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Abstract

Background: Combined immunodeficiencies (CIDs) are diseasesdefiective adaptive
immunity with diverse clinical phenotypes. Althou@iDs are more prevalent in the Middle East than
Western countries, the resources for genetic disigraoe limited.

Objectives: This study aims to characterize the categoriesibfatients in Iran clinically and
genetically.

Methods: Clinical and laboratory data were obtained from @@@ients with CIDs. Patients
were subdivided into those with syndromic (344 gra8) and non-syndromic CIDs (352 patients).
Targeted DNA sequencing was performed on 243 pat{@4.9%).

Results: The overall diagnostic yield of the 243 sequencattbpts was 77.8% (189 patients).
The clinical diagnosis of HIE$€0.001), onset of disease > 5¥0.02), and the absence of multiple
affected family memberg€0.04), were significantly more frequent in thei@atis without a genetic
diagnosis. An autosomal recessive disease was fiouéd.9% of patients, reflecting the high rate of
consanguinity in this cohort. Mutations impairindp¥ recombination and DNA repair were the most
common underlying causes of CIDs. However, in padievith syndromic CIDs, autosomal recessive
mutations inATM, autosomal dominant mutations$TAT3and microdeletions iR2ql1.21were the
most commonly affected genomic loci. Patients wsighdromic CIDs had a significantly lower five-
year survival rate rather than those with non-sgnic CIDs.

Conclusions: This study provides proof of principle for the dpption of targeted next-
generation sequencing panels in countries withtdidhidiagnostic resources. The impact of genetic

diagnosis on clinical care requires continued inaproents in therapeutic resources for these patients

Key messages:
1. The overall rate of molecular diagnosis was moen thi8%, ranging from 60% for patients with

hyper-IgE syndrome to 100% for patients with DiGgosyndrome.
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2. Patients with syndromic CIDs had a significantlwés five-year survival rate rather than those
with non-syndromic CIDs, indicating the continuezkd for improved therapeutic interventions in
these patients.

3. Our results provide proof of principle for the apption of targeted next-generation sequencing

panels in countries with limited diagnostic res@stc

Capsule Summary:In this study of 696 patients with CID, moleculaaghosis was achieved in

~78% of the patients.

Keywords: combined immunodeficiencies; next-generation DNusscing; whole exome sequencing;

targeted gene panel sequencing

Abbreviations:

AT: Ataxia telangiectasia

BCG: Bacillus Calmette—Gueérin

CID: Combined immunodeficiency

CMV: Cytomegalovirus

EBV: Epstein-Barr virus

ESID: European Society for Immunodeficiencies
FISH: Fluorescent in situ hybridization

HIES: Hyper IgE syndrome

HIGM: Hyper IgM phenotype

HSCT: Hematopoietic stem cell transplantation
KRECs: Kappa-deleting recombination excision circles
NGS: Next-generation DNA sequencing

PHA: Phytohemagglutinin

PID: Primary immunodeficiency
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SCID: Severe combined immunodeficiency
TRECSs: T cell receptor excision circles
VDPV: Vaccine-derived polio virus

VZV: Varicella-zoster virus

WES: Whole exome sequencing

WGS: Whole genome sequencing

WAS: Wiskott-Aldrich syndrome
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Introduction
Combined immunodeficiencies (CIDs) are charaaterizy the defective development

or function of T cells. As the most severe formpoimary immunodeficiencies (PID), CIDs are
characterized by a susceptibility to infectionsitipalarly from opportunistic organisms, which lsad
to severe morbidity and mortality?. A subpopulation of patients also has syndrométuies due to
the function of the affected gene in non-immundséeThe reported incidence of CID is 1:100,000 to
1:5,000 live births worldwide*® however, this is considered an underestimatiorthef actual
incidence due to the mortality of patients befoi@gdosis, misdiagnoses in patients with atypical
clinical manifestations, and incomplete nationagistties documenting CID incidencé The
diagnostic delay between the age of disease ongetliagnosis has been reported to range from few
days to several years in patients with Ctbs

A genetic diagnosis provides the rationale foriating the only curative interventions for
CIDs, hematopoietic stem cell transplant and géeeapy, both of which can incur a high risk of
morbidity and mortality"". Early diagnosis enables initiation of curativertipies at a young age,
which significantly increases the survival raté* The diagnosis of CIDs is challenging due to the
wide variability in clinical phenotypes and the iied availability of clinical laboratory tests for
characterizing defects in immune systetnsNeonatal screening for severe CID (SCID) through
guantification of T cell receptor excision circi@RECSs) has expedited the early diagnosis of petien
with SCID by identifying defective T cell generati&’. However, this approach does not identify T
cell dysfunction in the setting of normal T cellmibers or provide a genetic diagnosis. The incrgasin
availability of targeted next-generation DNA sequiag (NGS) panels, whole exome sequencing
(WES), and whole genome sequencing (WGS), havétéed the identification of genetic defedfs
However, as demonstrated by the reluctance of coniahénsurers to cover these tests, the utility of
NGS as a diagnostic tool in clinical medicine i$ moiformly accepted’”.

CIDs constitute a group of clinically and geneticdleterogenous disorders, necessitating a
comprehensive molecular approach for a definitii@giosis*®. The proportion of specific gene

defects varies among countries, due to differemeeates of consanguinity and effects of founder

8
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mutations. DiGeorge syndrome is the most commoelyorted combined immunodeficiency in
Western countries, but accounts for less than 30%IDs in the Middle East®. The published
frequencies of genetic diagnosis in patient reigistvaries significantly among countries from 8% in
Turkey and 13% in Tunisia to 40.4% in India and566.in China®®?>. In the European Society for
Immunodeficiencies (ESID) online database, causatiutations were identified in 36.2% of the PID
patients?’. The overall rate of genetic diagnosis was leas 88.7% among 77,193 patients reported
from Jeffrey Modell centers worldwide in 201% Despite the fact that nearly 300 genes are kriown
cause PID§, these data demonstrate that many patients widk Rick a genetic diagnosis.

We have previously reported the demographic andiqlgpic data from patients enrolled in
the Iranian national registry. With the increasing availability of next-geneoatiDNA sequencing
technologies, we now present the genetic findimgsf696 Iranian patients with CIDs. This is the
largest cohort of genetically defined CID patiefrtam a single country. Although consanguineous
populations in the Middle East are commonly thougttave a high incidence of autosomal recessive
CID, we show that autosomal dominant mutationSTAT3and microdeletions i22q11.21are the
most prevalent mutations in patients with syndro@il®s. These results stress the need for a
comprehensive genetic approach for the diagnosiBIDE and provide proof of principle for the

application targeted NGS panels in countries witiitéd diagnostic resources.
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Patients and Methods
Patients

This study was approved by the Ethics Committeghef Faculty of Medicine of Tehran
University of Medical Sciences. Written informednsent has been obtained from all patients and/or
their parents.

This study was conducted as a retrospective stlighatients enrolled in the Iranian national
registry for PIDs28 from “National PID network” thaomprises 25 medical centers in Iran. The
Iranian national registry for PID was establishedl®97 and is managed by the Research Centre for
Immunodeficiencies. The registry currently includggproximately 2,500 clinically diagnosed PID
patients (<2% of expected patients according toptubable prevalence) and only 35% of these
patients have been diagnosed genetic&llyA questionnaire surveyed the patients’ demogeaphi
information, age of disease onset, age of diagnésmily history, a detailed clinical history that
included vaccine history and associated advers#ioea, recurrent infections, physical examination
findings, laboratory testing, and treatment histStyDiagnostic laboratory data obtained included
complete and differential blood count, serum imnglabulin levels, immunophenotyping of
peripheral blood lymphocytes, alpha-fetoproteinsags of T cell function, which including
proliferative assays (using phytohemagglutinin [RHMacillus Calmette—Guérin [BCG] and
Candida), Tuberculosis skin test, and radioseritittest?**2 The delay in diagnosis is defined as a
period of time between the age of disease onsethendge at diagnosis. Patients were diagnosed with
CID based on the standard criteria introduced bg ®SID and Pan-American Group for
Immunodeficiency (http://esid.org/Working-Partiesffistry/Diagnosis-criterial able S1).

The collected data from the patients were revielwedxpert clinical immunologists in the
Children’'s Medical Center Hospital in Iran, thedest referral center for PID in the country, to
confirm that the diagnosis made at different centeet the standard criterfa *. After confirmation
of diagnosis, patients were classified accordinth&lnternational Union of Immunological Societies
(IUIS) PID Committee updated classificatidnAccording to this classification, patients withlyp

immune-related manifestations were located in nakomic CID (including SCID, Omenn
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phenotype, hyper IgM phenotype [HIGM] and partiadll defects) and the remaining with additional
non-immune complications classified as syndromi® including hyper-IgE syndrome [HIES],
Wiskott-Aldrich syndrome [WAS], DiGeorge syndromNA repair defect syndromes, dyskeratosis
congenital, ectodermal dysplasia, as well as atygaical and incomplete syndromic CIDs).

A computerized database program (new registry @ectn http://rcid.tums.ac.ir/) was
designed for data entry and direct statistical y@iglof data. Patients with incomplete diagnostic

criteria were excluded.

Methods

Genomic DNA was extracted from whole blood as presiy described. For patients with
classical clinical presentations suggestive ofeciic CID, Sanger sequencing was performed on the
most likely gened®®. Patients with thymic defect¥gble S1), were examined by fluorescent in situ
hybridization (FISH) for 22q11.2 deletion and comgtave genomic hybridization arrd§ For patient
with failed Sanger sequencing or with clinical mestion resembling several genetic defects, tadget
NGS was performed using the PID v2 panel and lorreéhd S5 sequencer (ThermoFisher), with an
average coverage of 335X. Variant calling and cageranalysis was performed using lon Reporter
software*’. The detection of large deletions was performeadguthe method of normalized mean
coverage of individual exon¥. In patients with less profound ClDTgble S1), whole exome
sequencing was performed using a pipeline descpbedously, with an average on-target coverage

of 50X*,

Statistical analysis

Statistical analysis was performed using a comrallycavailable software package (SPSS
Statistics 17.0.0, SPSS, Chicago, lllinois). Oneyda Kolmogorov-Smirnov test was applied to
estimate whether data distribution is normal. Patamand nonparametric analyses were performed
based on the finding of this evaluation. Kaplan-#e&iurve and log-rank test were utilized to compare

different survival estimates. prvalue of 0.05 or less was considered statisticadjpificant.
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Results
Patient population

A cohort of 696 patients with CID (408 males an® 28males from 624 unrelated families)
was evaluated. The diagnosis of CID was made ubm@stablished clinical criteria developed by the
European Society of Immunodeficienciaple SJ1). 55.7% (n=387) of patients were diagnosed from
2013 to 2016, while 44.3% (n=309) were diagnoséat po 20132, Patients were followed for a total
of 3841 patient years with a median follow-up oy&ars per patient (range 0.1 to 29 years). The
median age at onset was 1.5 years (range 1 ddyyeds); 93% of patients had onset of their disseas
before a 13 years of age. The median age at dignas 3.6 years (range 2 weeks to 45 years);
41.8% of patients were diagnosed before 1 yeagef @he median delay in diagnosis was 2.4 years
(range O to 24 years). Parental consanguinity wasent in 474 of the 624 families (75.9%),
substantially higher than the 40% prevalence osanguineous marriage in Ir&h A positive family
history of stillbirth or unknown death was iderdii in 331 unrelated families (52.9%). A positive
history of premature birth was reported in 14.9%atients, (n=104) which is 38% higher than overall
premature birth in Iréi. The overall mortality rate among our cohort #b@atients was 50%.

We categorized the patients as non-syndromic (nF86@ syndromic (n=344) using criteria
established by the International Union of Immunac8ocietied (Table 1). The 5-year survival rate
of syndromic CID patients was significantly highdran that of non-syndromic CID patients
individuals (~75% versus 40%;=0.001). While the survival rate of patients wiyndromic CIDs
progressively diminished to 15%=0.004,Figure S1 A), the 15 year survival rate of patients with
non-syndromic CIDs plateaued at ~40%. Among nordsymic patients, those with SCID had a
significantly greater mortality rate than thosehaigss profound CID during first 2 years of follayg-
(p<0.001,Figure S1 B. Infections and infectious complications accodnter almost all causes of
death in patients with non-syndromic patients (d6889 deceased patients); only 36% of patients
with syndromic CID died from infectious causes (8859 patientsp<0.001): the remainder of the

patients died from multi-organ failure, neurologiabnormalities, and malignancies.
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Non-syndromic CID Patients

The most common clinical presentations of non-symic CID patients were recurrent
pneumonias (n=130, 36.9%), failure to thrive (n=28,4%), chronic diarrhea (n=84, 23.8%), and
recurrent oral candidiasis (n=42, 11.9%). In 40gmas (11.3%), dermatologic lesions such as severe
generalized eczema, skin infections, and abscessme the earliest clinical presentations.
Disseminated Bacillus Calmette-Guerin infection (B3is) accounted for the primary presentation in
23 (6.5%) patients, while BCGosis was documente&#inases (9.6%) following vaccination.

Respiratory tract and gastrointestinal tract infe were the main complications identified in
242 (68.7%) and 209 (59.3%) patients, respectiv@hal candidiasis was documented in 81 (23.0%)
patients, urinary tract infections in 59 (16.7%hdacutaneous infections in 51 (14.4%). Fifty-six
percent of the patients (n=197) developed mulg-sifections requiring intensive medical treatment.
Vaccine-derived polio virus (VDPV) was isolatedapatients with acute flaccid paralysis. Five @& th
patients developed fulminant viral hepatitis B dgrithe neonatal period that later developed into
cirrhosis. Three patients were affected by pulmprtaberculosis. Other pulmonary opportunistic
infections included cytomegalovirus (CMV) in 15 ipats, Pneumocystis jiroveén 13 patientsand
Varicella-zoster virus (VZV) in six patients. SeeerEpstein-Barr virus (EBV)-associated
lymphoproliferative disorders were present in ejgdiients and cryptosporidium infection was present
in six patients.

A clinical diagnosis of SCID was identified in 1@@tients of whom 63 (37.2%) had a T
B'NK™ 55 (32.4%) a B'NK", 43 (25.4%) a B'NK", and 8 (4.7%) a B'NK immunologic
phenotype Table S1). Details of the clinical and immunologic manifgsbns of SCID patients are
listed inTable S2.0menn phenotype was diagnosed in 11 (1.5%) pat{@atde 1). The remaining
172 patients were classified as CID (less profomod;syndromic CID). Of these, 69 patients (19.6%)
had a HIGM phenotype associated with T cell defettg11.6%) had CD4 deficiency, 19 (5.3%) had
CDS8 deficiency, and 43, and (12.2%) had late ofis®ttional T-cell defects (with normal count of T-

cells but defectivgroliferative assays).
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The percentage of T cells (5.7+4.0% vs. 35.51%4.8=0.01) and absolute numbers of T
cells (85.9+40.0 cellguL vs. 1149.5£540.7 cells fuL; p<0.001) were significantly lower in SCID
patients compared to CID patients, as was the agmset (2.3+2.0 months vs. 18.5+14.3 months;
p<0.001), age of diagnosis (0.4+0.2 years vs. 3%¥Rars;p<0.001), and follow-up period (0.5+0.4
years vs. 5.8+4.5 yearpx0.001). The hospitalization rate was significartigher in SCID patients
compared to CID patients (242.4+170.3 days/yeaB2gl+25.8 days/yeap<0.001).

With available resources, molecular diagnosis waegopmed in 103 patients with non-
syndromic CID and identified the causative mutatior84 patients (81.5%). A molecular diagnosis
was achieved in 37 of 45 (82.2%) patients with SGIBDmMenn’s syndrome. Three had mutations in
X-linked genes, and 34 had mutations in autosomed¢ssive genes. The genetic defects included
mutations inRAG1 (n=13), RAG2 (n=6), IL2RG (n=3), JAK3 (n=3), DCLRE1C(n=3), ADA (n=2),
IL7R (n=2), CD3E (n=1), CD3D (n=1), PRKDC (n=1), NHEJ1 (n=1) andPTPRC(n=1) (Table 2,
Table S3, Figure S2 Thus, autosomal recessive forms of SCID accalfate91.8% of patients with
identified molecular while X-linked SCID, which negsents the most common form of SCID in
Western countries, accounted for only 9.2% of thees. The high incidence of autosomal recessive
SCID correlates with the high rate of consangui(ng.4%) in the patients’ families. Of the 58 non-
syndromic CID patients without SCID or Omenn symdeg disease-causing variants were identified
in 47 (81%) patients. Twenty two had a phenotypesistent with HIGM and 36 had partial T cells
defects Table S1). The diagnostic yield in the 22 HIGM patients wak8% with all 18 patients
having mutations affectin@D40Lin males. The diagnostic yield in the 36 CID patisewith a partial
T cell defect was 80.5% (29 patients) as follonBBIA deficiency (n=15), CD27 deficiency (n=3),
STK4 deficiency (n=3), ICOS deficiency (n=2), MHQass Il deficiency (n=3: 2 mutations in
RFXANK and 1 mutation inCIITA genes), ZAP70 deficiency (n=1), ITK deficiency {h=and

MALT?1 deficiency (n=1) Table 2).

Syndromic CI D Patients
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In the 344 syndromic CID patients, the most frequem-immunologic manifestations were
neurologic. 59.5% of the patients (n=205) had ataxnicrocephalus, hydrocephalus, intellectual
disability, mental retardation, or cognitive impaént. The second most frequent non-immunologic
manifestations were dermatologic abnormalities,ciwhwere present in 54.3% of the patients (n=187)
and included telangiectasia, ectodermal dysplagiarse hair, hyperkeratosis, congenital ichthyosis,
atopic diathesis, café-au-lait spots, nail dystyopland hypo/hyperpigmented lesions. Facial
dysmorphic features (bird-like facies, broad ort flzasal bridge, hypertelorism, low-set ears,
macroglossia, and cleft lip) were present in 31.00ftthe syndromic CID patients. Additional
syndromic features included musculoskeletal abnittiss®s malignancies, cardiac malignancies,
endocrine defects, and intestinal atreSiable S9.

Based on the clinical and immunologic criteriealfle S1), the diagnosis of a DNA repair
defect syndrome was made in 193 patients (56.1%)llasvs: 145 with ataxia telangiectasia (AT), 5
with Nijmegen breakage syndrome, 3 with Bloom spnag, and 40 with unspecific syndromic CID
characterized by radiosensitivity. There were 1@tlepts (29.3%) with the clinical diagnosis of HIES
of these, 68 patients had consanguineous paremgesting an autosomal recessive model of HIES.
Twenty-nine patients were diagnosed with WAS, aBdpatients with DiGeorge syndrome. Eight
patients were categorized as other syndromic imehefcencies that included dyskeratosis
congenita, ectodermal dysplasia, as well as ottypical and incomplete syndromic CIDEable 1).

The summaries of the two main categories of paiémtthis group (AT and HIES) are shown in
Tables S5and S6. Patients with thymic defects (with clinical or igiag evidence of absent or
hypoplastic thymus) had the highest mortality (&% 5%, mainly due to congenital heart disease) of
all main categories of syndromic CID, with all matis harboring the 22q11.21 microdeletion
determined using cytogenetic studies.

A molecular defect was identified in 105 of the ¥46%) syndromic CID patients in whom
NGS was performed. A molecular diagnosis was aeltién 21 of 24 (86.3%) patients with AT and
13 of 16 (81.2%) other radiosensitive patientsistidAll the mutations were in genes associate wit

autosomal recessive CIDs and includ€tiM (n=21), DNMT3B (n=8) andZBTB24(n=>5) (Table 3,
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Table S7, Figure S2 All 13 DiGeorge patients studied had a microteteencompassingBX1 Of
the 62 HIES patients, disease-causing variants wlergified in 37 (59.6%) patients. They included
19 patients with autosomal dominant HIES (51.3%) &8 patients with autosomal recessive HIES
(49.7%) as followsSTAT3 deficiency (n=19), DOCKS8 deficiency (n=13)YRK2 deficiency (n=3),
PGM3 deficiency (n=1) and SPINK5 deficiency (n=Hifteen of 15 of WAS patients studied (100%)
had a hemizygous mutation in X-linked gen@\WAS.One patient with pathogenic mutation in each of

EPG5 PNP, TTC7A, IKBKG, DCKandSMARCALIgenes was also identifiefigble 3, Table S7.

Overall diagnostic yield

Genetic sequencing was performed on 243 of thep@fiénts (34.9 %). The overall diagnostic
yield of the 243 sequenced patients was 77.8% (a8@nts).Table S8stratified the genetic analysis
based on the age and sex of the patients. The itgapbipatients (62.9%) had an autosomal recessive
disease, with 56.6% having homozygous mutations amy 6.3% having compound heterozygous
mutations. X-linked diseases compromised 20.1%@fgenetic diagnoses and 17% of patients had an
autosomal dominant disease. In the 189 patientsavijenetic diagnosis, defects in genes that encode
proteins involved in the DNA recombination pathwaf®AG1l RAG2 and DLCRE1C PRKDQ
accounted for 16.7% of the total disease-causimgogtes, while defects in DNA repaiiATM,
DNMT3B and ZBTB24accounted for 19% of genetic defects. Defectsdstimulatory molecules
(e.g. CD4O0L, ICOS, CD27 deficiencies in 12.6% dfigrats) and in the STAT3 signaling pathway (in
10% of patients) were also the other frequentlyeoled defects in our CID cohort.

The highest diagnostic yield was obtained in p#sievith DiGeorge syndrome (100% of 13
tested) and the lowest was in HIES patients (362ofested; 59.6%). We performed stratification on
the patients who underwent sequencing to deterthiegparameters associated with a diagnosis. Of
note, consanguinity and the severity of clinicadgantation were similar between those who had a
molecular defect identified (n=189) and those witbribt (n=64). However the clinical diagnosis of

HIES (p<0.001), a late age of presentation (onset of deseaby;p=0.02), and the absence of multiple
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Discussion

We report the largest cohort of CID patients in wha molecular diagnosis was sought and
achieved to date, with a follow-up exceeding 30rydar patients with less severe phenotypes. These
data detail the increasingly diverse genetic laapemf CIDs in Iran. None of the variants identifie
were found in the Exome Aggregation Consortium oeder Middle East Variome. Furthermore, less
than 5% of identified variants within our cohort r&epreviously reported in CID patients either
globally or regionally from Turkey, Kuwait and Sauirabia, suggesting a lack of founder effects
within the currently reported cohorts of CID fronmiddle East.

Recent genetic diagnostic studies on undefined galfients have identified a diagnostic yield
of 15% in Caucasian patients and up to 56% in dinational CID cohort Table 4) ** %2 The
diagnostic yield did not significantly differ betere whole exome sequencing and targeted gene panels
414652 A genetic defect was identified in 78% of our edhwhich represents the highest published
diagnostic yield to date. We identified late agen$et and the absence of affected family memizers a
two factors associated with a lower yield of idéetl genetic variants. The majority of patientour
cohort were young (mean age of 4.2 years) and 2Hhé#&boaffected family members with clinical
diagnosis of CID. Since nearly all CIDs are autosbnecessive diseases, the high percentage of
consanguineous marriages (78%) expedites the amalfythe NGS data by increasing the likelihood
that the disease-causing variants are homozygotegtions, which constitute the minority of variants
in the human exome. These characteristics may ingweved the diagnostic yield in our cohort. The
yield for molecular diagnosis was highest in DiGmosyndrome (100% of the 13 sequenced patients).
Patients with HIES had the lowest diagnostic yiel@0%), which is likely multifactorial. Mutations
in ZNF341have been very recently reported to cause HfEBut this gene is not part of the targeted
NGS panel for this study. Neither WES nor the teedeNGS panel will identify intronic mutations in
DOCKS8 or STAT3 which have been reported to cause HIES. Thermistandard in the field for
prioritizing NGS as a first-line approach for pat® with specific phenotypes, despite the financial
limitations in research and clinical arenas. Ouagaovide the first evidence that the diagnosigddy

may be higher for patients with specific phenotypgeseduced level of mortality and morbidity were
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observed compared to the previous decddén our cohort, patients with syndromic CIDs had a
significantly higher mortality rate than those witbn-syndromic CIDs. Furthermore, only a minority
of patients with syndromic CIDs (36%) died fromeofious causes (58 of 159 patienis0.001).
Multi-organ failure, neurological abnormalities damalignancies accounted for the remainder of these
patients’ deaths, thus indicating the need for idisltiplinary care, including malignancy screening,
for these patients. Extensive efforts are therefeguired for improving the knowledge of first-line
physicians, the development of a national newbareening program, establishment of PID
therapeutic centers, expansion of the registryatémtial HSC donors, and modifications in national
vaccination program at least for high-risk families

The volume of CID patients and breadth of genétidifhgs in our cohort indicates the critical
need for centers dedicated to HSCT of patients Rifbs. Newborn screening using quantification of
T-cell receptor excision circles and kappa-deletiegombination excision circles (TRECs/KRECSs)
are operational in Iran but it remains a pilot peog that is not yet integrated into national sciregn
programs. This screening test cannot identify T dgsfunction or provide the genetic diagnoses
essential for therapeutic decisions.

A diagnosis of CID requires prompt interventioncgnhe prognosis for children with SCID is
poor due to the susceptibility to opportunisticetttfons in these patients. Although gene therapy is
available at selected medical centers for patiefits specific PIDs", HSCT remains the mainstay of
curative treatment in patients with CID. Gene tpgres not available in Iran, and HSCT is available
only for a limited number of patients due to lintibas in expertise and financial resources. The
findings of the current study indicate that the rallesurvival during the first year of life obsedre
prior to 2008°** changed from 0% to more than 60% one year-sunéual 20% 3 year-survival in
recent years. Although the resources for HSCT an lire limited, genetic diagnoses are pivotal for
confirming clinical diagnoses and identifying nevengtic causes of CID. Additionally, the
identification of pathogenic mutations in genesoaiged with radiosensitivity prompted regular

screening for malignancies and minimizing expodoré@radiation. Molecular diagnosis is essential

19



447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

for genetic counseling, carrier detection, and atalndiagnosis, all of which are essential in cdeat
with limited resources for HSCT and gene therapy.

In agreement with previous studies, our data inditiat Iranian patients non-syndromic CID
are susceptible to BCG and vaccine-derived poliosvinfections suggesting a risk of live vaccines i
this cohort®. While the BCG and oral polio vaccines are raliingiven to all Iranian children at
birth, we recommend that families with a historyRID, or early childhood death, should undergo
evaluation in specialized centers with facilitiesr fPID diagnostics. Moreover, surveillance for
poliovirus excretion among CID patients should emforced until polio eradication is certified and
the use of oral poliovirus vaccine is stopped.

Our results provide proof of principle for the dpption of targeted next-generation
sequencing panels in countries with limited diagieagsources. This is particularly relevant toetff
driving the expansion of newborn screening for SCH3 the standard approaches for newborn

screening do not provide a molecular diagnosis.
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636 Tablel. Characteristics and molecular diagnosis in a dasfd#96 Iranian patients with combined immunodeficies.

637

Disorders® Number Sex Age, Consanguinity  Mortality Patients Patients Diagnostic
of (M/F) years, (%) (%) evaluated with yield %
Patients (xSD) for genetic  confirmed
(%) diagnosis genetic
(% of total)  diagnosis
Total CID patients 69¢€ 408/28¢ 4.2 (3.6 546 (78.4 348 (50.0 243 (34.9) 189 77.8
Non-syndromic CID patients 352 (50.5 208/14: 3.4(2.9 291 (82.6 189 (53.6 103 (29.2 84 81.t
Severe no-syndromicCID 169 (24.2 99/7C 0.47 (0.3 143 (84.6 13 (78.6 44 (26.0 36 81.¢
Omenn phenoty 11 (1.5 417 1.2 (0.7 9(81.8 7 (63.6 1(9.0 1 10C
Less profound nc-syndromicCID 172 (24.7 105/67 8.8(7.1 139 (80.8 49 (28.4 58 (33.7 47 81.C
Hyper IgM phenotyp 69 (9.9 69/C 7.6 (2.0 41(59.4, 32 (46.3 22 (31.8 18 81.¢
Partial T cell defec 103 (14.7 36/67 13.5(9.3 98 (95.1 17 (16.5 36 (34.9 29 80.t
Syndromic CID patients 344 (49.4 197/14. 5.3 (4.0 255 (74.1 159 (46.2 140 (40.6 105 75.C
DNA repair defects syndron 193 (27.7 104/8¢ 7.2(4.6 164 (84.9 110 (56.9 40 (20.7 34 85.C
Ataxia telangiectasia syndrol 145 (20.8  76/6¢ 8.8 (6.4 121 (83.4 87 (60.0 24 (16.5 21 87.t
Nijmegen breakage syndro 5(0.7 2/3 5.3(4.2 5 (100 4(80.0 0 - -
Bloom syndrom:i 3(0.4 1/2 10.4 (4.0 3 (100 3 (100 0 - -
Radiosensitive CID syndror 40 (5.7 25/1F 5.6 (5.1 35(87.5 16 (40.0 16 (40.0 13 81.2
Hyper IgE syndronr 101 (14.5 53/4¢ 7.7 (7.0 68 (67.3 29 (28.7 62 (61.3 37 59.¢
Wiskoti-Aldrich syndrom 29 (4.1 29/C 3.6(15 11 (37.9 8 (27.5 19 (65.5 15 78.¢
Thymic defects syndron 13 (1.9 71€ 0.8 (0.2 8 (61.5 8 (61.5 13 (100 13 10C
Other syndromic ClI| 8 (1.1 7/1 1.3(1.1 4 (50.0 4 (50.0 6 (75.0 6 10C

® For defined clinical criteria please sTable S1

CID: combined immunodeficiencies
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638 Table 2. Inheritance pattern of the 23 genes identifie@4 Iranian patients with non-syndromic combinachunodeficiencies (For details sEable

639 S3
640
641 non-syndromic combined Inheritance No. of No. of Gene ID (Number of patients
immunodeficiencies genes patients
642 affected affected
Severe combined Autosomal recessive/ compou 2 4 IL7R(2), RAG2(z
643 immunodeficiencies and Omenn heterozygous
phenotype Autosomal recessivt 1C 30 JAK3(3), CD3E(1), CD3D(1
644 homozygous RAG1(13), RAG2(4),
DCLRE1C(3), ADA(2), PRKDC(1),
645 NHEJ1(1), PTPRC(1)
X-linked recessiv 1 3 IL2ZRG(3
646 Combined immunodeficiencies Autosomalrecessive/ compour 0 0 -
with generally less profound heterozygous
647 immunodeficiency Autosomal recessivt 9 29 ZAP70(1), RFXANK(z
homozygous CIITA(1), STK4(3),
648 MALTL(1), ITK(1), ICOS(2)
LRBA(15), CD27(3)
X-linked recessiv 1 18 CD40L(18
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649

650

651

652

Table 3. Inheritance pattern of the 17 genes identified®6 Iranian patients with syndromic combined imnuefiiencies (For details s@able

S9.

Syndromic combined Inheritance No. of No. of Gene ID (Number of patients)
immunodeficiencies genes patients
affected affected
DNA repair defects Autosomal recessive/ compou 1 8 ATM(8)
syndromes heterozygous
Autosomal recessive/ homozyg 3 26 ATM(13), DNMT3B(8),
ZBTB24(5)
X-linked recessiv 0 0 -
Hyper IgE syndrome Autosomal recessive/ compou 0 0 -
heterozygous
Autosomal recessive/ homozyg 4 18 DOCKS8(13), TYK2(:
PGM3(1), SPINK5(1)
Autosomal dominant/ lo-of-functior 1 18 STAT3 (1€
X-linked recessiv 0 0 -
Wiskott-Aldrich syndrome X-linked recessiv 1 15 WAS(15
Thymic defects syndromes Autosomal dominant/ lo-of-functior 1 13 Microdeletion in 22q11.21(1
Other syndromic combined Autosomal recessivcompounc 4 4 -
immunodeficiencies heterozygous
Autosomal recessiv homozygou 0 0 EPG5(1), PNP(1), TTC7A(1
SMARCAL1(1)
X-linked recessiv 2 2 IKBKG(1), DCK1(1
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653 Table 4.Comparison of NGS inombined immunodeficiencies patients’ studies.
Parameters Stoddard  Nijmanet Moens Al-Mousa et Stray- Yu et al.*! Galloetal® Ermanetal*” Current Study
et al* al®t etal® al* Pedersen et
al 46
Year 201« 201« 201« 201¢ 201¢ 201¢€ 201¢€ 2017 2017
Method Targetec Targetec  Target Targetec Whole Targetec Targetec Targetec Targetec
sequencing sequencing d sequencing exome sequencing sequencing / sequencing sequencing /
sequenci sequencing whole exome whole exome
ng sequencing sequencing
Computational CNV No Yes Yes Yes Yes Yes Yes No Yes
analysis
Number of 17z 17C 17¢ 162 47k 20C 571 35€ 200/36!
prioritized known
PID genes
Total undefined PID 12C 26 15 13¢ 27¢ 3C 45 19 243
cases
Consanguinity Not 3.8% 20% 90% 6.4% 10% Not mentione 68.4% 76%
mentioned
Ethnicity Not Caucasiat Caucas Arab (Saud 22 different 3 different Caucasial Turkist Persian 21
mentioned (the an Arabia) countries  countries (USA, (Italy) Turkish 28
(NIH, US) Netherlands, (Poland, Norway, Saudi Arab 13
Germany) Sweden) Arabia)
Percentage of solved 15% 15% 40% 25% 40% 56% 15.5% 33% 77.8%
cases
Total undefined CID Not 32(32 CID Not 50 nor- 66 nor- 30 nor- Not mentione 19nor- 103 nor-
cases mentioned mention  syndromic  syndromic syndromic syndromic syndromic
ed 23 syndromic 17 140 syndromic
syndromic
Solved CID case Not 16 nor- Not 19 nor- 26 nor- 17 nor- 2 nor- 6 nor- 84 nor-
mentioned syndromic mention syndromic  syndromic syndromic syndromic syndromic syndromic
7 syndromic ed 6 syndromic 9 syndromic 1 syndromic 105 syndromic

CID: combineldimmunodeficienci,; CNV: copy number variatio PID: primary immunodeficiencie
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Supplementary figure legends
Figure S1-Survival rate analysisA. Comparison of syndromic and non-syndromic CID gr&8.B.

Comparison of SCID and CID patients in the non-sgrmdc group.

Figure S2- Summary of genetic study on syndromic and nonssymit CID patientsA. Total and
solved patients’ number in non-syndromic CID groBpThe inheritance pattern and genes affected
in patients with non-syndromic SCID ar@ non-syndromic CIDsD. Total and solved patients’
number in syndromic CID grouge. The inheritance pattern and genes affected ineipitiwith
syndromic CID and-. DNA repair defects and hyper IgE syndromes. ARosmnhal recessive, AD:
autosomal dominant, Hom: homozygous, Het: hetemmzyg HIgM: Hyper IgM phenotype, AT:
ataxia telangiectasia, NBS: Nijmegen breakage syndr HIES: hyper IgE syndrome, WAS:

Wiskott-Aldrich syndrome.



21 Table S1-Criteria used for clinical diagnosis of combinathiunodeficiency patients.

Diagnosis

Clinical criteria

Combined
immunodeficiency
(CID)

Severe non-syndromic
combined
immunodeficiency
(SCID)

Omenn phenotype

Leaky severe non-
syndromic combined
immunodeficiency

Less profound non-
syndromic combined
immunodeficiency
HIGM phenotype

Partial non-syndromic
T cell deficiency

Syndromic CID

At least one of:

- At least one severe infection (requiring hosjztglon)

- One manifestation of immune dysregulation (autoimity, severe eczema, lymphoproliferation,
granuloma)

- Malignancy

- Affected family member

AND 2 of 4 T cell criteria fulfilled:

- Reduced CD3 or CD4 or CD8 T cells

- Reduced naive CD4 and/or CD8 T cells

- Elevated g/d T cells

- Reduced proliferation to mitogen or T cell reggtimulation

AND HIV excluded

CID

At least one of the following:

- Invasive bacterial, viral or fungal/opportunisiidection

- Persistent diarrhea and failure to thrive

- Affected family member

AND manifestation in the first year of life

AND Absence or very low number of T cells (CD3 T celI300/ul)
Desquamating erythroderma in the first year of life

AND one of the following:

- Lymphoproliferation

- Failure to thrive

- Chronic diarrhea

- Recurrent pneumonia

AND Eosinophilia or elevated IgE

AND T-cell deficiency

AND Maternal engraftment

CID

AND Normal number of CD3 T cells at the time of diagaos

AND Gradualreduction in number of CD3 T cells

AND Maternal engraftment excluded

CID

AND SCID excluded

AND Syndromic CID excluded

At least one of the following:

- Increased susceptibility to infections (recurrantl/or opportunistic, including)
- Immune dysregulation (autoimmunity, lymphopraiggon, sclerosing cholangitis)
- Cytopenia (neutropenia or autoimmune)

- malignancy (lymphoma)

- Affected family member

AND marked decrease of IgG (measured at least twice)

AND normal or elevated IgM (measured at least twice)

AND no evidence of profound T-cell deficiency

AND no evidence of Ataxia telangiectasia

CID

AND SCID excluded

AND Syndromic CID excluded

AND HIGM phenotype excluded

CID

AND at least one of the following:

- Dysmorphic features such as short stature, fatinbrmalities, microcephaly, skeletal abnormalitie
- Other organ manifestations such as albinism, draiooth abnormalities, heart
or kidney defects, hearing abnormalities, primazynodevelopmental delay, seizures
AND at least one numeric or functional abnormal figdippon immunological investigation



DNA repair defects
syndrome

Ataxia telangiectasia

Nijmegen breakage
syndrome

Bloom syndrome

Hyper IgE syndrome
(HIES)

Wiskott-Aldrich
Syndrome (WAS)

Thymic defects
syndrome

AND exclusion of secondary causes for immunologicabatmalities

CID

AND at least two of the following:

- Defined neurological disorders

- Facial abnormalities

- Functional T cell defect

- Radiosensitivity

- Malignancy

Ataxia

AND at least two of the following:

- Oculocutaneous telangiectasia

- Elevated alphafetoprotein (tenfold the uppertiafinormal)

- Lymphocyte A-T caryotype (translocation 7;14)

- Cerebellum hypoplasia on MRI

Microcephaly

AND

reduced T cell number and/or elevated percentageeafory CD4 and CD8 cells and/or reduced T cell
function

AND at least two of the following:

- Typical facial appearance

- Variable hypogammaglobulinemia, dysgammaglobutieand/or reduction of B cells - opportunistic
and/or chronic, recurrent infections, predominanfiyhe respiratory tract

- Café-au-lait spots and/or hypopigmented areatoasHin granulomas

- Lymphoma/leukemia or other malignancy

- Chromosomal instability increased sensitivity &ods ionizing radiation and alkylating agents
Short stature

AND

- Immunodeficiency (hypogammaglobulinemia, variatdgluced lymphocyte proliferation, lower respirgtor

tract infections)

- Cytogenetics: high sister-chromatid exchange @tmmosomal breaks

AND at least one of the following

- Skin: photosensitivity, butterfly erythema, caféait maculae

- Head: microcephaly, dolichocephaly, prominenseard nose

- Hands: syndactyly, polydactyly, fifth finger ctidactyly

- Malignancy: leukemia, lymphoma, adenocarcinomaasous cell carcinoma
CID

AND IgE > 10 times the norm for age

AND pathologic susceptibility to infectious diseases

At least one of the following:

- Eczema

- Recurrent bacterial or viral infections

- Autoimmune diseases (including vasculitis)

- Malignancy

- Reduced WASP expression in a fresh blood sample

- Abnormal antibody response to polysaccharidegant and/or low isohaemagglutinins
- Positive maternal family history of XLT/WAS

AND male patient with thrombocytopenia (less than @00 platelets/mr) (measured at least twice)
AND small platelets (platelet volume < 7,5 fl)

CID

AND at least two of the following:

-Defined by congenital heart disease

- Facial anomalies

- Laryngotracheoesophageal anomalies

- Hypocalcemia

- Growth hormone deficiency

- Absent or hypoplastic thymus in chest X-ray
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CID: Combined immunodeficiency; XLX:linked thrombocytopenia, WA®iskott-Aldrich
syndrome, HIES: Hyper IgE syndrome, HIGM: hyper lgh&notypeSCID: Severe non-syndromic
combined immunodeficiency



26 Table S2.Characteristics of 169 severe combined immunoidefiy patients.

Parameters Severe combined immunodeficiency p-value
Total T-B+NK+ T-B+NK- T-B-NK+ T-B-NK-
Number of patients 169 43 63 55 8 -
Gender, female/male 73/96 25/18 23/40 23/32 2/6 0.36
Consanguinity, Y/N 143/26 39/4 50/13 49/6 5/3 0.17°
Family history of PID , Y/N 31/138 8/35 16/47 5/50 2/6 0.55°
Family  history of recurrent 47/122 8/35 20/43 17/38 2/6 0.68°
infection, Y/N
Family history of early-age death, 76/93 14/29 32/31 28/27 2/6 0.59°
Y/N
Status, alive/dead 133/36 34/9 48/15 45/10 6/2 0.27°
Current age, years, (xSD) 1.0£0.9 1.0£0.2 0.9+0.2 1.3+0.68 0.9+2.8 0.27
Age at onset of symptoms, months,  4.2+3.0 2.1+0.6 4.5+2.6 4.1+0.7 0.6+0.1 0.35°
(xSD)
Age at diagnosis, months, (£SD) 8.615.6 4.2+0.3 6.715.4 7.912.0 3.41+2.0 0.23°
Diagnostic delay, months, (+SD) 4.2+3.7 1.9+1.0 2.1+0.9 3.1+0.6 2.8+2.0 0’38
Period of follow-up, months, (xSD) 4.7+3.9 6.8+3.8 3.7x0.5 4,9+1.8 1.5+£1.0 0248
Course of the disease, months, (xSD) 7.445.2 1.8+0.8 4.2+3.0 9.945.9 6.0+2.4 0.05¢
Hospitalization episodes, (+SD) 2.4£1.7 2.2#05 2422 2.7+1.4 2.3+0.7 0.063
Immunoglobulins
1gG, mg/ml, (xSD) 381.5+79.8 266.1+63.9 43388.4 447.7+151.7 381.5+210.9 0%45
IgM, mg/ml, (£SD) 102.0+22.9 113.0£100.7 1682.9 88.1+43.0 90.0+70.0 0.87
IgA, mg/ml, (zSD) 48.9+15.5 52.7+32.8 43.4420. 54.0+28.3 36.845.7 0.93
IgE, IU/ml, (xSD) 526.1+387.9 812.8+131.5 43218.1 425.8451.6 394.8485.7 0244
Complete blood count
Leukocytes, cell/ml, (+SD) 8933.9+864.4  1044.9+812. 8548.8+5452.7 8370.1+2618.3  7650.9+895.3 0.3:
Lymphocytes, %, (+SD) 25.6+22.9 30.2+18.0 25.0£7.0 23.2+4.0 21.6+3.2 0.36
Neutrophils,%, (xSD) 55.9+43.5 52.1+41.3 58.616.6 56.0+8.9 55.0+47.1 0.63
Eosinophil,%, (£SD) 6.445.6 7.8+4.8 5.4+3.3 5.7281. 11.6+1.3 0.00%
Lymphocyte subtypes
CD3', % of lymphocytes (+SD) 17.3+12.4 17.246.1 17.2+9. 17.5+7.5 10.1+2.5 0.84
CD4', % of lymphocytes (+SD) 9.146.0 7.315.4 9.84+9.7 0.3#4.2 4.9+1.2 0.63
CD8', % of lymphocytes (+SD) 10.2+7.3 9.445.1 12.2+3.2 9.3+2.6 5.1+1.5 0.43
CD16, % of lymphocytes (+SD) 28.1+26.9 29.548.0 25.6+2. 31.4+7.% 17.6+1.7 0.009
CD19, % of lymphocytes (+SD) 26.6+21.3 28.4+10.9 35.642 16.9+2.8 13.5+2.0 0.008
CD56', % of lymphocytes (+SD) 8.716.0 8.518.1 8.615.3 .019.4 8.8+2.0 0.92

27  *Represents the p-value of difference between thfewl groups of SCID patients, as revealed by

28  Chi-square analysis

29 " Represents the p-value of difference between thHeuwl groups of SCID patients, as revealed by

30 ANOVA analysis

31  CIndicated the significant difference in CD16 betwd@B NK" and TBNK patients, as revealed by

32 Scheffe's Post hoc test.

33 YIndicates the significant difference in CD19 besmw&@B'NK and TB'NK" patients, as revealed by

34 Scheffe's Post hoc test.

35 Age-matched reference levels based on the ageaghaiis: IgM, 55-210 mg/dL; IgG, 700-1600
36  mg/dL; IgA, 19-220 IU/mL; IgE, <100 IU/mL; Leukoegt 6,000-11,000 cell/uL; Neutrophils, 1,500-
37 8,500 cell/uL; Lymphocyte, 4,000-10,000 cell/pL;CP31-74%; CD4, 35-53%; CD8, 13—-27%;

38 CD16/CD56, 4-15%; CDI917-37%.



39 Table S3.Deleterious changes detected in 84 Iranian patigith non-syndromic combined
40 immunodeficiencies
Patients Age Se Immunologic phenotype Gene Deleterious variants Zygosity inherita  New/Repor
ID X nce ed
Severe combined immunodeficiencies and Omenn phenotype
P1 6d M T-B+NK- SCID IL2RG p.S225R Hemizygous  X-linked !
P2 i4m M T-B+NK- SCID IL2RG p.E284X Hemizygous  X-linked  New patient
P3 5m M T-B+NK- SCID IL2RG p.Q61VfsX79 Hemizygous  X-linked  New patient
P4 14 M Leaky SCID JAK3 p.vV722I Homozygous AR 2
m
P5 7m F Omenn phenotype JAK3 p.R775H Homozygous AR New patient
P6 6m F T-B+NK+SCID JAK3 p.W709R Homozygous AR New patient
P7 15y M T-B- NK+SCID IL7R p.T66I Compound AR 3
p. 1138V heterozygous
P8 6m F T-B- NK+SCID IL7R p.T56A Compound AR 3
p.C57W heterozygous
P9 5m M T-B+NK+ SCID CD3E p. E70X Homozygous AR New patient
P10 m M T-B+NK+ SCID CD3D p.E83X Homozygous AR New patient
P11 10 F T-B- NK+SCID RAG1 p.W896X Homozygous AR 3
m
P12 12y F T-B- NK+SCID RAG1 p.W204R Homozygous AR 8
P13 m M T-B- NK+SCID RAG1 p-M324V Homozygous AR 3
P14 4m F T-B- NK+SCID RAG1 p.T731I Homozygous AR 3
P15 9m F T-B- NK+SCID RAG1 p.M1006V Homozygous AR 3
P16 14y M Leaky SCID RAG1 p.C358Y Homozygous AR 4
P17 10y M T-B- NK+SCID RAG1 p.N855S Homozygous AR New patient
P18 15y F T-B- NK+SCID RAG1 p.R397W Homozygous AR New patient
P19 7m F T-B- NK+SCID RAG1 p.R397W Homozygous AR New patient
P20 8m M Leaky SCID RAG1 p.A857D Homozygous AR New patient
P21 9m F Leaky SCID RAG1 p.W995X Homozygous AR New patient
P22 ly M Leaky SCID RAG1 p.V469L Homozygous AR New patient
P23 m F T-B-NK+ SCID RAG1 p.W995X Homozygous AR New patient
P24 3m M T-B- NK+SCID RAG2 p.R229W Homozygous AR 3
P25 6m F T-B- NK+SCID RAG2 p.R229W Homozygous AR 3
P26 6m M T-B-NK+ SCID RAG2 p.S194X Compound AR >
p.T1784G heterozygous
P27 m F T-B-NK+ SCID RAG?2 p.S194X Compound AR >
p.T1784G heterozygous
P28 6m M T-B-NK+ SCID RAG2 p.R229W Homozygous AR New patient
P29 5m F T-B-NK+ SCID RAG2 p.G44R Homozygous AR New patient
P30 10y M Leaky SCID DCLRE1 p.G14V Homozygous AR 6
C
P31 8m M T-B-NK+ SCID DCLRE1 p.E388X Homozygous AR New patient
C
P32 1lly M Leaky SCID DCLRE1 p.S417YfsX459 Homozygous AR New patient
C
P33 Im M T-B-NK+ SCID ADA p.E139X Homozygous AR New patient
P34 3m M T-B-NK+ SCID ADA p.R235Q Homozygous AR New patient
P35 ly M Leaky SCID PRKDC p.F12441fsX2855 Homozygous AR New patient
P36 2y F Leaky SCID NHEJ1 p.R176X Homozygous AR New patient
P37 3m F T-B+NK+ PTPRC p.S834R Homozygous AR !
Combined immunodeficiencies with generally less profound immunodeficiency
P38 18y M Hyper IgM profile CD40LG lvs1+2T>C Hemizygous  X-linked 8¢
P39 8y M Hyper IgM profile CD40LG p.F63L Hemizygous  X-linked  New patient
P40 7y M Hyper IgM profile CD40LG p.G219R Hemizygous  X-linked  New patient
P41 8y M Hyper IgM profile CD40LG p.T29fsX36 Hemizygous  X-linked 8¢



P42 g9y M Hyper IgM profile CD40LG p.G167R Hemizygous  X-linked 8.

P43 4 M Hyper IgM profile CD40LG p.D62fsX79 Hemizygous  X-linked 8.

P44 6y M Hyper IgM profile CD40LG p.L161P Hemizygous  X-linked 8.

P45 4 M Hyper IgM profile CD40LG p.G167R Hemizygous  X-linked 8¢

P46 6y M Hyper IgM profile CD40LG p.M36T Hemizygous  X-linked  New patient

P47 5 M Hyper IgM profile CD40LG p.Q186X Hemizygous  X-linked New patient

P48 2y M Hyper IgM profile CD40LG p.Q186X Hemizygous  X-linked New patient

P49 2y M Hyper IgM profile CD40LG p.Q186X Hemizygous  X-linked New patient

P50 1.5y M Hyper IgM profile CD40LG p.G252D Hemizygous  X-linked 910

P51 99 M Hyper IgM profile CD40LG p.G167R Hemizygous  X-linked  New patient

P52 7y M Hyper IgM profile CD40LG p.Q186X Hemizygous  X-linked New patient

P53 ly M Hyper IgM profile CD40LG p.L81X Hemizygous  X-linked New patient

P54 3y M Hyper IgM profile CD40LG p.G144V Hemizygous  X-linked New patient

P55 5% M Hyper IgM profile CD40LG p.1171T Hemizygous  X-linked !

P56 3y M CD8 deficiency ZAP70 p.D521N Homozygous AR 1

P57 7y M MHC class Il deficiency RFXANK p.R189X Homozygous AR New patient

P58 4v M MHC class Il deficiency RFXANK €.438+5G>A Homozygous AR !

P59 2y F MHC class Il deficiency CIITA p.N1082del Homozygous AR New patient

P60 2y F CD4 and CD19 deficiency, STK4 p.W250X Homozygous AR 12
neutropenia

P61 10y M CD4 and CD19 deficiency, STK4 p.W250X Homozygous AR 12
neutropenia

P62 4 F CD4 and CD19 deficiency, STK4 p.W250X Homozygous AR 12
neutropenia

P63 5m F Early onset CID MALT1 p. N485S Homozygous AR New patient

P64 14y F Late onset CID ITK p.L157fsX265 Homozygous AR 13

P65 3%y F Late onset CID ICOS p.V151L Homozygous AR New patient

P66 28y M Late onset CID ICOS p.V151L Homozygous AR New patient

P67 14y F Late onset CID LRBA C.4729+2dupT Homozygous AR 14

P68 14y M Late onset CID LRBA p.E59X Homozygous AR 14

P69 10y M Late onset CID LRBA p.E59X Homozygous AR 14

P70 15y F Late onset CID LRBA c.1014+1G>A Homozygous AR 14

P71 17y M Late onset CID LRBA p.R182X Homozygous AR 14

P72 22y F Late onset CID LRBA c.4729+2dupT Homozygous AR 14

P73 13y F Late onset CID LRBA p.11875SfsX1889 Homozygous AR New patien

P74 13y M Late onset CID LRBA Exon 41 del Homozygous AR 6

P75 2y F Late onset CID LRBA Exon 41 del Homozygous AR 14

P76 22y F Late onset CID LRBA p.S1605X Homozygous AR New patient

P77 3By M Late onset CID LRBA p.S1605X Homozygous AR 14

P78 28y M Late onset CID LRBA p.S1605X Homozygous AR 14

P79 ly F Late onset CID LRBA Exonl del Homozygous AR 14

P80 2y M Late onset CID LRBA p.D248EfsX250 Homozygous AR 15

P81 6y F Late onset CID LRBA p.S462LfsX469 Homozygous AR New patient

P82 38y M Late onset CID CD27 p.C96Y Homozygous AR 16

P83 20y F Late onset CID CcD27 p.C96Y Homozygous AR 16

P84 2ly F Late onset CID CD27 p.R78W Homozygous AR 16

41 M: male, F: female, SCIDSevere combined immunodeficiencies, @Dmbined immunodeficiencies, AR:

42

autosomal recessive
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Table S4.Characteristics of non-immunologic clinical mantfg®n patients with syndromic

combined immunodeficiencies.

Involved non-immunologic systen Manifestations Number of affected
patients (%)
Neurologic abnormalities Ataxia, microcephalus, hydrocephalus, 205 (59.5)

intellectual disability, mental retardation,
or cognitive impairment
Dermatologic abnormalities Telangiectasia, ectodermal dysplasia, 187 (54.3)
sparse hair, hyperkeratosis, congenital
ichthyosis, atopic diathesis, café-au-lait
spots, nail dystrophy, and
hypo/hyperpigmented lesions
Facial dysmorphic features Bird-like facies, broad or flat nasal 107 (31.0)
bridge, hypertelorism, low-set ears,
macroglossia, and cleft lip
Musculoskeletal disorders Hyperextensible joints, osteoporosis, 61(17.7)
pathologic bone fractures, scoliosis,
retention of primary teeth, and short
stature
Malignancies Hodgkin's and Non- Hodgkin 23 (6.7)
Lymphomaleukemias, Multiple
myeloma, Breast cancer, Gastric
adenocarcinoma
Cardiac malformation Tetralogy Fallot, conotruncal cardiac 15 (4.3)
defects, peculiar anatomical, deficiency
of the infundibular septum and
malalignment of the aortic arch and
pulmonary arteries.
Endocrine congenital disorders Hypocalcemia, hypoparathyroidism, 11 (3.0)
growth hormone deficiency, congenital
abnormalities of the thyroid,
hypogonadism
Gastrointestinal malformation Intestinal atresias 10 (2.9)
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Table S5.Characteristics of 145 patients with ataxia telaogisia.
Clinical and demographic parameters Results Immunologic parameters Results
Number of patients 145 Immunoglobulins
Gender, female/male 76/69 IgG, mg/dl (+SD) 772.5+568.1
Current age, years, (xSD) 8.816.4 IgM, mg/dl (zSD) 296.9+238.1
Age at onset of symptoms, months, (£SD) 1.1+0.7 IgA, mg/dl (xSD) 53.6+43.8
Age at diagnosis, years, (xSD) 6.7£5.5 IgE, mg/dl (£SD) 10.446.7
Diagnostic delay, years, (xSD) 4.5+4.2 IgG1, mg/dl (xSD) 684.6+378.0
Recurrent infections, Y/N 121/24 19G2, mg/dl (xSD) 117.3£109.1
Respiratory tract infections, Y/N 113/32 IgG3, mg/dl (xSD) 47.3+41.9
Upper respiratory tract infection, Y/N 55/90 1gG4, mg/dl (xSD) 8.817.8
Pneumonia, Y/N 66/79 Complete blood count and lymphocyte subtypes
Infectious diarrhea, Y/N 27/118 Leukocytes, cell/uL (£SD) 7310+3779
Mucocutaneous infection, Y/N 48/97 Lymphocyte, cell/puL (xSD) 2254+2017
Lymphoproliferation, Y/N 17/128 Neutrophils, cell/uL (£ SD) 438912494
Autoimmunity, Y/N 21/124 CD3",% of lymphocytes (+SD) 44.7+16.3
Allergy, Y/N 20/125 CD4", % of lymphocytes (+SD) 21.5+10.0
Enteropathy, Y/N 18/127 CD8', % of lymphocytes (+SD) 24.1+11.1
Malignancy, Y/N 3/143 CD19", % of lymphocytes (+SD) 11.748.4
Serum AFP level, ng/dL (£ SD) 267.6x232.1

47
48
49
50
51
52
53
54

AFP: alpha fetoprotein.

Age-matched reference levels based on the agaghakis: IgM, 40-230 mg/dL; IgE, <100 IU/mL ;
IgA, 41-297 mg/dL; IgG, 700-1600 mg/dL; IgG1, 28ma mg/dL; IgG2, 55-435 mg/dL; IgG3, 10-
100 mg/dL; IgG4, 1-100 mg/dL; Leukocytes, 4,00@QAQ cell/uL; Neutrophils, 1,500-7,000 cell/uL;
Lymphocyte, 1,500-6,000 cell/uL;CD30-78%; CD4, 22-58%; CD8, 10-37%; CD19, 8-14%;

AFP level<10 ng/dL.



55 Table S6.Characteristics of 101 patients with Hyper IgE spnae

Parameters Total (n=101) STATS3 deficiency DOCK8 p-value
deficiency
Number of patients 101 19 13 -
Gender, female/male 46/55 10/9 716 1.0
Current age, years, (£SD) 14.1+9.5 9.5+7.4 15.7+10.1 0.08
Age at onset of symptoms, months, (xSD) 21.4+6.8 37.4+11.0 18.749.6 0.002
Age at diagnosis, years, (£SD) 9.5+7.8 9.7+#8.1 3.4+2.0 0.001
Diagnostic delay, years, (+SD) 7.72+4.2 8.1+7.8 1.5+0.9 0.003
Period of follow-up, years, (xSD) 4.71+3.3 6.0£5.4 4.0+3.5 0.064
Recurrent upper respiratory infections ,Y/N 79/22 15/4 6/7 0.07
Recurrent pneumonia, Y/N 70/31 19/0 5/8 <0.001
Pneumatocele, Y/N 25/76 13/6 0/13 <0.001
Bronchiectasis, Y/N 16/85 3/16 1/12 0.62
Eczema, Y/N 94/7 19/0 13/0 0.59
Recurrent skin abscess, Y/N 78/23 19/0 13/0 1.0
Candidiasis, Y/N 46/55 7112 6/7 0.72
Other unusual infection, Y/N 57/44 8/10 12/1 0.008
Lymphoma, Y/N 2/99 0/19 0/13 1.0
Eosinophilia, Y/N 65/36 13/6 8/5 0.72
NIH Score (+SD) 47.1+17.3 60.7+13.7 47.2421.6 <0.001
SCORAD (+SD) 68.41+15.4 78.0+61.7 60.1+29.3 0.08
Immunoglobulins
IgG, mg/ml, (zSD) 1392.6 +770.0 1726.8+763.8 162609.2 0.007
IgM, mg/ml, (+SD) 140.7 + 118.7 149.6+75.3 110.3:19 0.06
IgA, mg/ml, (£SD) 201.5+49.8 142.7+94.8 121.4443. 0.97
IgE, IU/ml, (+SD) 9045.0+1260.9 10247.2+1562.0 3095311420.2 <0.001

56 2 Significant difference between STAT3 deficiend/@CKS8 deficiency patients <0.05.
57 SCORAD: Scoring atopic dermatitIH: National Institutes of Health.

58

59  Age-matched reference levels based on the agaghatis: 3-5 years—IgM, 40-230 mg/dL; IgG,

60  700-1600 mg/

61  dL; IgA, 48-345 mg/dL; 8-10 years—IgM, 40-230 mgidiG, 700-1600 mg/dL; IgE, <100 IU/mL.



62 Table S7- Deleterious changes detected in 105

Iranian patiamith syndromic combined

63 immunodeficiencies.
Patients Age Se» Clinical Presentation Gene Deleterious variants Zygosity inherit New/
ID ance Reporte
d
DNA repair defects syndromes .
P85 7y M Ataxia telangiectasia ATM p.S2761LfsX2805 Compound AR o
syndrome p.12628fsX2630 heterozygous
P86 8y F Ataxia telangiectasia ATM p.S2761LfsX2805 Compound AR H
syndrome p.12628fsX2630 heterozygous
P87 4y M Ataxia telangiectasia ATM p.S2761LfsX2805 Compound AR H
syndrome p.12628fsX2630 heterozygous )
P88 6y F Ataxia telangiectasia ATM p.K2756T Compound AR o
syndrome p.12628fsX2630 heterozygous
P89 10y F Ataxia telangiectasia ATM p.E2778DfsX2805 Compound AR H
syndrome p.H2552PfsX2563 heterozygous
P90 7y M Ataxia telangiectasia ATM p.R2792TfsX2795 Homozygous AR H
syndrome )
PI1 8y M Ataxia telangiectasia ATM p.12628fsX2630 Homozygous AR o
syndrome
P92 5 F Ataxia telangiectasia ATM p.12628fsX2630 Homozygous AR H
syndrome )
P93 8y M Ataxia telangiectasia ATM p.12628fsX2630 Homozygous AR o
syndrome
P94 7y F Ataxia telangiectasia ATM p.12628fsX2630 Compound AR H
syndrome p.H2552PfsX2563 heterozygous
P95 4y M Ataxia telangiectasia ATM p.12628fsX2630 Compound AR H
syndrome p.T2556fsX2563 heterozygous )
P96 9y F Ataxia telangiectasia ATM p.12628fsX2630 Homozygous AR o
syndrome
P97 7y F Ataxia telangiectasia ATM p.12628fsX2630 Homozygous AR H
syndrome
P98 7y F Ataxia telangiectasia ATM p.12628fsX2630 Homozygous AR H
syndrome
P99 10y F Ataxia telangiectasia ATM p.L1851fsX1856 Homozygous AR 6
syndrome
P100 8y F Ataxia telangiectasia ATM p.A2622V Homozygous AR 18
syndrome
P101 4y M Ataxia telangiectasia ATM p.E1622X Homozygous AR New
syndrome patient
P102 7y F Ataxia telangiectasia ATM p.E277X Homozygous AR New
syndrome patient
P103 6y F Ataxia telangiectasia ATM p.Y2969X Compound AR New
syndrome €.2639-1G>A heterozygous patient
P104 4y M Ataxia telangiectasia ATM p.A1299PfsX1348 Homozygous AR New
syndrome patient
P105 5y F Ataxia telangiectasia ATM p.R1875X Homozygous AR !
syndrome
P106 10y M Atypical ICF syndrome DNMT3B p.D722E Homozygous AR New
patient
P107 8y F Atypical ICF syndrome DNMT3B p.G810C Homozygous AR New
patient
P108 22y F Atypical ICF syndrome DNMT3B p.D722E Homozygous AR New
patient
P109 3y F Atypical ICF syndrome DNMT3B p.Y624C Homozygous AR New
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P110 21y
P111 13y
P112 7y
P113 6y
P114 33y
P115 7y
P116 17y
P117 41y
P118 39y
Hyper | gE syndrome
P119 28y M
P120 21y
P121 24y
P122 30y
P123 21y
P124 19y
P125 26y
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P127 33y
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P139 23y F
P140 19y F
P141 8y M
P142 8y M
P143 4y M
P144 15y M
P145 17y F
P146 7y F
P147 2y F
P148 6y M
P149 8y F
P150 9y M
P151 5y M
P152 3y F
P153 9 F
P154 8y F
P155 2y F
Wiskott-Aldrich syndrome
P156 05y M
P157 1y M
P158 3y M
P159 2y M
P160 1y M
P161 1y M
P162 0.6y M
P163 1y M
P164 8y M
P165 1y M
P166 4y M
P167 0.7y M
P168 7y M
P169 9m M
P170 18m M

AR-HIES syndrome
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AR-HIES syndrome
Leaky CID syndrome

DOCK38
DOCKS8
DOCK38
DOCK8
DOCKS8
DOCK38
DOCK38
DOCKS8
DOCKS8
DOCKS8
DOCKS8
DOCK38
TYK2
TYK2
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Comel-Netherton syndrome SPINK5

Wiskott-Aldrich syndrome
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Wiskott-Aldrich syndrome
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WAS
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WAS
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Large deletion, exon
11-14
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linked patient
Thymic defects syndromes
P171 1.5y M DiGeorge syndrome TBX1 microdeletion in Heterozygous AD z
22q11.21
pP172 DiGeorge syndrome TBX1 microdeletion in Heterozygous AD New
03y F 22¢11.21 patient
P173 DiGeorge syndrome TBX1 microdeletion in Heterozygous AD New
ly F 22g11.21 patient
P174 DiGeorge syndrome TBX1 microdeletion in Heterozygous AD New
ly F 22ql1.21 patient
P175 DiGeorge syndrome TBX1 microdeletion in Heterozygous AD New
0.5y F 22¢11.21 patient
P176 DiGeorge syndrome TBX1 microdeletion in Heterozygous AD New
ly M 22¢11.21 patient
P177 DiGeorge syndrome TBX1 microdeletion in Heterozygous AD New
3y M 22ql1.21 patient
P178 DiGeorge syndrome TBX1 microdeletion in Heterozygous AD New
0ly F 22ql1.21 patient
P179 DiGeorge syndrome TBX1 microdeletion in Heterozygous AD New
13y M 22ql1.21 patient
P180 DiGeorge syndrome TBX1 microdeletion in Heterozygous AD New
04y M 22¢11.21 patient
P181 DiGeorge syndrome TBX1 microdeletion in Heterozygous AD New
2y F 22ql1.21 patient
P182 DiGeorge syndrome TBX1 microdeletion in Heterozygous AD New
2y M 22ql1.21 patient
P183 DiGeorge syndrome TBX1 microdeletion in Heterozygous AD New
0.2y M 22¢11.21 patient
Other syndromic combined immunodeficiencies
P184 35y M Vici syndrome EPG5 p.R2483X Homozygous AR =
P185 10y F Leaky CID syndrome PNP p.C70R Homozygous AR 14
P186 8y M Leaky CID syndrome TTC7A p.A55V Homozygous AR 14
P187 4y M  Schimke 15immune-0sseousSMARCAL p.R561H Homozygous AR %
dysplasia 1
P188 10y M Anhidrotic ectodermal IKBKG p.D311G Hemizygous X- New
dysplasia syndrome linked patient
P189 15y M Leaky CID syndrome DCK1 p.S280R Hemizygous X- New
linked patient
64  M: male, F: female, CID: Combined immunodeficiesci®R: autosomal recessive, AD: autosomal
65 dominant, ICF: Immunodeficiency, Centromeric regdiastability, Facial anomalies syndrome, HIES:
66  hyper IgE syndrome.



67 Table S8-Stratification of genetic diagnosis based on agkes@ax on combined immunodeficiency

68 patients
Gender (N) Genetic study (N Age of patients
<6m (N) 6m-5y (N) 5y-15y (N) >15y (N)
Male (408) Not performed 77 143 26 15
(261)
Not solved (33) 11 18 3 1
Solved (114) IL2RG(3), JAK3(1), IL7R(1),CD3D(1), DCLRE1G2), RAGL2), CD40LE1),
CD3H1), RAGX3), RAGZ2), CD40LE9), ICOS1),
RAGZ1), DLRE1Q1), PRKDQ1), RFXANK1), LRBAT), LRBA{33),
ADA(2), CD40LGE8), ZAP71), ATM(4), DNMT3HE3), CD271),
TBX1(2) RFXANK1), STK41), STAT3E2), DOCKg4), ZBTB242),
LRBA®), ATM(4), DOCKg2), TYKZA1), TTC7AL), STATE7)
WAS15), TBX1(5), EPGH1), IKBKG(1), DCK1(1)
SMARCAL{)
Female (288) Not performed 56 90 19 27
(192)
Not solved (21) 6 12 3 0
Solved (75) RAGX1), JAK32), IL7R(1), RAGX7), STK41), ATM(13), ICOS1),
RAGZ1), RAGZ2), NHEJ1(1), DNMT3H?2), ZBTB241), LRBA?2),
PTPRQ1), CHITA(1), STK41), ITK(1), STAT34), CD27(2),
MALT1(1), DNMT3H1), STAT31), DOCKS§3),TYKA1), DNMT3H?2),
TBX1(2) DOCK§1),TYKZA1), PGM31), PNP(1) ZBTB242),
SPINKK1), TBX1(4) STATZ5),
DOCK§3)

69
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