted the corresponding authors for further clarification. We also analyzed 
data on other mycobacterial infections in these patients. Based on our analysis, around 
8% of patients with gain-of-function mutations in STAT1 had mycobacterial infections, 
including localized complications in 3 and disseminated disease in 4 out of 19 BCG-
vaccinated patients. Localized BCG reactions were also frequent in activated PI3Kδ 
syndrome type 1 (3/10) and type 2 (2/18) vaccinated children. Also, of note, no BCG-
related complications have been described in either CTLA4 or LRBA protein-deficient 
patients; and not enough information on BCG-vaccinated NFKB1 or NFKB2-deficient 
patients was available to drive any conclusions about these diseases. Despite the high 
prevalence of environmental mycobacterial infections in GATA2-deficient patients, only 
one case of BCG reaction has been reported in a patient who developed disseminated 
disease. In conclusion, BCG complications could be expected in some particular, recently 
described PIDD and it remains a preventable risk factor for pediatric PIDD patients.

Keywords: mycobacteria, bacille Calmette–Guerin, primary immunodeficiency, live vaccines, complications, 
adverse reactions

iNTRODUCTiON

Based on the World Health Organization (WHO) Global Tuberculosis Report, tuberculosis remains 
a public health global problem: it is the ninth leading cause of death worldwide, and the leading 
cause of death from a single pathogen (1). Bacille Calmette–Guerin (BCG) vaccine is widely used as 
a prevention strategy against tuberculosis. The BCG vaccine was developed between 1908 and 1921 
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TaBle 1 | Retrieval rate of BCG vaccination status among patients with recently 
described PIDD.

PiDD Published 
cases

BCG vaccination 
status retrieval

GOF mutations in STAT1
STAT1 348 43 (12%)

GOF mutations in STAT3
STAT3 31 7 (23%)

activated Pi3Kδ syndrome type 1 and 2
PIK3CD 158 40 (25%)
PIK3R1 64 49 (77%)

Defects affecting the NF-κB pathway
NFKB1 56 15 (27%)
NFKB2 (DN and GOF) 29 11 (38%)
CBM complexa

CARD11 AR LOF 5 2 (40%)
CARD11 GOF 9 9 (100%)
CARD11 DN/LOF 12 4 (33%)
BCL10 1 –
MALT1 6 4 (67%)

CTla-4 and lRBa deficiencies
CTLA4 74 14 (19%)
LRBA 108 21 (19%)

GaTa2 deficiency
GATA2 357 3 (0.8%)

CaRMil2 deficiency
CARMIL2 21 4 (19%)

PGM3 deficiency
PGM3 37 4 (11%)

TTC7a deficiency
TTC7A 53 –

1,369 230 (17%)

aFor the purpose of the inclusion criteria, all members of the CBM complex were 
considered as a group.
AR, autosomal recessive; BCG, Bacille Calmette–Guerin; DN, dominant negative; GOF, 
gain-of-function; LOF, loss-of-function; PIDD, primary immunodeficiency diseases; 
TB, tuberculosis; STAT, signal transducer and activator of transcription; CARD, 
caspase activation and recruitment domain; BCL10, B-cell leukemia/lymphoma 10; 
MALT1, mucosa-associated lymphoid tissue lymphoma translocation gene 1; CTLA-4, 
cytotoxic T lymphocyte antigen-4; LRBA, lipopolysaccharide-responsive Beige-like 
anchor protein; PGM3, phosphoglucomutase 3; PIK3CD, phosphoinositide kinase 3 
catalytic unit delta; PIK3R1, phosphoinositide kinase 3 regulatory subunit 1; NFKB, 
nuclear factor kappa-light-enhancer of activated B cells; CBM, CARD11, BCL10, 
MALT1 complex; CARMIL2, capping protein regulator and myosin 1 linker 2; TTC7A, 
tetratricopeptide repeat domain 7A.
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by Albert Calmette and Camille Guerín in France by culturing 
and attenuating a live strain of Mycobacterium bovis. BCG was 
first administered to humans in 1921 and has been used for more 
than 95 years until now (2).

Vaccination policies vary around the world, linked mostly 
to tuberculosis disease prevalence. While tuberculosis endemic 
areas (mainly in developing countries) adopt universal vaccina-
tion, tuberculosis low-prevalence countries either restrict BCG 
vaccine to high-risk groups or choose not to administer it at all 
(3). Controversies surrounding the vaccine’s efficacy account for 
variations in vaccination policies. While BCG vaccine is believed 
to provide a somehow consistent protection against severe forms 
of tuberculosis (i.e., miliary, meningeal) in childhood, most 
adult individuals remain susceptible to pulmonary tuberculosis 
despite vaccination (4). As previous exposure to nontuberculous 
mycobacteria (NTM) seems to influence vaccine efficacy, and to 
assure full coverage, BCG is usually given right after birth in the 
first months of life (5).

Even in the context of its questionable efficacy, BCG vaccine 
is considered safe in immunocompetent subjects (6). However, 
being a live vaccine, it can result in serious illness or even fatal 
disease in immunocompromised hosts (7). For instance, WHO 
guidelines recommend holding BCG vaccination in high-risk 
infants until assessment of HIV status (8). Patients with primary 
immunodeficiency diseases (PIDD) are at equal or even greater 
risk of complications and represent a challenging group regarding 
live vaccines in general and BCG vaccination in particular (7, 9).

Primary immunodeficiency diseases are inborn errors of 
immunity which commonly lead to increased susceptibility to 
infection (10). Defects impairing cellular immunity, phagocytic 
function, and interferon-γ-mediated immunity have been classi-
cally associated with BCG vaccine complications (11). The advent 
of next-generation sequencing technology boosted discoveries in 
the field of PIDD. To date, 354 different disorders affecting 344 
genes have been described, nearly one-third of them after 2010 
(12). Meanwhile, the potential impact of recently described PIDD 
on BCG immune response remains blurry, as our understanding 
of natural history and detailed molecular mechanisms of these 
defects are still limited and continuously expanding.

The aim of this review is to update and summarize the pub-
lished data on BCG-related complications in patients diagnosed 
with PIDD described after 2010. We arbitrarily selected defects 
affecting either innate (i.e., monocytes, macrophages, or den-
dritic cells) or adaptive (i.e., T cells) arms of antimycobacterial 
immunity that had been described in at least 20 patients or 10 
unrelated kindreds. Diseases unequivocally classified as having 
Mendelian susceptibility to mycobacterial diseases (MSMD), 
were not reanalyzed in this review. Finally, 18 genetic defects or 
allelic variants associated with particular PIDD were analyzed. 
Considering the timing of vaccine administration, most patients’ 
PIDD were undiagnosed when vaccinated. As BCG vaccination 
history is not described in all publications and many reports come 
from countries where BCG vaccine is not universally applied, we 
also collected data on any mycobacterial infection, highlighting 
the occurrence of weakly virulent strains. For those reports where 
BCG vaccination status was not specifically described, we directly 
contacted the corresponding author/s for further clarification 

in terms of patients’ BCG vaccination status and complications 
associated with it. The overall retrieve rate for extra information 
requests was 17%, range 0.8–100%, depending on the specific 
PIDD analyzed (Table 1).

GaiN-OF-FUNCTiON (GOF) MUTaTiONS iN 
SiGNal TRaNSDUCeR aND aCTivaTOR 
OF TRaNSCRiPTiON 1 (STAT1)

STAT1 is a transcription factor involved in several cytokine-
dependent signaling pathways, notably IFN-α/β, IFN-γ, and 
IL-27 (13, 14). Both biallelic and heterozygous loss-of-function 
(LOF) mutations of STAT1 have been previously described and 
associated with either susceptibility to intracellular bacterial/viral 
infections, or Mendelian susceptibility to mycobacterial disease, 
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respectively (15–17). In 2011, Liu et  al. and van de Veerdonk 
et al. demonstrated that an enhanced STAT1 activity, as a result 
of heterozygous GOF mutations of STAT1, was also deleterious, 
presenting with a chronic mucocutaneous candidiasis (CMC) 
phenotype due to impaired IL-17 immunity (18, 19). Afterward, 
several studies confirmed that these mutations caused a delay 
in nuclear dephosphorylation of activated STAT1 resulting in 
reduced production of Th17 cells (20–22), which are pivotal for 
candida-specific immune responses (23).

While CMC is still the hallmark of this disease—it was 
present in 98% of patients from an international cohort of 274 
STAT1 GOF patients (24)—as more patients were described, the 
phenotype was proven to be much more diverse than initially 
assumed (22, 24). These patients are at higher risk of other 
infections (bacterial/viral/fungal) (25–27), autoimmunity (28, 
29), aneurisms (30, 31), and malignancies (32, 33). Many of 
these manifestations cannot be solely explained by a reduction 
of Th17 cells, implying that excessive activation of STAT1 poten-
tially impairs immunity through other mechanisms not yet fully 
understood (29, 34, 35).

Twenty-seven reports of mycobacterial infections could be 
retrieved from more than 350 published STAT1 GOF patients 
(20, 24, 25, 27, 29, 31, 33, 34, 36–40). Vaccination status was 
not addressed in most descriptions (3, 18–22, 24–34, 36–39, 
41–72). We were able to retrieve BCG vaccination history from 
43 patients, of whom 19 received the vaccine (Tables 1 and 2). 
BCG complications were seen in seven patients. Three patients 
had local reactions [(29, 37, 38), and Acknowledgments] and four 
experienced disseminated disease (24, 25, 31). In addition to BCG, 
other mycobacteria also seem to threaten a subset of these patients 
(Table  2). Disseminated disease was observed in eight more 
patients (six cases of Mycobacterium tuberculosis and two of NTM) 
(24, 31, 34, 38, 39), four patients had pulmonary infections caused 
by environmental mycobacteria (24, 29, 33), and two patients 
had lymphadenitis caused by Mycobacterium fortuitum (27, 37).  
M. tuberculosis caused pulmonary disease in five patients (24, 36, 
37) and extrapulmonary localized disease in one patient (20).

Overall, our own literature review shows an estimated 8% 
prevalence of mycobacterial infections among patients carrying 
STAT1 GOF mutations. Mycobacterial susceptibility is a classical 
presentation for LOF STAT1 mutations (15–17) as decreased 
STAT1-mediated IFN-γ responses impair immunity against 
mycobacteria (73). Published data demonstrate that excessive 
activation of STAT1 also impairs IFN-γ responses and, therefore, 
increases the risk of infection (27, 38). IFN-γ tachyphylaxis has 
been proposed as one possible explanation to this effect (27). 
Tight regulation of STAT1 phosphorylation, and in turn its 
activity, is likely required to mount a protective response against 
mycobacteria (73).

GOF MUTaTiONS iN SiGNal 
TRaNSDUCeR aND aCTivaTOR OF 
TRaNSCRiPTiON 3 (STAT3)

Signal transducer and activator of transcription 3 is another 
member of the STATs protein family of transcription factors. 
STAT3 is activated by various cytokines and growth factors and 

plays critical roles in several cell processes, such as cell growth, 
differentiation, apoptosis, as well as inflammation and oncogen-
esis (74). LOF-dominant negative (DN) mutations in STAT3, 
cause autosomal-dominant hyper-IgE syndrome, characterized 
by CMC, bacterial infections, eczema, and connective tissue 
abnormalities (75, 76). GOF somatic mutations in STAT3 have 
been associated with some particular types of lymphoprolifera-
tive diseases, being found in 40% of large granular lymphocytic 
leukemia patients (77).

Heterozygous activating germline mutations in STAT3 were 
first described in 2014, in a cohort of five patients presenting 
early-onset autoimmunity (78). One-year later, two groups simul-
taneously described 14 additional cases, providing informative 
data on this PIDD phenotype (79, 80). Early-onset autoimmunity 
was prominent, alongside short stature and lymphoproliferative 
disease. Recurrent infections were frequent and two patients had 
malignancies, one adult patient had Hodgkin lymphoma, and one 
pediatric patient had a T-cell large granular lymphocytic leuke-
mia (79, 80). Immunologically, most patients showed hypogam-
maglobulinemia, and also decreased numbers of T  regulatory 
cells (79–81).

A NTM infection was reported in one patient with a germline 
STAT3 GOF mutation. The patient had received BCG vaccine as 
a child without any reported complication. However, at the age 
of 19 years she developed Mycobacterium avium pneumonia, fol-
lowed by dissemination (M. avium was isolated from lymph node, 
feces, and bone marrow samples). The IL-12/IFN-γ pathway was 
evaluated and found to be normal. The authors hypothesized 
that the mycobacterial infection could be due to the lack of 
plasmacytoid dendritic cells detected in the patient (80). A total 
of four patients received BCG vaccination without complications 
[(78–80, 82), and Acknowledgments] (Table 2).

The underlying molecular mechanisms of increased transcrip-
tional activity of STAT3 are not yet fully elucidated (83, 84). 
Although BCG complications have not been reported in these 
patients [(78–82, 84–88), and Acknowledgments], the occur-
rence of disseminated environmental mycobacterial infection in 
one patient raises awareness (80).

aCTivaTeD Pi3Kδ SYNDROMe  
TYPe 1 aND 2

Activated phosphoinositide 3-kinase δ syndrome (APDS) in an 
immunodeficiency and immune dysregulation syndrome, first 
described in 2013 (89, 90). It results from pathological hyper 
activation of PI3Kδ, a lipid kinase responsible for the conversion 
of phosphatidylinositol 4,5-bisphosphate (PIP2) to the second 
messenger phosphatidylinositol 3,4,5-trisphosphate (PIP3). 
PI3Kδ is a class IA PI3K, composed of a catalytic (p110δ) and a 
regulatory subunit (p85). It is predominantly expressed in leuko-
cytes and can be induced by several transmembrane receptors, 
such as antigen receptors, cytokine receptors, toll-like receptors, 
and costimulatory molecules. It is important for cell growth, 
proliferation, motility, and survival (91–93).

Germline heterozygous GOF mutations in PIK3CD, that 
encode the catalytic subunit p110δ, were initially described 
as the genetic cause of APDS (89, 90). Less than a year later, 
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TaBle 2 | BCG and other mycobacterial complications in recently described PIDD.

PiDD BCG 
vaccinateda

BCG  
reaction

NTM Pulmonary  
TB

extrapulmonary  
TB

Totalb References

localized Disseminated localized Disseminated

STAT1 GOF 19/43 3 4 8 (2 pulmonary M. avium;  
1 disseminated M. avium; 2 M. fortuitum 
lymphadenitis; 1 disseminated M. genavense; 
and 2 lung NTM infection)

5 1 6 348 (3, 18–22, 24–34, 36–39, 41–72)

STAT3 GOF 4/7 – – 1 (disseminated M. avium) – – – 31 (78–82, 84–88)
PIK3CD 10/40 3 – – – – – 158 (40, 89, 90, 96, 97, 101, 103–120)
PIK3R1 18/49 2 – – – – – 64 (94, 95, 98–100, 102, 113, 117, 121–124)
NFKB1 1/15 – – 2 (M. avium complex) – – – 56 (40, 82, 131–137)
NFKB2 DN and GOF 0/11 – – 1 (M. kansasii) – – – 29 (40, 138–148)
CBM complex
CARD11 AR LOF 0/2 – – – – – – 5 (150, 153, 154, 157)
CARD11 GOF 3/9 – – – – – – 9 (152, 155, 156, 158)
CARD11 DN/LOF 0/4 – – – 1 – – 12 (159, 160)
MALT1 0/4 – – – – – – 6 (162–165)
CTLA4 4/14 – – – 2 – – 74 (82, 111, 166, 167, 169–181)
LRBA 16/21 – – – – – – 108 (82, 174, 179, 180, 182–184, 186, 187, 

190–210)

GATA2 3/357 – 1 54 (24 M. avium complex; 12 M. kansasii;  
3 M. abscessus; 1 M. fortuitum; 
1 M. scrofulaceum; 1 M. massiliense; 1 M. 
chelonae; 1 M. szulgai; 1 M. malmoense; 9 NTM)

– – 1 357 (40, 211–214, 216, 217, 220–284)

CARMIL2 4/21 – – – – – 2 21 (286–289)
PGM3 4/37 – – – – – – 37 (291, 292, 295–301)

aNumerator/denominator based on paper’s review and personal communications with corresponding authors.
bTotal number of cases published.
AR, autosomal recessive; BCG, Bacille Calmette–Guerin; DN, dominant negative; GOF, gain-of-function; LOF, loss-of-function; NTM, nontuberculous mycobacteria; PIDD, primary immunodeficiency diseases; TB, tuberculosis; STAT1, 
signal transducer and activator of transcription 1; STAT3, signal transducer and activator of transcription 3; CARD, caspase activation and recruitment domain; MALT1, mucosa-associated lymphoid tissue lymphoma translocation 
gene 1; LRBA, lipopolysaccharide-responsive Beige-like anchor protein; PGM3, phosphoglucomutase 3; BCL10, B-cell leukemia/lymphoma 10; PIK3CD, phosphoinositide kinase 3 catalytic unit delta; PIK3R1, phosphoinositide kinase 
3 regulatory subunit 1; NFKB, nuclear factor kappa-light-enhancer of activated B cells; CBM, CARD11, BCL10, MALT1 complex; CARMIL2, capping protein regulator and myosin 1 linker 2; TTC7A, tetratricopeptide repeat domain 7A.
BCL10 and TTC7A-deficient patients are not shown in this table as information on their BCG vaccination status could not be retrieved.
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heterozygous GOF mutations in PIK3R1, which encodes the 
regulatory subunit p85, were identified as a phenocopy of this 
PIDD, being designated APDS type 2 (94, 95). The vast majority 
of patients present with recurrent sinopulmonary infections com-
monly leading to bronchiectasis. Other clinical manifestations 
are highly variable and comprise herpesvirus infections, autoim-
mune disease (mainly cytopenias), benign lymphoproliferation, 
and an increased risk of lymphoma (96–99). Immunologically, 
CD4+ T cell and B cell lymphopenia, progressive loss of naïve 
CD4+ and CD8+ T cells, expansion of senescent CD8+ T cells, 
reduced class-switched memory B  cells, and poor antibody 
responses are common findings. A subset of patients presents 
with hyper IgM (96–101).

In a cohort study of 36 APDS2 patients, Elkaim et al. reported 
two cases of persistent local skin lesions at BCG vaccination 
injection site, out of 17 patients who had been BCG vaccinated 
(99). We gathered information regarding BCG vaccination 
history from 32 more APDS2 patients and only 1 received the 
vaccine [(94, 95, 100, 102), and Acknowledgments]. In total, 2/18 
BCG-vaccinated APDS2 patients developed local reactions to the 
vaccine. Likewise, Coulter et al. reported two additional cases of 
persistent granulomatous local skin reactions to BCG vaccine 
in a large cohort study of 53 APDS1 patients (97). Through our 
literature search we identified another local reaction to BCG in an 
APDS1 patient (103). Collectively, among 10 APDS1 BCG vac-
cinated patients, three of them developed local reactions to BCG 
(Table 2) [(40, 90, 97, 101, 103–109), and Acknowledgments].

The ability to control BCG infection was assessed in one 
APDS1 patient by Chiriaco et al. Monocyte-derived macrophages 
from the patient failed to restrict intracellular mycobacterial 
growth in vitro, compared to a healthy control. Treatment with 
a PI3Kδ inhibitor restored patient’s cells ability to kill BCG, sug-
gesting that normal PI3Kδ activity is important to control BCG 
infection. Despite the failure in vitro, this patient received BCG 
vaccine without complications (104).

There were no reports of disseminated BCG reactions or other 
mycobacterial infections in the APDS patients reviewed (40, 89, 
90, 94–124).

DeFeCTS aFFeCTiNG THe NF-κB 
PaTHwaY

Nuclear factor kappa-light-chain-enhancer of activated B  cells 
(NF-κB) represents a protein complex that plays pivotal roles 
in immune and inflammatory responses, cell development, and 
survival. It is composed of five transcription factors, NFκB1 (p50/
p105), NFκB2 (p52/p100), RelA, RelB, and c-Rel that bind to 
form homodimers or heterodimers. In resting state these dimers 
are sequestrated in the cytoplasm, tightly controlled by inhibitory 
proteins. Once activated, they are released after phosphorylation, 
ubiquitination, and proteasome degradation of their inhibitors 
and translocated to the nucleus where they control the transcrip-
tion of a large set of genes (125, 126).

Mutations that affect the NF-kappa-B inhibitor alpha (NFκBIA 
or IKBA) or the kinases responsible for its inactivation (IKK-β or 
IKK-γ/NF-κB essential modifier) are known causes of combined 

immunodeficiency with increased susceptibility to mycobacteria 
(11, 127, 128). Several patients carrying these mutations present 
with disseminated disease after receiving BCG vaccine (129, 130).

More recently, germline mutations in two genes encoding 
transcription factors of the NF-κB family have been described as 
new causes of PIDD.

NFKB1 encodes the transcription factor p50 and its precursor 
p105, which are activated via canonical NF-κB signaling pathway 
(125, 126). Germline heterozygous mutations in NFKB1 were first 
described in 2015 (131). They led to haploinsufficiency of NFκB1 
and penetrance was shown to be incomplete. The first sympto-
matic patients reported presented a common variable immu-
nodeficiency (CVID)-like phenotype, suggesting a primarily 
B-cell disorder. Hypogammaglobulinemia, recurrent infections, 
autoimmunity, and lymphoproliferation were common findings 
(82, 131, 132). Finally, new reports expanded the phenotype of 
this PIDD, highlighting the occurrence of recurrent EBV infec-
tion and EBV-driven lymphoproliferative disease, pointing that 
this defect likely underlies a combined immunodeficiency (133). 
More than 50 patients carrying NFKB1 mutations have been 
published (40, 82, 131–137). No BCG-related complications 
have been reported but BCG vaccination history from these 
patients was not described in the literature (40, 82, 131–137). 
We had access to vaccination status of 15 patients, of whom only 
one received BCG vaccine, uneventfully (Table 2) [(40, 82, 135, 
137), and Acknowledgments]. Interestingly, one group reported 
M. avium intracellulare infections in two patients who were not 
BCG vaccinated (82).

The second gene, NFKB2, encodes p52 and its precursor p100, 
the transcription factor that mediates the noncanonical NF-κB 
signaling pathway (125, 126). Initial reports described an auto-
somal-dominant inheritance and DN effect (138–140). Patients 
presented with a phenotype of early-onset CVID (hypogamma-
globulinemia, impaired antigen response, recurrent infections) 
associated with unique autoimmune manifestations, ectodermal 
dysplasia (alopecia areata or totalis and trachyonychia) and endo-
crine defects, most notably central adrenal insufficiency (138–140).  
While humoral immunity was always affected, impairment 
of T  lymphocytes and NK  cells varied among published cases 
(138–142). Neither BCG vaccination status nor vaccine adverse 
reactions were mentioned in the reports (40, 138–148), however, 
one patient had Mycobacterium kansasii infection (146). In 2017, 
Kuehn et al., described three additional patients with novel muta-
tions in NFKB2 that resulted in constitutive NFκB2 activation 
because of a GOF effect (144). Clinically, these patients presented 
manifestations consistent with a combined immunodeficiency, 
such as Pneumocystis jirovecii pneumonia and severe viral 
infections. Of notice, no endocrine, ectodermal, or autoimmune 
manifestations were found. None of these patients were BCG 
vaccinated, but one patient received anti-tuberculous treatment 
due to pulmonary nodules and caseating granulomas in a lung 
biopsy, although a mycobacterial infection was not documented 
[(144), and Acknowledgments].

In the canonical NF-κB signaling pathway, defects in a protein 
complex upstream NF-κB have also been described as new causes 
of PIDD. This complex is composed of three proteins: B-cell  
leukemia/lymphoma 10 (BCL10), mucosa-associated lymphoid 
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tissue lymphoma translocation gene 1 (MALT1), both ubiquitously 
expressed, and a member of the caspase activation and recruit-
ment domain (CARD) protein family, which is expressed in a 
cell-type specific manner (149, 150). In lymphocytes, CARD11, 
BCL10, and MALT1 bind to form the CBM signalosome complex, 
which is responsible for triggering NF-κB activation following 
antigen binding to either T- or B-cell receptor (151).

Germline mutations in CARD11 have been reported in 26 
patients (150, 152–160) leading to three distinct phenotypes. 
Patients with biallelic LOF mutations presented with a combined 
immunodeficiency, similarly to what is seen in other mutations 
affecting the CBM complex (150, 153, 154, 157). Patients with 
heterozygous GOF mutations showed a lymphoproliferative 
condition known as “B  cell expansion with NF-KB and T-cell 
anergy” (BENTA) disease (152). This disease is characterized by 
childhood-onset polyclonal B-cell lymphocytosis, splenomegaly, 
recurrent bacterial and viral infections, along with impaired 
vaccine responses (152, 155, 156, 158). In 2017, two groups iden-
tified both LOF and dominant-negative heterozygous defects in 
CARD11 causing severe atopy and recurrent infections (159, 160).  
One of these patients had pulmonary tuberculosis (159). BCG-
related complications were not mentioned in the reports and 
BCG vaccination history was not addressed either (150, 152–160). 
Three BENTA patients were BCG vaccinated without complica-
tions (Table 2) [(152, 155, 156, 158), and Acknowledgments].

Concerning the other members of the CBM complex, BCL10 
deficiency has been identified in one patient (161) and MALT1 
deficiency in six (162–165). These two defects, together with 
CARD11 LOF mutations, share a similar phenotype of combined 
immunodeficiency without T  cell lymphopenia, poor growth, 
severe infections, and gastrointestinal disease. Despite the limited 
number of BCL10 and MALT1 deficiency cases reported, we chose 
to include them in this review as an exception to our inclusion 
criteria as they all are a constitutive part of the CBM complex, and 
help us to expand our understanding on BCG reactions related 
to new immunodeficiencies in general and CBM complex defects 
in particular. Neither BCG vaccination status nor BCG-related 
complications were described in any of the reports (161–165). 
From our direct contact with the corresponding authors, we got 
information on the vaccination status of four MALT1 deficient 
patients, none of them were BCG vaccinated (Table 2) [(163, 164),  
and Acknowledgments].

CYTOTOXiC T lYMPHOCYTe aNTiGeN-4 
(CTla-4) aND liPOPOlYSaCCHaRiDe-
ReSPONSive BeiGe-liKe aNCHOR 
PROTeiN (lRBa) DeFiCieNCieS

CTLA4 haploinsufficiency is an immune dysregulation syndrome 
characterized by hypogammaglobulinemia, progressive 
B-cell lymphopenia, autoimmunity, and lymphocytic organ 
infiltration (166, 167). CTLA-4 is as an inhibitory receptor 
(168) and, once defective, immune tolerance is disrupted 
due to impairment of regulatory T  cell suppressor function 
along with an increase of autoreactive B  cells, among other 

immunological abnormalities. It is inherited in an autosomal-
dominant manner with incomplete penetrance (166, 167).  
Seventy-six patients carrying pathogenic mutations in CTLA4 
have been published to date (82, 111, 166, 167, 169–181), of 
whom 62 are symptomatic and 14 asymptomatic mutation carri-
ers due to incomplete disease penetrance. No adverse reactions 
to BCG vaccine have been reported in their past medical history, 
although patient’s BCG vaccination status information was not 
available in the publications. We retrieved information on BCG 
vaccination status of 14 CTLA4-deficient patients, 4 of whom 
received BCG vaccine without complications (Table 2) [(82, 166, 
170, 174, 177, 179), and Acknowledgments]. Moreover, there were 
no reports of infections caused by weakly virulent mycobacteria 
in this cohort (82, 111, 166, 167, 169–181). Two patients did have 
pulmonary tuberculosis in their early twenties (167). They both 
progressed to significant lung morbidity, but recurrent bacterial 
pneumonias also accounted for their unfavorable pulmonary  
outcomes.

LRBA protein deficiency is closely related to CLTA-4 haplo-
insufficiency in terms of its pathophysiology (182). It is an auto-
somal recessive disease with almost complete penetrance, also 
characterized by recurrent infections, hypogammaglobulinemia, 
autoimmunity, and lymphocytic organ infiltration (183, 184). 
Autoimmune disease is particularly severe in the gut, presenting 
with inflammatory bowel disease-like manifestations (179, 185, 
186). LRBA protein protects CTLA-4 from lysosomal degradation, 
maintaining its intracellular stores (182). Although symptoms are 
similar to CTLA-4 haploinsufficiency, LRBA deficiency is usually 
more severe and presents at an earlier age (184, 187). One possible 
explanation to these differences is that when biallelic mutations of 
LRBA occur, CTLA-4 surface levels can be even lower than those 
seen in CTLA-4 haploinsufficiency (188). Also, LRBA protein is 
present in more cell types than CTLA-4 and not all of its functions 
are completely known (189). Despite the broader phenotype, 
over 100 LRBA-deficient patients have been described so far 
and no adverse reactions to BCG vaccine or any mycobacterial 
disease have been highlighted in their reports (82, 174, 179, 180, 
182–184, 186, 187, 190–210). Out of 21 LRBA-deficient patients 
that we had access to BCG vaccination history, 16 received BCG 
vaccine without adverse reactions (Table 2) [(82, 174, 179, 185, 
191, 193, 202, 205, 210), and Acknowledgments].

GaTa2 DeFiCieNCY

GATA2 deficiency was described as a new PIDD in 2011 (211–
214). Heterozygous germline mutations in GATA2, a highly pleio-
tropic gene that encodes the hematopoietic transcription factor 
GATA2 (215), revealed to be the unifying genetic cause of four 
apparently distinct syndromes: monocytopenia with M. avium 
complex (MonoMAC) (216), dendritic cell, monocyte, B and 
NK lymphoid deficiency (DCML) (217), primary lymphedema 
with myelodysplasia (Emberger syndrome) (218), and familial 
myelodysplastic syndrome/acute myeloid leukemia (219).

As more patients were described, the phenotype was broadened 
and significant overlap among previously known syndromes was 
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noticed (220, 221). Childhood-onset cases have been reported 
(222), but most patients start manifesting symptoms later in life 
(220, 221). Patients present increased susceptibility to infections, 
mainly viral (particularly human papillomavirus), mycobacte-
rial, and fungal (220, 221). Lung involvement is common, and 
a subset of patients present with pulmonary alveolar proteinosis  
(223, 224). Lymphedema and hearing loss are also common 
(221, 222). Most patients progress to myelodysplasia and are at 
increased risk of acute myeloid leukemia (221, 225).

Immunologically, progressive monocytopenia, B and NK 
lymphocytopenia, and absence of dendritic cells are hallmarks of 
the disease. CD4+ lymphopenia and neutropenia can also be seen 
but are less pronounced (220, 221). Bone marrow usually shows 
multilineage dysplasia and atypical megakaryocytes (221, 226).

Susceptibility to NTM is a remarkable finding in GATA2 
deficiency. Fifty-four cases of NTM (212, 213, 216, 217, 220, 221, 
224, 227–243) and only one case of disseminated M. tuberculosis 
(244) have been described in more than 350 GATA2-deficient 
patients published (Table 2) (40, 211–214, 216, 217, 220–284).

Information on BCG vaccination was available only for three 
patients in the reports (217, 241, 245). While two of them did 
not experience vaccine-related complications, one developed 
disseminated BCG infection at the age of 12 years, as the initial 
presentation of his disease. Four years later, he underwent a suc-
cessful bone marrow transplantation from a matched unrelated 
donor (285). In the first month post-transplant, the patient had 
immune reconstitution syndrome (fever and rash) treated with 
a short course of systemic corticosteroids. Antimycobacterial 
treatment was stopped within a year.

CaRMil2 DeFiCieNCY

Recently, biallelic LOF mutations in RLTPR, also known as 
CARMIL2, were described as a new PIDD (286–289). Capping 
protein regulator and myosin 1 linker 2 (CARMIL2) is a cytosolic 
protein found to be important for CD28-co-stimulation pathway 
and migration in T cells, as well as BCR-mediated activation of 
B cells (289, 290).

CARMIL2-deficient patients presented with recurrent bacte-
rial respiratory and cutaneous infections, widespread warts 
alongside other viral infections (varicella zoster virus, mollus-
cum contagiosum, and EBV), persistent dermatitis (eczema or 
psoriasiform hyperkeratotic lesions), and CMC. Inflammatory 
bowel disease and chronic esophagitis were seen in some patients. 
Four patients had disseminated EBV+ smooth muscle tumors 
(286–289).

Immunologically, patients shared a significant reduction in 
regulatory T cells, CD4+ memory and follicular helper cells. Th1 
and Th17 cytokine production were impaired. Switched memory 
B cells counts were low and antibody responses to vaccines were 
poor (286–289).

Mycobacterial infections were seen in 2 out of 21 published 
cases. They both had disseminated tuberculosis (described as 
multifocal disease in one patient and miliary tuberculosis in the 
other). BCG vaccine had been given to both patients, unevent-
fully (289). Two other CARMIL2-deficient patients received BCG 

vaccine, without complications (287) (Table 2). Information on 
BCG vaccination status of the other CARMIL2-deficient patients 
was not available (286–289).

PHOSPHOGlUCOMUTaSe 3 (PGM3) 
DeFiCieNCY

Recently, biallelic hypomorphic mutations in PGM3 have been 
described as a new congenital disorder of glycosylation result-
ing in PIDD (291, 292). PGM3 is an enzyme that catalyzes the 
conversion of N-acetylglucosamine-6-phosphate (GlcNAc-6-P) 
to 1-phosphate (GlcNAc-1-P) which is necessary for the genera-
tion of uridine diphosphate N-acetylglucosamine, an important 
precursor to multiple glycosylation pathways. Glycosylation is a 
complex posttranslational enzymatic process responsible for the 
attachment and trimming of glycans to proteins and lipids, criti-
cally affecting their structure and function (293, 294).

Congenital disorders of glycosylation usually manifest with 
broad, multisystemic symptoms (294). Two distinct phenotypes 
have been described for PGM3 mutations, possibly correlated 
with levels of residual enzymatic activity (291, 292, 295). The 
majority of patients presented with an AR hyper-IgE syndrome 
phenotype of eczema and multiple manifestations of atopy, 
recurrent sinopulmonary and skin infections, failure to thrive, 
and varying degrees of neurological impairment. Dysmorphic 
features were present in some patients. Serum IgE levels and 
eosinophils counts were elevated and T  cell lymphopenia was 
frequent (291, 292, 296). A subset of patients manifested a severe 
combined immunodeficiency phenotype with profound T- and 
B-cell lymphopenia but normal IgE levels. Neutropenia was also 
present. Skeletal dysplasia and multiple dysmorphisms were 
common findings among these patients (295, 297, 298).

There were no reports of BCG-related complications in the 
PGM3-deficient patients (291, 292, 295–301). Information on 
vaccination status was not provided in most reports, including 
all patients with severe combined immunodeficiency (SCID) 
presentation. Four patients were BCG vaccinated uneventfully 
(Table 2) (301).

TTC7a DeFiCieNCY

The hereditary association of multiple intestinal atresia (MIA) 
and immunodeficiency has been long reported in the literature 
(302). However, the discovery of mutations in TTC7A as its 
underlying cause was only possible in 2013, after the advent of 
whole exome sequencing (303, 304).

Tetratricopeptide repeat domain 7A (TTC7A) protein func-
tion was not clear until the description of TTC7A-deficient 
patients (305). To date, more than 50 cases of biallelic mutations 
in TTC7A have been reported (303, 304, 306–317), and this pro-
tein was found critical to gut and immune system development 
and homeostasis (305).

The initial phenotype recognized is shared by the majority of 
patients reported. MIA requiring surgical interventions is associ-
ated with profound lymphopenia, hypogammaglobulinemia, 
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severe and recurrent infections, with high incidence of sepsis 
caused by intestinal microbes (303, 304, 306–309, 313). Some 
patients present MIA alone (304, 308), and others manifest very 
early onset inflammatory bowel disease (204, 307). The prognosis 
is poor and most patients die at a young age. More recently, a 
milder phenotype of enteropathy and predominantly humoral 
immunodeficiency has been reported (315).

None of the reports of TTC7A-deficient patients had informa-
tion regarding BCG vaccination status. Neither BCG vaccine-
related complications nor mycobacterial infections were reported 
(Table 2) (303, 304, 306–317).

CONClUSiON

The prevalence of BCG-associated complications in the general 
population can vary widely depending on the reporting country, 
the vaccine strain used, and the age at vaccination. Reports of 
1 in 2,500 vaccines presenting with localized BCG-associated 
complications, and 1 in 100,000 presenting with disseminated 
complications represent a fair estimate of the general prevalence 
of such side effects. However, when focused on patients with 
SCID, the most severe forms of PIDD, ~1 in 2 (51%) develop 
BCG-associated complications after vaccination, 2/3 presenting 
with disseminated disease, and the remaining 1/3 as localized 
disease (9). In a recent cohort of 71 chronic granulomatous 
disease (CGD) patients, 75% presented with BCG-related 
complications (318). Moreover, among patients with MSMD 
due to mutations in IL12Rβ1, ~3 in 4 (77%) present with 
BCG-associated disease, 4/5 as disseminated and 1/5 as local-
ized complications (319). While these diseases are well known 
for their increased susceptibility to BCG-related side effects, 
less specific information is available regarding other or more 
recently described PIDD.

In this review, we focused on PIDD first reported since 2010. 
In order to assure a fair patient representation, we limited our 
analysis to those diseases affecting 20 or more unrelated patients 
belonging to 10 or more families, with defects impairing areas 
of the immune system known to be involved in the control of 
mycobacterial infections.

Not surprisingly and as previously shown by Toubiana et al. 
(24), we found that patients with GOF STAT1 mutations showed 
an increased susceptibility to mycobacterial diseases, including 
BCG. Of note, our analysis of the published data also showed 
that patients with APDS 1 and 2 appear to have an increased 
risk for BCG-related localized complications. These findings 
per se can involve actionable recommendations as to ban BCG 
vaccination in STAT1 GOF, APDS1, and APDS2 patients and in 
their genetically untested newborn relatives until their status is 
clarified.

Among other newly described PIDD, no BCG-related com-
plications were reported in the relatively frequent LRBA and 
CTLA4-deficient patients, or in NFKB1 and NFKB2-mutated 
individuals. As a limitation of this review, and despite our efforts 
to try to retrieve as much information as possible regarding 
BCG vaccination status and complications in these diseases, this 

negative data have to be taken with a grain of salt as the n of 
vaccinated patients might not have been sufficient to capture low 
but still relevant BCG complication rates in these diseases.

In summary, despite its debatable efficacy against tuberculosis, 
BCG remains one of the most popular and with higher coverage 
rate vaccines in many parts of the world. Interestingly, certain 
vaccines—BCG included—have been recently suggested to 
provide a significantly positive impact on overall health through 
heterologous immunity, sometimes even surpassing the specific 
protection originally intended (320). In any case, as clinicians 
taking care of a vulnerable population of individuals with inborn 
errors of their immune system, we should remain vigilant of any 
preventable medical interventions that can detrimentally impact 
our patients. As already well described, BCG vaccination should 
be avoided not only in SCID, MSMD, and CGD patients (321) 
but also in other particular newly described PIDD (e.g., STAT1 
GOF, APDS1, and APDS2) in which its complication rates 
have shown to markedly exceed when compared to the general 
population.
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In thisopinion manuscript the author postulates that the present definition of Specific Antibody
Deficiency (SAD) needs to be revised and expanded. It is presently defined as a syndrome of low
IgG antibody responses to purified Streptococcus pneumoniae capsular polysaccharides vaccines
with normal concentrations of IgG, IgA, IgM, and IgG subclasses. Responses to protein antigens
and to pneumococcal polysaccharides conjugated to proteins are normal (1, 2). Severe, moderate
andmemory SAD forms have been arbitrarily defined by expert committees. These definitions miss
the imperfections of a diagnosis based on mainly poorly standardized laboratory tests and curtail
the search for many other clinically relevant specific deficiencies of antibodies to bacterial, viral and
fungal pathogens.

THE LABORATORY TESTS ON WHICH THE DIAGNOSES OF SAD

ARE BASED ARE VARIABLE AND IMPERFECT

The assessment of IgG antibodies against S. pneumonia serotype-specific capsular vaccine antigens
are widely used to diagnose a patient’s ability to develop IgG antibody responses. Available
vaccines include a 23-valent purified capsular polysaccharide vaccine that includes the 23 most
prevalent serotypes (PPV-23) and several polysaccharide-protein conjugated vaccines that include
antibiotic resistant serotypes. These are a 7 serotypes vaccine (PCV-7) that was replaced by a
13 serotypes vaccine (PCV-13) and a different 10-valent vaccine (PCV-10). The use of both
purified polysaccharide and combined protein-polysaccharide vaccines places evaluation of anti-
pneumococcal immunity among the most valuable tools used to assess an important component of
antibody-mediated immunity.

Different laboratory methods are used to define normal and abnormal antibody responses. The
diagnosis of SAD is given to patients older than 2 years with recurrent infections who fail to mount
an arbitrarily defined normal response to purified pneumococcal serotypes (3, 4). If the patient
was immunized with PCV-7, PCV-13, or PCV-10, the diagnosis of SAD is only possible based on
the response to serotypes not present in conjugate vaccines. A response to conjugated serotypes
does not preclude unresponsiveness to pure polysaccharide antigens. Correlation of the extent of
antibody deficiencies and clinical presentation is poor, the diagnostic methods used at the present
time are unreliable, and having low responses as defined for SAD does not necessarily lead to
recurrent infections (5).

The methods used to measure anti-pneumococcal, serotype-specific IgG antibodies that confer
long-term protection are summarized in Table 1 (6, 7).

The World Health Organization ELISA (WHO, ELISA) is well-standardized and reproducible.
It defines a specific way of performing this test. It was developed under the auspices of the World
Health Organization, to evaluate conjugate vaccine effectiveness. Results are expressed as µg/ml
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TABLE 1 | Methods to measure lgG anti-S. pneumonia surface polysaccharide

antibodies.

Test features WHO ELISA Luminex® Global test

Performance Cumbersome,

in few, mostly

research

laboratories

Easier and faster.

Widely used in

Commercial

laboratories

Easier and

cheaper to

perform, used in

many parts of

world

Serotype-specific

antibodies

measured

Limited,

variable

12–16

serotypes

Usually to each

of 23 serotypes

in PPV- 23

All 23 serotypes

used as one

antigen

Reproducibility High

worldwide

Low among

different

laboratories and

with

WHO-ELISA

Questionable

relationship to

serotype-specific

tests

WHO ELISA and Luminex® are pneumococcal serotype-specific antibody assays (PSSA)

with results expressed as weight /volume.

after calibration against an FDA standard now replaced by 007sp
and by laboratory standards (7).

An easier to perform method that simultaneously measures
antibodies to each of the 23 serotypes in the PPV-23 is based on
a multiplex fluorescent bead assay, Luminex R©. It is used by most
reference laboratories in the United States. Luminex results are
consistent within laboratories but there are significant differences
among laboratories and its correlation with ELISA test results is
variable (7, 8).

A “global test” measures antibodies against all 23 serotypes in
the 23-valent PPV as one antigen (9). The information obtained
with the global test does not correlate well with results obtained
when measuring antibodies against each serotype individually.

The only functional assay of anti-pneumococcal antibodies
is opsonophagocytosis (OPA). It measures antibodies of all
immunoglobulin classes against polysaccharide and protein
antigens on the surface of intact bacteria. This test is not generally
available for clinical use although vaccine manufacturers use it
extensively when testing vaccine antigenicity.

There is not a strict relationship between the weight by
volume antibody concentration results obtained by ELISA and
OPA results (10). In clinical practice, there are patients who
have normal ELISA titers but who improve clinically when given
therapeutic IgG, suggesting that the lower function observed in
the elderly (11) may also be present in some individuals at an
earlier age.

When vaccines are used to evaluate a response to S.
pneumoniae polysaccharides, interpretation of results is based
on a combination of the following: (1) increase in specific
antibody concentration over pre-immunization levels, (2) the
final concentration of antibodies after immunization, and (3)
the percentage of serotypes to which the patient developed an
arbitrarily defined antibody concentration.

There are shortcomings with each of these criteria:

1. The requirement for a minimum two- and four-fold
increase disregards the fact that high pre-immunization

concentrations may not increase with immunization. The
desired concentration to prove effective antibody production
is subject to variable interpretation. If the value is set at 1.0
instead of 1.3µg/ml, (12) the number of responses considered
normal can differ, without proof that these differences are
clinically significant.

2. The relevance of the percentages of serotypes inducing a
given antibody concentration is also subject to interpretation.
Different combinations of high, medium, and low antibodies
can be seen in the same patient sample. The serotypes that
may elicit these different antibody concentrations vary from
patient to patient. It is therefore not surprising that attempts
to identify a response to one or several selected serotypes
as representative of the response to all or most serotypes
included in the PPV-23 have failed. The possibility of using
serotype-specific threshold values could be applicable for
some defined, uniform populations (13). However, in a diverse
clinical practice this kind of definition of antibody responses
is unrealistic.

The history of prior immunization with S. pneumonia vaccines is
essential in the interpretation of antibody measurement results.
Responses to conjugate polysaccharides in PCV are considered
T cell-dependent while responses to purified polysaccharides
in the PPV do not involve T cell activation (14–18). The
response to PCV matures earlier and is developed in the first
months of life while the response to PPV is considered fully
developed only by 2 years of age. Prior PCV immunization
induces antibodies indistinguishable from those induced by
purified polysaccharides. When using PPV to assess specific
antibodies to S. pneumoniae polysaccharides in PCV immunized
individuals, antibodies to PCV serotypes do not document
a normal response to PPV. The additional response to PPV
may be influenced by conditioning produced be the exposure
to conjugate polysaccharides (19). Conversely, a response to
PPV may occur even in patients who fail to respond to PCV,
documenting that conjugate and purified polysaccharides induce
antibodies through different activation pathways.

The injectable polysaccharide S. typhi vaccine (Typhi Vi)
has been studied as an alternative to the PPV-23 to assess
the polysaccharide response. Typhi Vi antibodies are usually
absent in the population. Therefore, they reflect a new immune
response but their results are not concordant with results of anti
S. Pneumonia polysaccharides (20–22). Like other vaccines, the
typhi does not test the same molecular pathways activated by S.
pneumonia capsular polysaccharides.

THERE ARE DIFFERENT FORMS OF

SPECIFIC ANTIBODY DEFICIENCIES

An experience-based list of abnormalities in the response to
various forms of exposure to pneumococcal polysaccharides is
presented below. Correctly identifying these patterns of anti-S.
pneumonia polysaccharide responses in patients with increased
susceptibility to infections allows the clinician to define patient-
based management options.
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The response patterns to conjugate and purified
polysaccharide vaccines that suggest an immune dysfunction are
as follows:

1. Deficient response to pure polysaccharides (SAD or PPV-
SAD)

2. Deficient response to conjugate polysaccharides (PCV-SAD),
frequent in children

3. Deficient response to PPV and PCV.

Options 2 and 3 are not accepted as an antibody deficiency
syndrome in present disease classification

For each of the two kinds of vaccine polysaccharide antigens,
the abnormality may be:

• Absent response to any serotype tested Low antibody
concentration (below 1.3µg/ml in the USA. Other cut-off
values are used in different regions of the world).

• Incomplete antibody repertoire. Protective titers to <50–
80% of serotypes. This could be a strong response to only
1 serotype.

• Poor memory after adequate response to immunization.
• Deficient opsonophagocytosis. Serological response may

appear normal, but antibodies are not protective.

∗All these situations may be the only detected immune
abnormality or part of other immune abnormalities. They may
also be present in children and adults who do not experience any
form of severe or recurrent infections.

Themultiplicity of immunological phenotypes and conditions
in which a specific antibody deficiency can be observed suggests
that different pathogenic mechanisms cause this defect. A
lack of response is different from a deficient immunological
memory capable of maintaining protective IgG concentrations.
Antibodies against purified or conjugate polysaccharides do
develop through different cellular pathways likely to be
affected by different abnormalities (23, 24). Additionally, the
biologic diversity of serotype-specific polysaccharides leads to
very specific lack of responses to some polysaccharides in
some individuals. The lack of responses to S. pneumonia
polysaccharides may be linked to unresponsiveness to unrelated
antigens as well. In some young patients the selective antibody
deficiency may just represent an extension of an immunological
status that is normal in infants (25).

Further variability in the pathogenesis of anti-polysaccharide
antibody deficiencies is suggested by the large number of more
general immunodeficiencies, such as IgG subclass deficiencies
(26–30), and by the wide array of known immunodeficiency
syndromes that may have normal IgG concentrations, and
poor or absent polysaccharide responses. Examples are patients
with asplenia, hyper-IgE syndrome, or selective IgA deficiency
(31–36). Additionally, congenital molecular abnormalities like
Bruton’s tyrosine kinase deficiency, commonly associated with
agammaglobulinemia, may have SAD (37). Similar unique
associations between molecular abnormalities and deficient
specific antibody responses are increasingly identified as
evaluation of anti-S. pneumoniae antibodies has become
part of the evaluation of patients with different forms of
immunodeficiencies (38, 39).

VACCINES ARE IMPORTANT

TREATMENT ELEMENTS

The management of abnormalities of the response to
pneumococcal polysaccharides includes, foremost, an adequate
identification of infections, infection complications and
their impact on cost and quality of life. Based on the type
of abnormality detected it is possible to use additional
immunization, preventive antibiotics and, in some patients,
the use of IgG replacement.

S. pneumoniae vaccines are a cost-effective part of treatment.
Below are the recommended additional immunizations of
patients with an identified abnormal antibody response to
pneumococcal polysaccharides:

PPV non-responders (classic SAD) PCV 13 (29)
PCV-non-responders PPV (40)

Normally, unimmunized older children and adults have develop
antibodies to most S. pneumonia serotypes in response to clinical
and subclinical infections. Such unimmunized patients usually
respond serologically and clinical to immunization with PCV-13
followed by PPV-23.

The use of PPV-23 in patients unresponsive to a full
complement of conjugate vaccines is one of the most useful
and cost effective form of treatment of this frequently observed
condition. Estrada el al. observed that the PPV-23 vaccine
serologically and clinically improved children who had failed to
develop strong antibody responses and had recurrent infections
despite a full complement of PCV vaccines (40). A general
stimulating effect of immunity was also reported (41). Notably,
it did not matter if the infections were caused by pneumococci,
other bacterial pathogens, or respiratory viruses. Although the
PPV-23 vaccine is recommended only after the second year of
life, Tang et al. observed strong responses in unimmunized 12
month-olds (42). Personal observation confirms strong antibody
responses to the PPV-23 in patients between 1 and 2 years of
age. While not recommending this course of action, considering
the large difference in cost of one dose of PPV-23 as opposed
to several doses of the PCV-10 and PCV-13, in economically
strapped situations or areas in which PCV is not available, the
earlier use of PPV-23 may be advisable.

TREATMENT TRIALS WITH HUMAN

GAMMAGLOBULIN SHOULD BE

CONSIDERED IN SPECIAL

CLINICAL CIRCUMSTANCES

In patients with recurrent infections and laboratory diagnosed
forms of Specific Antibody Deficiencies, IgG replacement is an
accepted treatment option. This could be used for a period of time
in young children and probably for life in SAD forms detected in
adolescents and adults.

It is also of note that patients without a clear immunoglobulin-
deficiency syndrome or immunologically mild forms of SAD
are very likely to experience a very significant reduction of
infections and improvement in quality of life if they are treated
with IgG replacement. IgG replacement should be based on a
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complete assessment of the patient’s condition and not only on
the presence or absence of anti-pneumococcal antibodies (43). A
therapeutic trial of 6–12 months of treatment with subcutaneous
or intravenous IgG with a rigorous assessment of infections and
quality of life is an option strongly recommended by this author.
It is important, however, to use all available treatment approaches
before resorting to IgG replacement.

In summary, our present diagnosis and treatment of specific
antibody deficiencies need reevaluation and improvement.
The most reliable evidence of a failure of antibody-mediated
immunity is the continued proven presence of infections that
improve with intensified treatment. Treatment can be with
antibiotics in the case of bacterial infections or with human
gammaglobulin when antibiotics fail or the infections are caused

by viruses. Given the complexity of assessing true antibody
function, rather than further attempts to define numeric criteria
for the normality or deficiency of antibodies, it is important to
develop a better definition of infections that signal a deficient
antibody function. Acceptable criteria for therapeutic trials of
IgG replacement of sufficient length and duration, and objective
criteria to assess the patient’s clinical response and the cost
effectiveness of treatment need to be developed with the aim of
helping patients and preventing the abuse of treatment with IgG.

AUTHOR CONTRIBUTIONS

The author confirms being the sole contributor of this work and
has approved it for publication.

REFERENCES

1. Orange J, BallowM, Stiehm E, Ballas ZK, Chinen J, De LaMorenaM, et al. Use

and interpretation of diagnostic vaccination in primary immunodeficiency: a

working group report of the Basic and Clinical Immunology Interest Section

of the American Academy of Allergy, Asthma & Immunology. J Allergy Clin

Immunol. (2012) 130:S1–24. doi: 10.1016/j.jaci.2012.07.002

2. Perez E, Orange J, Bonilla F, Chinen J, Chinn IK, Dorsey M, et al. Update on

the use of immunoglobulin in human disease: a review of evidence. J Allergy

Clin Immunol. (2017) 139:S1–46. doi: 10.1016/j.jaci.2016.09.023

3. Bonilla F, Barlan I, Chapel H, Costa-Carvalho B, Cunningham-Rundles C,

de la Morena M, et al. International consensus document (ICON): common

variable immunodeficiency disorders. J Allergy Clin Immunol Pract. (2016)

4:38–59. doi: 10.1016/j.jaip.2015.07.025

4. Bonilla F, Khan D, Ballas Z, Chinen J, FrankM, Hsu J, et al. Practice parameter

for the diagnosis and management of primary immunodeficiency. J Allergy

Clin Immunol. (2015) 136:1186–205.e1–78. doi: 10.1016/j.jaci.2015.04.049

5. van de Vosse E, van Ostaijen-Ten Dam MM, Vermaire R, Verhard EM,

Waaijer JL, Bakker JA, et al. Recurrent respiratory tract infections (RRTI)

in the elderly: a late onset mild immunodeficiency? Clin Immunol. (2017)

180:111–9. doi: 10.1016/j.clim.2017.05.008

6. Sorensen RU, Leiva LE. Measurement of pneumococcal polysaccharide

antibodies. J Clin Immunol. (2014) 34:127–8. doi: 10.1007/s10875-013-

9977-z

7. Sorensen RU, Edgar D. Specific antibody deficiencies in clinical practice. J

Allergy Clin Immunol Pract. (2019) 7:801–8. doi: 10.1016/j.jaip.2019.01.024

8. Balloch A, Licciardi PV, Tang ML. Serotype-specific anti-pneumococcal

IgG and immune competence: critical differences in interpretation criteria

when different methods are used. J Clin Immunol. (2013) 33:335–

41. doi: 10.1007/s10875-012-9806-9

9. Lopez B, Bahuaud M, Fieschi C, Mehlal S, Jeljeli M, Rogeau S,

et al. Value of the overall pneumococcal polysaccharide response in the

diagnosis of primary humoral immunodeficiencies. Front Immunol. (2017)

8:1862. doi: 10.3389/fimmu.2017.01862

10. Concepcion NF, Frasch CE. Pneumococcal type 22f polysaccharide

absorption improves the specificity of a pneumococcal-polysaccharide

enzyme-linked immunosorbent assay. Clin Diagnos Lab Immunol. (2001)

8:266–72. doi: 10.1128/CDLI.8.2.266-272.2001

11. Romero-Steiner S, Musher D, Cetron M, Pais L, Groover J, Fiore A, et al.

Reduction in functional antibody activity against Streptococcus pneumoniae in

vaccinated elderly individuals highly correlates with decreased IgG antibody

avidity. Clin Infect Dis. (1999) 29:281–8. doi: 10.1086/520200

12. Hoffman T, van Kessel D, Rijkers G. Impact of using different

response criteria for pneumococcal polysaccharide vaccination for

assessment of humoral immune status. J Clin Immunol. (2018)

38:149–52. doi: 10.1007/s10875-017-0470-y

13. Schaballie H, Bosch B, Schrijvers R, Proesmans M, de Boeck K, Boon M,

et al. Fifth percentile cutoff values for antipneumococcal polysaccharide and

anti-salmonella typhi vi IgG describe a normal polysaccharide response. Front

Immunol. (2017) 8:546. doi: 10.3389/fimmu.2017.00546

14. Uddin S, Borrow R, Haeney MR, Moran A, Warrington R, Balmer P,

et al. Total and serotype-specific pneumococcal antibody titres in children

with normal and abnormal humoral immunity. Vaccine. (2006) 24:5637–

44. doi: 10.1016/j.vaccine.2006.03.088

15. Mond JJ, Lees A, Snapper CM. T cell-independent antigens type 2. Annu Rev

Immunol. (1995) 13:655–92. doi: 10.1146/annurev.iy.13.040195.003255

16. Choo S, Seymour L, Morris R, Quataert S, Lockhart S, Cartwright K, et al.

Immunogenicity and reactogenicity of a pneumococcal conjugate vaccine

administered combined with a haemophilus influenzae type B conjugate

vaccine in United Kingdom infants. Pediatr Infect Dis J. (2000) 19:854–

62. doi: 10.1097/00006454-200009000-00009

17. Rose MA, Schubert R, Strnad N, Zielen S. Priming of immunological memory

by pneumococcal conjugate vaccine in children unresponsive to 23-valent

polysaccharide pneumococcal vaccine. Clin Diagnos Lab Immunol. (2005)

12:1216–22. doi: 10.1128/CDLI.12.10.1216-1222.2005

18. Bernth-Jensen JM, Sogaard OS. Polysaccharide responsiveness is not

biased by prior pneumococcal-conjugate vaccination. PLoS ONE. (2013)

8:e75944. doi: 10.1371/journal.pone.0075944

19. Schaballie H, Wuyts G, Dillaerts D, Frans G, Moens L, Proesmans M, et al.

Effect of previous vaccination with pneumococcal conjugate vaccine on

pneumococcal polysaccharide vaccine antibody responses. Clin Exp Immunol.

(2016) 185:180–9. doi: 10.1111/cei.12784

20. Sanchez-Ramon S, de Gracia J, Garcia-Alonso AM, Rodriguez Molina JJ,

Melero J, de Andres A, et al. Multicenter study for the evaluation of the

antibody response against salmonella typhi Vi vaccination (EMPATHY)

for the diagnosis of Anti-polysaccharide antibody production deficiency in

patients with primary immunodeficiency. Clin Immunol. (2016) 169:80–

4. doi: 10.1016/j.clim.2016.05.006

21. Bausch-Jurken MT, Verbsky JW, Gonzaga KA, Elms NP,

Hintermeyer MK, Gauld SB, et al. The use of salmonella typhim

vaccine to diagnose antibody deficiency. J Clin Immunol. (2017)

37:427–33. doi: 10.1007/s10875-017-0406-6

22. Evans C, Bateman E, Steven R, Ponsford M, Cullinane A, Shenton C, et al.

Measurement of Typhi Vi antibodies can be used to assess adaptive immunity

in patients with immunodeficiency. Clin Exp Immunol. (2018) 192:292–

301. doi: 10.1111/cei.13105

23. Siber GR. Pneumococcal disease: prospects for a new generation of vaccines.

Science. (1994) 265:1385–7. doi: 10.1126/science.8073278

24. Pletz MW, Maus U, Krug N, Welte T, Lode H. Pneumococcal

vaccines: mechanism of action, impact on epidemiology and

adaption of the species. Int J Antimicrob Agents. (2008) 32:199–

206. doi: 10.1016/j.ijantimicag.2008.01.021

25. Rijkers GT, Sanders LA, Zegers BJ. Anti-capsular polysaccharide antibody

deficiency states. Immunodeficiency. (1993) 5:1–21.

26. Siber G, Schur P, Aisenberg A, Weitzman S, Schiffman G.

Correlation between serum IgG-2 concentrations and the antibody

Frontiers in Immunology | www.frontiersin.org 4 May 2019 | Volume 10 | Article 986221

https://doi.org/10.1016/j.jaci.2012.07.002
https://doi.org/10.1016/j.jaci.2016.09.023
https://doi.org/10.1016/j.jaip.2015.07.025
https://doi.org/10.1016/j.jaci.2015.04.049
https://doi.org/10.1016/j.clim.2017.05.008
https://doi.org/10.1007/s10875-013-9977-z
https://doi.org/10.1016/j.jaip.2019.01.024
https://doi.org/10.1007/s10875-012-9806-9
https://doi.org/10.3389/fimmu.2017.01862
https://doi.org/10.1128/CDLI.8.2.266-272.2001
https://doi.org/10.1086/520200
https://doi.org/10.1007/s10875-017-0470-y
https://doi.org/10.3389/fimmu.2017.00546
https://doi.org/10.1016/j.vaccine.2006.03.088
https://doi.org/10.1146/annurev.iy.13.040195.003255
https://doi.org/10.1097/00006454-200009000-00009
https://doi.org/10.1128/CDLI.12.10.1216-1222.2005
https://doi.org/10.1371/journal.pone.0075944
https://doi.org/10.1111/cei.12784
https://doi.org/10.1016/j.clim.2016.05.006
https://doi.org/10.1007/s10875-017-0406-6
https://doi.org/10.1111/cei.13105
https://doi.org/10.1126/science.8073278
https://doi.org/10.1016/j.ijantimicag.2008.01.021
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Sorensen A Critical View of Specific Antibody Deficiencies

response to bacterial polysaccharide antigens. N Engl J Med. (1980)

303:178–82. doi: 10.1056/NEJM198007243030402

27. Lim PL, Lau YL. Occurrence of IgG subclass antibodies to ovalbumin, avidin,

and pneumococcal polysaccharide in children. Int Arch Allergy Immunol.

(1994) 104:137–43. doi: 10.1159/000236721

28. Barrett DJ, Ayoub EM. IgG2 subclass restriction of antibody to pneumococcal

polysaccharides. Clin Exp Immunol. (1986) 63:127–34.

29. Sorensen RU, Leiva LE, Giangrosso PA, Butler B, Javier FC III, Sacerdote

DM, et al. Response to a heptavalent conjugate Streptococcus pneumoniae

vaccine in children with recurrent infections who are unresponsive

to the polysaccharide vaccine. Pediatr Infect Dis J. (1998) 17:685–

91. doi: 10.1097/00006454-199808000-00005

30. Sanders LA, Rijkers GT, Tenbergen-Meekes AM, Voorhorst-

Ogink MM, Zegers BJ. Immunoglobulin isotype-specific antibody

responses to pneumococcal polysaccharide vaccine in patients with

recurrent bacterial respiratory tract infections. Pediatr Res. (1995)

37:812–9. doi: 10.1203/00006450-199506000-00023

31. Gross S, Blaiss MS, Herrod HG. Role of immunoglobulin

subclasses and specific antibody determinations in the evaluation

of recurrent infection in children. J Pediatrics. (1992) 121:516–

22. doi: 10.1016/S0022-3476(05)81137-0

32. Sanders LA, Rijkers GT, Kuis W, Tenbergen-Meekes AJ, de Graeff-

Meeder BR, Hiemstra I, et al. Defective antipneumococcal polysaccharide

antibody response in children with recurrent respiratory tract infections. J

Allergy Clin Immunol. (1993) 91(1 Pt 1):110–9. doi: 10.1016/0091-6749(93)

90303-W

33. Zora J, Silk H, Tinkelman D. Evaluation of postimmunization pneumococcal

titers in children with recurrent infections and normal levels of

immunoglobulin. Ann Allergy. (1993) 70:283–8.

34. Knutsen A. Patients with IgG subclass and/or selective antibody deficiency

to polysaccharide antigens: initiation of a controlled clinical trial of

intravenous immune globulin. J Allergy Clin Immunol. (1989) 84:640–

7. doi: 10.1016/0091-6749(89)90203-0

35. Herer B, Labrousse F, Mordelet-Dambrine M, Durandy A, Offredo-

Hemmer C, Ekindjian O, et al. Selective IgG subclass deficiencies and

antibody responses to pneumococcal capsular polysaccharide antigen in

adult community-acquired pneumonia. Am Rev Respir Dis. (1990) 142:854–

7. doi: 10.1164/ajrccm/142.4.854

36. Bernatowska-Matuszkiewicz E, Pac M, PumM, Liszka K, Leibl H, Eibl M. IgG

subclasses and antibody response topneumococcal capsular polysaccharides

in children with severe sinopulmonary infections and asthma. Immunol

Invest. (1991) 20:173–85. doi: 10.3109/08820139109050785

37. Wood P, Mayne A, Joyce H, Smith C, Granoff D, Kumararatne D. A mutation

in Bruton’s tyrosine kinase as a cause of selective anti-polysaccharide antibody

deficiency. J Pediatrics. (2001) 139:148–51. doi: 10.1067/mpd.2001.115970

38. Zhao Y P-HmQ, Zhao Z, Wen S, Hammarström L. Selective IgG2 deficiency

due to a point mutation causing abnormal splicing of the Cgamma2 gene. Int

Immunol. (2005) 17:95–101. doi: 10.1093/intimm/dxh192

39. Wall LA, Dimitriades VR, Sorensen RU. Specific antibody

deficiencies. Immunol Allergy Clin North Am. (2015) 35:659–

70. doi: 10.1016/j.iac.2015.07.003

40. Estrada J, Najera M, Pounds N, Catano G, Infante A. Clinical and

serologic response to the 23-valent polysaccharide pneumococcal vaccine

in children and teens with recurrent upper respiratory tract infections

and selective antibody deficiency. Pediatr Infect Dis J. (2016) 35:205–

8. doi: 10.1097/INF.0000000000000964

41. Leiva L, Butler B, Hempe J, Ortigas A, Sorensen R. Up-regulation of

CD40L and induction of a Th2 response in children immunized with

pneumococcal polysaccharide vaccines. Clin Diag Lab Immunol. (2001)

8:233–40. doi: 10.1128/CDLI.8.2.233-240.2001

42. Balloch A, Licciardi P, Russell F, Mulholland EK, Tang ML. Infants

aged 12 months can mount adequate serotype-specific IgG responses

to pneumococcal polysaccharide vaccine. J Allergy Clin Immunol. (2010)

126:395–7. doi: 10.1016/j.jaci.2010.05.008

43. Edgar J, Richter A, Huissoon A, Kumararatne D, Baxendale H, Bethune C,

et al. Prescribing immunoglobulin replacement therapy for patients with non-

classical and secondary antibody deficiency: an analysis of the practice of

clinical immunologists in the UK and Republic of Ireland. J Clin Immunol.

(2018) 38:204–13. doi: 10.1007/s10875-017-0469-4

Conflict of Interest Statement: The author declares that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2019 Sorensen. This is an open-access article distributed under the

terms of the Creative Commons Attribution License (CC BY). The use, distribution

or reproduction in other forums is permitted, provided the original author(s) and

the copyright owner(s) are credited and that the original publication in this journal

is cited, in accordance with accepted academic practice. No use, distribution or

reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org 5 May 2019 | Volume 10 | Article 986222

https://doi.org/10.1056/NEJM198007243030402
https://doi.org/10.1159/000236721
https://doi.org/10.1097/00006454-199808000-00005
https://doi.org/10.1203/00006450-199506000-00023
https://doi.org/10.1016/S0022-3476(05)81137-0
https://doi.org/10.1016/0091-6749(93)90303-W
https://doi.org/10.1016/0091-6749(89)90203-0
https://doi.org/10.1164/ajrccm/142.4.854
https://doi.org/10.3109/08820139109050785
https://doi.org/10.1067/mpd.2001.115970
https://doi.org/10.1093/intimm/dxh192
https://doi.org/10.1016/j.iac.2015.07.003
https://doi.org/10.1097/INF.0000000000000964
https://doi.org/10.1128/CDLI.8.2.233-240.2001
https://doi.org/10.1016/j.jaci.2010.05.008
https://doi.org/10.1007/s10875-017-0469-4~
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Advantages  
of publishing  
in Frontiers

OPEN ACCESS

Articles are free to read  
for greatest visibility  

and readership 

EXTENSIVE PROMOTION

Marketing  
and promotion  

of impactful research

DIGITAL PUBLISHING

Articles designed 
for optimal readership  

across devices

LOOP RESEARCH NETWORK

Our network 
increases your 

article’s readership

Frontiers
Avenue du Tribunal-Fédéral 34  
1005 Lausanne | Switzerland  

Visit us: www.frontiersin.org
Contact us: info@frontiersin.org  |  +41 21 510 17 00 

FAST PUBLICATION

Around 90 days  
from submission  

to decision

90

IMPACT METRICS

Advanced article metrics  
track visibility across  

digital media 

FOLLOW US 

@frontiersin

TRANSPARENT PEER-REVIEW

Editors and reviewers  
acknowledged by name  

on published articles

HIGH QUALITY PEER-REVIEW

Rigorous, collaborative,  
and constructive  

peer-review

REPRODUCIBILITY OF  
RESEARCH

Support open data  
and methods to enhance  
research reproducibility

http://www.frontiersin.org/

	Cover
	Frontiers eBook Copyright Statement
	Primary Immunodeficiencies Worldwide
	Table of Contents
	Editorial: Primary Immunodeficiencies Worldwide
	Author Contributions
	Funding
	Acknowledgments
	References

	Patients with Primary Immunodeficiencies Are a Reservoir of Poliovirus and a Risk to Polio Eradication
	Introduction
	Materials and Methods
	Patients
	Study Design
	Statistical Analysis

	Results
	Characteristics of Studied PID Cases and OPV Vaccination
	Use of Intravenous and Subcutaneous Immunoglobulin
	Frequency of Poliovirus and NPEV Isolation
	Predominance of iVDPV among Combined Immunodeficiency
	Clinical Presentation and Genetic Studies of iVDPV Excreters

	Discussion
	The JMF Centers Network Investigators and Study Collaborators
	Ethics Statement
	Author Contributions
	Acknowledgments
	Funding
	Supplementary Material
	References

	Modulatory Effects of Antibody Replacement Therapy to Innate and Adaptive Immune Cells
	Introduction
	Polymorphonuclear Neutrophils (PMN)
	Monocytes
	Dendritic Cells
	B Cells
	T Cells
	Conclusion
	Author Contributions
	References

	Recurrent and Sustained Viral Infections in Primary Immunodeficiencies
	Introduction
	Respiratory Viral Infections in PIDD
	Diagnostic Approach
	Management

	Systemic Viral Infections in PIDD
	Diagnostic Approach
	Management

	Chronic Viral Skin Infections in Primary Immunodeficiency
	Papillomaviridae
	DOCK8 Deficiency
	Epidermodysplasia Verruciformis
	LCK Deficiency
	CARMIL2/RLTPR
	RHOH Deficiency
	IKBKG Deficiency (NEMO)
	GATA2 Deficiency
	STAT1 GOF
	Netherton Syndrome
	MST1 Deficiency
	Warts, Hypogammaglobulinemia, Infections, and Myelokathexis (WHIM) Syndrome
	WILD Syndrome
	Clouston Syndrome
	Other Settings
	Management

	Herpesviridae
	Management

	Poxviridae
	Management

	Persistent Vaccine-Stain Rubella Infection
	Diagnostic Considerations for Patients with Cutaneous Viral Infections

	Gastrointestinal (GI) Viral Infections
	Norovirus
	Hepatitis C
	Other GI Viruses
	Management

	Viral Infections of the CNS in PIDD
	Herpes Simplex Encephalitis
	Enteroviral Meningoencephalitis
	Diagnostic Approaches
	Management

	Summary
	Author Contributions
	Funding
	References

	Primary Immunodeficiency Disorders in India—A Situational Review
	Introduction
	Status of PIDs in India Prior to 2011
	The FPID
	Indian Society for Primary Immune Deficiency
	Indian Patients Society for Primary Immunodeficiency (IPSPI)
	Primary Immunodeficiency Patients Welfare Society (PIDPWS)

	Status of PIDs in India after 2011
	Centre for Advanced Research (CAR) for PIDs in India
	Asia Pacific Society for Immunodeficiencies (APSID)

	Publications on PID from India—A Major Thrust in Last 6 Years
	Search Strategy

	Immunoglobulin Replacement Therapy in India
	Hematopoietic Stem Cell Transplantation for PIDs
	Vaccines in PID
	Newborn Screening (NBS) in PID
	Non-Infectious Complications in PID
	Status and Prospects of PID India
	Ethnic Constitution and Consanguinity in India
	Author Contributions
	Funding
	Supplementary Material
	References

	Primary Immunodeficiency Diseases in Highly Consanguineous Populations from Middle East and North Africa: Epidemiology, Diagnosis, and Care
	Introduction
	MENA Definition, Population, and Ethnicity
	Consanguinity
	Epidemiological Data and Registries
	Diagnostic Facilities
	PID Care and Management
	Novel PID Discovery
	Genetic Counseling and Disease Prevention
	Education and Training
	Newborn Screening for PID
	Discussion
	Author Contributions
	Acknowledgments
	Funding
	References

	Lessons from Genetic Studies of Primary Immunodeficiencies in a Highly Consanguineous Population
	Introduction
	PIDs Distribution, Parental Consanguinity, and Familial History
	Molecular Studies and Mode of Inheritance
	Identification of Novel Gene and of Novel Mode of Inheritance for Known Genes
	Investigations of Homozygosity Mapping and Age Estimation of Founder Mutations
	Conclusion
	Author Contributions
	Acknowledgments
	Funding
	References

	Cellular and Molecular Defects Underlying Invasive Fungal Infections—Revelations from Endemic Mycoses
	Introduction
	Geographical Distribution of Endemic Mycoses
	Pathogenesis and Clinical Manifestations
	Endemic Mycoses: Insights from the HIV Epidemic
	PIDs in Endemic Mycoses: Needles in a Haystack?
	PIDs Underlying Fungal Infections
	Combined Immunodeficiencies: CD40 Ligand, Nuclear Factor Kappa B (NF-κB) Essential Modulator (NEMO), and DOCK8 Deficiencies
	GATA2 Deficiency
	Inborn Errors of IFN-γ-Dependent Immunity
	AR IL12Rβ1 Deficiency
	AR IFNγ Receptor Deficiency
	AD STAT1 Defect

	Inborn Errors of Immunity Associated with Impaired Th-17-Mediated Immunity

	Protective Immunity Against Endemic Mycoses Conferred by Cytokines: Insights from Biologics and Anti-IFN-γ Autoantibodies
	Future Perspectives
	Author Contributions
	Funding
	References

	Uses of Next-Generation Sequencing Technologies for the Diagnosis of Primary Immunodeficiencies
	Introduction
	Impact of NGS on the Genotype–Phenotype Correlation in PIDs
	NGS Technologies
	Diagnostic Yield
	Pitfalls of NGS
	Interpretation of Variants

	NGS as a Tool for Precision Medicine in the Field of PIDs
	Newborn Screening (NBS)
	Precision Therapeutics

	Conclusion
	Author Contributions
	Funding
	References

	First Association of Interleukin 12 Receptor Beta 1 Deficiency with Sjögren’s Syndrome
	Introduction
	Case Report
	Discussion
	Concluding Remarks
	Ethics Statement
	Author Contributions
	Funding
	References

	Primary Immunodeficiency Diseases: Current and Emerging Therapeutics
	Therapy Based on Clinical Practice
	Prophylaxis
	Steroids
	Cytokine Therapy
	Interferon Alpha (IFNα)
	Interferon Gamma (IFNγ)


	Therapy Based on Mechanism
	Interleukin-2
	Cell Depletion
	CD 20

	Cytokine Antagonists
	Anti-IL-17 and Anti-p40 (Anti-IL-12/23)
	IL-1
	IL-6

	Signal Blockade
	CTLA4

	T Cell-Directed Therapies
	Janus-Associated Kinase/STAT Inhibitors
	mTOR Inhibitors
	Apoptosis

	Miscellaneous Agents
	Magnesium
	Pioglitazone


	State-of-the-Art Treatments
	Author Contributions
	Funding
	References

	Prolonged Excretion of Poliovirus among Individuals with Primary Immunodeficiency Disorder: An Analysis of the World Health Organization Registry
	Introduction
	Materials and Methods
	Study Population
	Laboratory Processing of Poliovirus Isolates
	Demographic and Clinical Variables
	Statistical Analysis

	Results
	Demographics
	Underlying PID
	Virological Factors
	Survival Analysis
	Evolution of Length of Excretion

	Discussion
	Author Contributions
	iVDPV Working Group
	Supplementary Material
	References

	First Year of Israeli Newborn Screening for Severe Combined Immunodeficiency—Clinical Achievements and Insights
	Introduction
	Materials and Methods
	Population
	Specimen Testing
	Mutation Analyses
	Lymphocyte Subset Determination
	Proliferation Assay
	TCR Repertoire Analysis
	Quantification of TREC in Peripheral Blood
	Statistical Analyses

	Results
	Screening Overview
	Primary Target
	Secondary Targets
	Correlation between Gestational Age 
and TREC
	Correlation between Birth Weight 
and TREC
	Correlation between Sex and TREC
	TREC Recovery Rate in Preterm Infants
	Twins

	Discussion
	Confirmation Testing
	Secondary Targets
	Considerations Based on Gestational 
Age/Birth Weight
	Concluding Remarks

	Author Contributions
	Acknowledgments
	Funding
	Supplementary Material
	References

	A Practical Approach to Newborn Screening for Severe Combined Immunodeficiency Using the T Cell Receptor Excision Circle Assay
	Newborn Screening (NBS) for Severe Combined Immunodeficiency (SCID): An Effective Screening Program
	Practical Care of Infants with a Positive NBS for SCID
	Decision of Transplant Timing
	Family Guidance for Infants Detected with SCID/TCL
	Idiopathic TCL—A Unique Management Problem for NBS
	Summary
	Author Contributions
	References

	Exome Sequencing Identifies a Novel MAP3K14 Mutation in Recessive Atypical Combined Immunodeficiency
	Introduction
	Materials and Methods
	Case Report
	WES Analysis
	Frequency Investigation
	In Silico Prediction
	Variant Verification
	In Vitro Functional Analysis
	Cell Culture and Transfection
	BCG Treatment of Cells
	Bafilomycin Treatment of Cells
	Cell Lysis and Western Blotting
	Statistics

	Results
	Identification of a Homozygous 
Mutation in NIK
	In Silico Variant Prediction
	Plasmid Transfection into Human Cells
	Phosphorylation Assay
	Downstream Functional Effects 
of NIKVal345Met
	Effect of NIKVal345Met on Autophagy

	Discussion
	Web Resources
	Ethics Statement
	Author Contributions
	Acknowledgments
	Supplementary Material
	References

	Clinical and Biological Manifestation of RNF168 Deficiency in Two Polish Siblings
	Introduction
	Patients and Methods
	Case Reports
	Cell Culture
	Genetic Analysis
	Immunoblotting
	Immunocytochemistry

	Results
	Discussion
	Ethics Statement
	Author Contributions
	Acknowledgments
	Supplementary Material
	References

	Dried Blood Spots, an Affordable Tool to Collect, Ship, and Sequence gDNA from Patients with an X-Linked Agammaglobulinemia Phenotype Residing in a Developing Country
	Introduction
	Materials and Methods
	Ethics Statement
	Patients
	Samples
	BTK Gene Analysis

	Results
	Discussion
	Ethics Statement
	Author Contributions
	Funding
	References

	Exome Sequencing Diagnoses X-Linked Moesin-Associated Immunodeficiency in a Primary Immunodeficiency Case
	Introduction
	Background
	Materials and Methods
	Whole Exome Sequencing
	WES Analysis
	Sanger Sequencing
	Lymphocyte Isolation, Activation, and Expansion In Vitro
	Total RNA Extraction, cDNA Synthesis, and qPCR
	Western Blotting
	Ethics and Cell Line Validation

	Results
	Identification and Validation of a SIRPβ1 Deletion
	Identification and Validation of a Hemizygous X-Linked MSN Mutation
	Protein Detection and Quantification
	MSN mRNA Transcript Expression

	Discussion
	Concluding Remarks
	Ethics Statement
	Author Contributions
	Acknowledgments
	Funding
	References

	The Role of AIRE in the Immunity Against Candida Albicans in a Model of Human Macrophages
	Introduction
	Materials and Methods
	Patients and Healthy Donors
	Reagents
	Culture Conditions
	Transduction of THP-1 Cells With Lentiviral Particles and AIRE Overexpression in HEK293T Cells
	Complementary DNA Preparation and Real-Time PCR
	Western Blotting and Immunoprecipitation
	Confocal Microscopy
	C. albicans Phagocytosis and Lysosome Production
	Cytokine Evaluation

	Results
	FS Formation in Macrophages After Hyphae Stimulation
	AIRE Interaction With Dectin-2 and Syk
	AIRE Is Required for FS Formation
	The Role of AIRE in Macrophage 
Anti-Fungal Activity
	APECED Patients Macrophages Responses to Fungal Stimulation

	Discussion
	Ethics Statement
	Author Contributions
	Acknowledgments
	Funding
	Supplementary Material
	References

	Delayed Diagnosis and Complications of Predominantly Antibody Deficiencies in a Cohort of Australian Adults
	Introduction
	Materials and Methods
	Patients
	Data Collection
	Statistical Analysis

	Results
	Patient Demographics
	Diagnostic Features
	Age at Diagnosis and Diagnostic Delay
	Serum Immunoglobulin Levels
	Specific Antigen Responses
	Genetic Diagnoses

	Clinical Features and Disease Complications
	Management of PAD
	Mortality

	Discussion
	Conclusion
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References

	STAT3-Mediated Transcriptional Regulation of Osteopontin in STAT3 Loss-of-Function Related Hyper IgE Syndrome
	Introduction
	Materials and Methods
	Study Design and Subjects
	Sample Collection and Peripheral Blood Mononuclear Cell (PBMC) Isolation and Cell Culture
	RNA Extraction and cDNA Synthesis
	Relative Gene Expression Study by Customized PCR Arrays
	Relative Gene Expression Analysis by qRT-PCR
	Evaluation of Phosphorylated STAT3 
(p.Y705)
	Serum OPN Quantification by ELISA
	Statistical Analysis

	Results
	STAT3 Phosphorylation and IL-6/STAT3 Mediated SOCS3 Gene Expression in HCs, HIES Subjects, and Cell Lines 
(LNCaP and PC3)
	PCR Array Showed Differential Gene Expression Patterns in HCs, HIES Subjects, and Cell Lines
	Stattic-Induced Inhibition of STAT3 Suppresses OPN Gene Transcription
	Serum OPN Levels Do Not Correlate With STAT3 Induced OPN mRNA Expression
	In Silico Demonstration of STAT3 Response Element at Distal Enhancer Region of OPN Gene

	Discussion
	Conclusion
	Ethics Statement
	Author Contributions
	Acknowledgments
	Funding
	Supplementary Material
	References

	Bacille Calmette–Guerin Complications in Newly Described Primary Immunodeficiency 
Diseases: 2010–2017
	Introduction
	Gain-of-Function (GOF) Mutations in Signal Transducer and Activator of Transcription 1 (STAT1)
	GOF Mutations in Signal Transducer and Activator of Transcription 3 (STAT3)
	Activated PI3Kδ Syndrome Type 1 and 2
	Defects Affecting the NF-κB Pathway
	Cytotoxic T Lymphocyte Antigen-4 (CTLA-4) and Lipopolysaccharide-Responsive Beige-Like Anchor Protein (LRBA) Deficiencies
	GATA2 Deficiency
	CARMIL2 Deficiency
	Phosphoglucomutase 3 (PGM3) Deficiency
	TTC7A Deficiency
	Conclusion
	Author Contributions
	Acknowledgments
	References

	A Critical View of Specific Antibody Deficiencies
	The Laboratory Tests on Which the Diagnoses of SAD are Based are Variable and Imperfect
	There are Different Forms of Specific Antibody Deficiencies
	Vaccines are Important Treatment Elements
	Treatment Trials With Human Gammaglobulin Should be Considered in Special Clinical Circumstances
	Author Contributions
	References

	Back Cover



