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PREFACE. What is New

The Joint Task Force on Practice Parameters (JTFPP) was commissioned by the
American Academy of Allergy, Asthma and Immunology (AAAAI) and the American
College of Allergy, Asthma and Immunology (ACAAI) in 1989 to develop guidelines for
the clinical practice of allergy and clinical immunology reflecting current evidence-based
practices and clinical consensus, and to provide periodic updates. The first practice
parameter for primary immunodeficiencies was developed and published in 1995.* The
publication was 13 printed pages long with 47 references. It focused on the assessment
of immunological function with management limited to intravenous immunoglobulins for
antibody deficiencies and bone marrow transplantation for severe cellular
immunodeficiencies. Subsequent updates were published in 2005 and 2015 and were
63 and 98 printed pages, respectively with 530 and 768 references.? 3 These versions
expanded upon the diagnosis and care of patients with primary immunodeficiencies.

Reports of several genetic defects resulting primarily in autoimmunity and inflammatory
symptoms with or without immune deficiency provided the justification for the
International Union of Immunological Societies (IUIS) committee to coin the term Inborn
Errors of Immunity (IEI) for all congenital disorders that primarily affect immune function,
including primary immunodeficiencies. The field of IEI has grown substantively over the
past decade and continues to expand. Considering the large number of publications
related to the care of patients with IEI, it would be unwieldly to provide all available
information in a practice parameter. The guiding principle for this practice parameter
update was to present the best evidence-based recommendations to support practice,
while avoiding being encyclopedic or becoming a textbook. In this update, several
sections utilize tables to outline some disease specific recommendations rather than
discussing each one individually in the text, while providing key references. This
conveys guidelines for diagnosis and management highlighting specific examples, as
well as exceptions. Broadly, the document is divided into diagnostic (1-7) and
management (8-14) sections.(Figure 1)

New topics of importance to improving the care of patients with IEI are included. Since
the last practice parameters in 2015, there have been significant advances in genetic
testing and identification of novel pathogenic gene variants causing IEIl. Genetic testing
has also become widely available, in part due to its decreasing cost.

As in previous practice parameters on IEl, the current sections on diagnosis and
management of antibody deficiencies include statements more specific than those
discussed for other IEI disorders, consistent with the larger proportion of patients in
these categories and the high number of available publications relative to other IEI.
Because of the implementation of universal newborn screening for severe combined
immunodeficiency (SCID), guidance for prompt management of infants with abnormal
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screening tests is included. Specific protein antibody deficiency with recurrent infections
is being introduced as a diagnosis for those patients with adequate serum IgG levels
and absent response to antigens other than polysaccharides. Targeted therapy or
precision medicine for IEl based on immunopathogenesis has changed the landscape
of therapies for these disorders over the last decade. Thus, Section 13 is focused upon
therapies that have been shown to be effective for many IEI. The last section discusses
the use of tools to measure patient reported outcomes and quality of life (QoL). Several
statements refer to the importance of consulting a clinician with expertise in the care of
IEI. Expertise is defined as clinical training in IEI and providing care to patients with IEI.
Of note, the JTFPP has developed a focused practice parameter for hereditary
angioedema* and this condition is not included in the present document. Secondary
immunodeficiencies constitute a growing area of clinical knowledge, with an increasing
use of different therapeutic applications that modulate the immune response. Other than
referring to their diagnostic evaluation, secondary immunodeficiencies are not
discussed in depth in this practice parameter.
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ABBREVIATIONS
AAAAI, American Academy of Allergy, Asthma and Immunology
ACAAI, American College of Allergy, Asthma and Immunology
ACIP, Advisory Committee on Immunization Practices
AD, autosomal dominant
ADA; adenosine deaminase
ALPS; autoimmune lymphoproliferative syndrome
APDS; activated phosphoinositide 3-kinase delta syndrome
AR, autosomal recessive
AT; ataxia-telangiectasia
BCG,; bacillus Calmette-Guerin
CAPS; cryopyrin associated periodic fever
CDC, Center for Disease Control and Prevention
CFH; complement Factor H
CGD, chronic granulomatous disease
CH50; complement hemolytic activity 50%
CID, combined immunodeficiency
CMV, cytomegalovirus
CNV, copy number variation
CTTI, cultured thymus tissue implantation
CVID; common variable immune deficiency
DIRA; deficiency of IL-1 receptor antagonist
DNT, double negative T cells
EBV; Epstein-Barr virus
FCAS; familial cold autoinflammatory syndrome
FMF; familial mediterranean fever
GOF, gain of function
GRADE, Grading of Recommendations, Assessment, Development, and Evaluation
GvVHD; graft versus host disease
HIV; human immunodeficiency virus
HCT/HSCT; hematopoietic stem cell transplant
HLH, hemophagocytic lymphohistiocytosis



343 IEl, Inborn Error(s) of Immunity

344  IgRT; immunoglobulin replacement therapy

345 INF; interferon

346 IPEX; immunodeficiency, polyendocrinopathy, enteropathy, X-linked
347 IUIS; International Union of Immunological Societies

348  IVIG, intravenous immunoglobulins

349  HIDS; hyper IgD syndrome

350 JTFPP, Joint Task Force on Practice Parameters

351 KREC,; kappa restriction excision circle

352  LAD,; leukocyte adhesion deficiency

353  LOF, loss of function

354  MHC; major histocompatibility syndrome

355 MPS, massive parallel sequencing

356 MSMD; Mendelian susceptibility to mycobacterial disease
357 NBS, newborn screening

358 NTM, non-tuberculous mycobacteria

359 PAP; pulmonary alveolar proteinosis

360 PAPA,; pyogenic arthritis pyoderma gangrenosum and acne
361 PHA; phytohemagglutinin

362  PID, primary immunodeficiency

363 PIDTC; Primary Immune Deficiency Treatment Consortium
364  PIRD; primary immune dysregulatory disorders

365 PRO, patient related outcome

366  QoL, quality of life

367 RTE; recent thymic emigrant

368 SAD,; specific antibody deficiency

369 SCID, severe combined immunodeficiency

370  SCIG; subcutaneous immunoglobulin

371  SNP; single nucleotide polymorphism

372 SNV, single nucleotide variant

373 TRAPS; TNF receptor associated periodic syndrome

374  WAS; Wiskott-Aldrich syndrome

375 WES; whole exome sequencing
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WGS; whole genome sequencing
WHIM; warts, hypogammaglobulinemia, infections and myelokathexis
XLP; X-linked lymphoproliferative syndrome
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GLOSSARY

Antibody deficiency. A condition characterized by impaired quantitative or functional
antibodies.

Combined immune deficiency. A condition characterized by impaired T and B cell
functions.

Chromosomal microarray (CMA). A genetic test that identifies deletions or duplications
of DNA regions in the genome, also known as copy number variants (CNV).

Immune dysregulation. A defect in the immune system to control its reaction to
microbes, other foreign substances and body tissues, resulting in excessive and/or
insufficient response.

Immunodeficiency. A condition characterized by impaired immune responses.

Immunorestorative therapy. A term referring to treatments that correct the immune
response, including hematopoietic stem cell transplantation (HSCT), cultured thymus
tissue implantation (CTTI) and gene therapy.

Inborn errors of immunity (IEl). A group of genetic disorders that result in increased
occurrence of infections, immunodysregulation (autoimmunity, autoinflammation and
allergy) and cancer

Leaky SCID. A form of severe combined immunodeficiency (SCID), also known as
atypical SCID, that presents with a small number of T cells, usually oligoclonal and with
impaired function. These T cells may be autoreactive and produce inflammation in the
skin, liver and lymphadenopathy, a condition known as Omenn syndrome.

Jakinib. A class of small molecules that inhibit JAK/STAT signal transduction pathways,
with application in the management of allergic and inflammatory conditions. Also
referred as Jak inhibitor.

Massive parallel sequencing. (MPS), A number of high throughput methods of DNA
sequencing using simultaneous reactions in micro platforms. Also known as next-
generation sequencing (NGS)
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Newborn screening. Also known as Universal Newborn Screening (NBS), it is a public
health program that identifies treatable disorders in newborns, mostly metabolic and
hereditary. The goal of NBS is to diagnose and treat infants early to prevent or reduce
severe medical outcomes.

Non-coding region, DNA sequences that do not code for a protein aminoacid sequence.
Examples are introns and regulatory elements

Precision medicine. In IEl, refers to a medical approach of using therapeutic agents that
address the specific molecular defect of the patient’s condition.

Somatic mosaicism. The presence of a genetically distinct group of cells within tissues,
secondary to a gene variant occurring after a fertilized oocyte starts dividing.

Quiality of Life. A subjective measure of how a patient is doing at a particular point of
time. It is multidimensional, including physical, mental, and social health. This
information comes directly from the patient (patient-reported outcome), usually in the
form of a questionnaire (patient’s perception of their health). It aims to capture the well-
being, whether of a population or individual, regarding both positive and negative
elements within the entirety of their existence at a specific point in time.

Whole exome sequencing. A laboratory method aimed to sequence exons of all known
genes, using massive parallel sequencing.
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METHODS

Systematic appraisal of the evidence and using Grading of Recommendations,
Assessment, Development, and Evaluation (GRADE) methodology® is internationally
accepted as the optimal way to inform clinical decision making. While this Practice
Parameter document does not formally employ all aspects of GRADE, we strive to
adopt as many qualities as possible and present recommendations with a clear
separation of strength of recommendation and Certainty of Evidence (informed by the
formal GRADE domains) as possible.

The JTFPP conceived the project, obtained approvals from the parent organizations,
recruited a workgroup of clinical experts and Chairs and provided overall oversight,
including document review, feedback, and approval of the parameter. Within the
membership of ACAAI and AAAAI, experts in the field of IEI were selected based on
recent accomplishments, expertise, and leadership. The team reviewed the published
scientific literature and provided concise summary recommendations. Workgroup
discussions of recommendations were conducted twice a year. Simple vote and majority
consensus were adopted to make decisions when differences of opinion occurred.

Recommendations are rated based on the strength of recommendation and the
certainty of evidence. The paucity of controlled studies or trials combined with the
relative rarity of some IEI presents a challenge for the GRADE system's use.
Nonetheless, the statements have undergone extensive review by the authors,
members of the JTF and the AAAAI, ACAAI and CIS, and given opportunities for all
members to provide comments and feedback.

Each summary statement provides terms denoting the strength of recommendation and
an assessment of the certainty of evidence following these definitions.

Strength of Recommendation

Strong = Recommended

Desirable effects outweigh undesirable effects

Most patients would want this course of action
Most clinicians would implement these recommendations in patient care
Most policy makers would agree to follow these recommendations

Conditional = Suggested

Most patients would want this course of action, but many may not

Most clinicians would consider this course of action, but would review the case to see
if other options are also appropriate and involve the patient in shared decision making

Policy makers will likely require additional information from many stakeholders




470  Adapted from Chu DK?

471
472
473  Certainty of Evidence
High Further research is very unlikely to change the confidence in the
recommendation.
Moderate Further research is likely to affect the confidence of the balance of
effects and may change the recommendation.
Low Further research is likely to change the recommendation.
Very Low The estimate of the effect is very uncertain.
474  Adapted from Dykewicz M. et al.®
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EXECUTIVE SUMMARY

Since the publication of the previous practice parameter in 2015, many advances in the
care and diagnosis of patients with primary immune deficiency disorders (now also
known as inborn errors of immunity (IEI)) have occurred. This practice parameter will
discuss and highlight some of these changes, including the use of genetic testing in the
diagnosis and in guiding treatment of IEI, newborn screening for severe T cell
lymphopenia, and the use of targeted therapies and precision medicine, based on the
identification of the immunopathology of the disorder. This practice parameter discusses
groups of disorders based on the most recent disease classification system set out by
the International Union of Immunology Societies (IUIS).”
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LIST of RECOMMENDATIONS

Section
and
number

RECOMMENDATION

Strength

Certainty
of
Evidence

SECTION 1: Clinical Approach to the Diagnosis Of IEI

1.1

We recommend investigating for |E|
diagnosis in patients with recurrent, severe,
or rare infections, autoinflammation,
autoimmunity, severe atopy, atypical
malignancy, bone marrow failure or
combinations of these conditions.

Strong

High

1.2

We recommend obtaining a detailed family
history to support the IEI diagnosis and to
identify undiagnosed affected relatives.

Strong

Moderate

1.3

We recommend an integrated approach for
the diagnosis of a suspected IEI: clinical,
immunological and genetic components.

Strong

Moderate

1.4

We recommend that the evaluation of
immunodeficiency should include testing for
secondary causes of immunodeficiency.

Strong

Moderate

1.5

We suggest consultation with a clinical
immunology expert and multidisciplinary
care for the evaluation and follow up of
suspected or diagnosed patients with IEI.

Conditional

Moderate

1.6

We suggest the provision of supportive
resources (e.g., social, educational,
emotional) for patients and families
diagnosed with IEI.

Conditional

Low

and Athymia- Diagnostic and Initial Approach

SECTION 2: Newborn screening for Severe Combined Immunodeficiency

2.1

We recommend TREC quantitation for
newborn population-based screening for the
early identification of newborns with severe
combined immunodeficiency (SCID) and
complete athymia.

Strong

High




2.2

We recommend the urgent confirmation of
an abnormal NBS for SCID with complete
blood counts with differential and flow
cytometric measurement of peripheral blood
lymphocyte subset populations, including
assessment of numbers of T, B and NK
subsets and naive T cells.

Strong

High

2.3

We recommend that diagnostic evaluation
for SCID and athymia include genetic
testing, ascertainment of maternal T cell
engraftment, IgE levels, eosinophilia, T cell
oligoclonality, T cell proliferation and
adenosine deaminase enzyme activity.

Strong

High

24

We recommend urgent referral to centers
with expertise in the care of severe
immunodeficiency after SCID or athymia
diagnosis is confirmed.

Strong

High

2.5

We recommend referral to clinicians with
expertise in IE| for assessment and
diagnosis of patients with non-SCID T cell
lymphopenia detected by NBS.

Strong

Moderate

SECTION 3 - Genetic Evaluation of IEI

3.1

We recommend single gene sequencing to
test patients with suspected IEI who have a
similarly affected family member with a
known genetic defect or who present with a
condition with a defect in a gene that might
not be reliably analyzed using high-
throughput massively parallel sequencing.

Strong

High

3.2

We recommend targeted gene panel
sequencing including genes associated with
IEI or exome sequencing as an initial step
for genetic diagnosis, when a familial gene
defect does not explain the patient’s
condition.

Strong

High

3.3

We suggest whole genome sequencing of
individuals with suspected IEI and non-
immunologic traits or with high suspicion for
a non-coding genetic defect.

Conditional

Low




3.4

We recommend DNA copy number variant
testing in patients with IEI with a suspected
gene(s) deletion or duplication.

Strong

High

3.5

We recommend the American College of
Medical Genetics and Genomics (ACMG)
guidelines for evaluating gene variant
pathogenicity.

Strong

High

3.6

We recommend familial genetic testing to
aid in gene variant pathogenicity resolution.

Strong

High

3.7

We suggest familial genetic testing to
ascertain risk of disease in currently
unaffected relatives.

Conditional

Low

3.8

We recommend investigating multiple
genetic diagnoses when a monogenetic
diagnosis does not explain the patient's
clinical characteristics.

Strong

Moderate

3.9

We recommend that genetic testing for
patients with IEIl can be ordered by
clinicians with expertise in IElI and not
limited to geneticists.

Strong

Moderate

SECTION 4. Immunologic diagnosis of predominantly antibody deficiencies

4.1

We recommend that patients with
suspected antibody deficiencies be
evaluated with immunoglobulin
measurement, antigen-specific antibody
responses and lymphocyte phenotyping and
exclusion of secondary causes of antibody
deficiency.

Strong

High

4.2

We recommend the diagnosis of
agammaglobulinemia for patients with low
or undetectable serum immunoglobulin
concentrations and low or undetectable
circulating B lymphocytes and normal total
CD3+ T cell numbers.

Strong

High

4.3

We recommend the diagnosis of CVID for
patients with low serum IgG and low serum
IgA and/or low IgM levels and demonstrated

Strong

High




impaired antibody response to infection or
immunization.

4.4

We recommend the diagnosis of selective
IgA deficiency (SIGAD) for patients older
than 4 years of age with serum IgA below
the limit of detection and normal serum IgG
and IgM levels.

Strong

High

4.5

We suggest the diagnosis of IgG subclass
deficiency for patients with recurrent
infections and low levels of one or more
serum IgG subclass levels (IgG1, IgG2 or
IgG3 excluding 1IgG4) and normal serum
total IgG levels.

Conditional

Moderate

4.6

We suggest the diagnosis of specific
antibody deficiency (SAD) to
polysaccharides for patients with recurrent
respiratory infections and impaired antibody
responses to polysaccharides and normal
serum total IgG levels.

Conditional

Moderate

4.7

We suggest the diagnosis of specific
antibody deficiency (SAD) to protein antigen
for patients with recurrent infections and
impaired antibody responses to protein
antigen immunizations and normal serum
total 1gG levels.

Conditional

Low

4.8

We recommend that patients with low
serum IgG and IgA levels and normal or
elevated serum IgM level be given the
diagnosis of immunoglobulin class-switch
defects after ruling out combined
immunodeficiencies that present with similar
laboratory findings.

Strong

High

4.9

We recommend considering the diagnosis
of transient hypogammaglobulinemia of
infancy (THI), for infants and children with
low serum IgG level and normal antibody
response to immunizations and absent
evidence of secondary causes.

Strong

High

410

We suggest considering the diagnosis of
unspecified primary
hypogammaglobulinemia for patients with
significant morbidity from infections and low
serum IgG level and normal cellular

Conditional

Moderate




immunity AND absent evidence of
secondary causes of low 1gG levels and
who do not fulfill diagnostic criteria for the
above antibody deficiency disorders.

SECTION 5. Immunology Diagnosis of Combined Immunodeficiencies,

Neutrophil Defects, Innate Imnmune Defects and Complement Deficiencies

Combined immunodeficiencies less severe than SCID and syndromic
immunodeficiencies

5.1

We recommend immunological Strong High
investigations in patients with infectious
manifestations, autoimmunity, malignancy,
or organ-specific pathologies, suggesting
cellular and humoral immunodeficiency.

5.2

We recommend the diagnosis of CID for Strong High
patients with impairment (quantitative or
functional) of both cellular and antibody
immune functions.

5.3

We recommend immunological Strong High
investigations and testing of diagnostic
biological markers in patients with suspicion
of CID and certain specific clinical findings
in non-immunological organs and systems
(syndromic features).

5.4

We suggest periodic assessments of Conditional | Low
immunological function in patients with CID
and syndromic features.

Neutrophil Defects

5.5

We recommend that patients with Strong High
suspected quantitative neutrophil defects be
screened with serial CBCs with differential.

5.6

We recommend that patients with Strong High
suspected Leukocyte Adhesion Deficiency
(LAD) be tested with flow cytometry analysis
of relevant phagocyte surface molecules for
LAD I and Il, and targeted genetic testing for
LAD I, I, Il and IV.

5.7

We recommend that patients with Strong High
suspected chronic granulomatous disease
(CGD) have measurement of phagocyte




oxidase activity and genetic testing for CGD
associated gene defects.

5.8

We recommend that patients with
pulmonary alveolar proteinosis (PAP) be
tested for pathogenic variants in the genes
encoding the GM-CSF receptor and for
autoantibodies to GM-CSF.

Strong

High

Defects of Innate Immunity

5.9

We recommend that patients with
suspected inherited susceptibility to a
specific pathogen(s) be investigated for
associated gene defects of innate immunity
in addition to exclusion of adaptive immune
defects and secondary causes of immune
defects.

Strong

Moderate

Defects of the Complement System

5.10

We recommend that patients with recurrent
or severe infections by encapsulated
bacteria and with normal antibody
responses be evaluated for complement
deficiency.

Strong

High

5.1

We recommend that patients presenting
with thrombocytopenia, microangiopathic
hemolytic anemia, and acute renal failure
be screened for abnormalities of
complement regulatory proteins and/or
autoantibodies against complement Factor
H (CFH) and related proteins 1 and 3
(CFHR1/CFHR3).

Strong

High

5.12

We recommend genetic testing when
complement function screening is abnormal.

Strong

Moderate

SECTION 6: Immunologic diagnosis of immune dysregulation disorders
(PIRD) and autoinflammatory disorders

6.1

We recommend evaluation for IEl in
patients with clinical manifestations of
immune dysregulation, such as
immunodeficiency, autoimmunity,
lymphoproliferation and autoinflammation.

Strong

High




6.2

We recommend the assessment of cellular
and humoral immunological functions in
patients with suspected immune
dysregulation disorders.

Strong

High

6.3

We recommend that patients with periodic
fevers and chronic systemic inflammation
should be evaluated for IEI and secondary
causes such as infection, autoimmune
disease, or malignancy.

Strong

High

6.4

We recommend that patients who exhibit
lymphoproliferation and autoimmunity be
evaluated for primary and secondary
immune dysregulation syndromes.

Strong

High

Section 7. Surveillance of potential clinical manifestations in IEI

7.1

We suggest the evaluation of growth
(pediatrics) and nutritional status in patients
with IEI.

Conditional

Moderate

7.2

We suggest testing for specific pathogen
infections in patients with IEI known to be
associated with high morbidity and mortality
to these infections.

Conditional

Moderate

7.3

We recommend the assessment of
complete blood cell counts with differential
in patients with IEI.

Strong

High

7.4

We recommend against routine screening
for autoantibodies, given the high proportion
of asymptomatic patients with
autoantibodies in circulation.

Strong

Moderate

7.5

We recommend the evaluation for major
organ system functions and screening for
cancer and mental health disorders in
patients with IEI.

Strong

High

Section 8. Inmunoglobulin Replacement

8.1

We recommend immunoglobulin
replacement therapy for patients with IEI
with 1gG antibody deficiency.

Strong

High




8.2

We recommend that initial dosing of
immunoglobulin for replacement therapy be
at 400 mg/kg-600 mg/kg per month,
followed by dose adjustment, if necessary

Strong

Moderate

8.3

We recommend the monitoring of serum
IgG levels, complete blood cell counts, with
differential and serum chemistry for patients
on immunoglobulin replacement therapy.

Strong

Moderate

8.4

We recommend maintaining serum IgG
levels at > 800 mg/dl to improve outcomes.

Strong

Moderate

8.5

We recommend that immunoglobulin
replacement therapy is indicated as a
continuous therapy for IEI.

Strong

Low

8.6

We recommend that a low or absent IgA, in
the setting of low IgG levels, is not a
contraindication for immunoglobulin
replacement therapy.

Strong

Moderate

8.7

We suggest that the route of
immunoglobulin replacement therapy be
determined based on patient tolerance or
preference.

Conditional

Moderate

SECTION 9. Infection Prevention in IEI

9.1

We recommend targeted antimicrobial
prophylaxis for patients with IEI and
increased susceptibility to infections.

Strong

High

9.2

We recommend using only irradiated,
cytomegalovirus (CMV)—-negative,
lymphocyte-depleted blood products for
administration to patients with cellular or
combined IEI.

Strong

Moderate

9.3

We recommend educating patients
regarding environmental exposures that
may increase the risk of infections for
patients with IEI.

Strong

Moderate

9.4

We suggest prompt diagnostic testing in
patients with IEl with acute infection
symptoms and the use of antimicrobial
regimens with duration longer than

Condition
al

Low




recommended for immunocompetent
patients.

SECTION 10. Management of co-morbidities in IEI

10.1

We suggest that systemic comorbidities in
patients with IEIl should be evaluated and
managed with a multidisciplinary team with
expertise in |El-related comorbidities.

Condition
al

Moderate

10.2

We recommend prompt management of
cytopenia(s) or malignancies in patients with
IEI.

Strong

Moderate

SECTION 11- Immunizations in the Management of IEI

1.1

We recommend the use of vaccine
recommendations provided by local
government agencies (e.g., CDC) for
patients with IEI.

Strong

Low

SECTION 12- Immune Reconstitution Therapy for IEI

12.1

We suggest that allogeneic HSCT for
patients with IEI be performed at a center
with experience in HSCT for |E|

Conditional

Moderate

12.2

We recommend that patients with typical
SCID or leaky/atypical SCID receive
definitive therapy with allogeneic HSCT or
gene therapy.

Strong

High

12.3

We recommend that patients with
congenital athymia disorders be treated with
cultured thymus tissue implantation (CTTI).

Strong

High

12.4

We recommend that patients with CID
disorders who have severe cellular immune
defects or who manifest severe or refractory
disease complications be considered for
allogeneic HSCT.

Strong

Moderate

12.5

We recommend that patients with primary
HLH disorders and patients with X-linked

Strong

High




lymphoproliferative disease type 1 be
evaluated for HSCT.

12.6

We suggest that patients with immune
dysregulation who manifest severe or
refractory disease complications be
evaluated for allogeneic HSCT.

Conditional

Moderate

12.7

We recommend HSCT for patients with
defects in neutrophil number or function
associated with severe clinical phenotypes.

Strong

High

12.8

We suggest HSCT in patients with innate
immune defects affecting hematopoietic cell
lineages and who manifest with recurrent,
persistent severe infections.

Conditional

Moderate

12.9

We recommend that any patient with IEI
who receives definitive treatment with
HSCT, CTTI, or gene therapy receive life-
long follow-up by clinicians experienced in
evaluating immune reconstitution and
monitoring for long-term complications of
these procedures.

Strong

Moderate

SECTION 13. Precision Medicine in IEI

13.1

We recommend the use of targeted
therapies to treat IEI based on either an
identified molecular defect or a clinical
phenotype suggestive of a defective
immune function.

Conditional
to Strong

Low to High

SECTION 14. Quality of Life in IEI

141

We recommend performing quality of life
(QoL) measurements in patients with IEI,
inclusive of patient reported outcome
measurements (PRO) conducted with a
validated tool.

Strong

Moderate

14.2

We suggest that patient reported outcomes
(PROs) should be measured serially and at
important management changes in the
patient’s clinical journey.

Conditional

Low
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14.3 We suggest that patients with IEI have Conditional | Low
perceived health assessed at each clinical

encounter.

14.4 We suggest that patients with IE| be Conditional | Low
assessed for fatigue at each clinical
encounter.

14.5 We suggest implementing shared decision | Conditional | Low

making between the provider and the
patient as part of clinical care to improve
QoL and patient satisfaction.

Section 1. Clinical Evaluation of IEI.

RECOMMENDATION 1.1. We recommend investigating for IEI diaghosis in
patients with recurrent, severe, or rare infections, autoinflammation,
autoimmunity, severe atopy, atypical malignancy, bone marrow failure or
combinations of these conditions.

Strength of Recommendation — Strong
Certainty of Evidence — High

Our understanding of the role of the immune system has broadened from defense of the
host to include roles in inflammation, regeneration, metabolism, and development.

IEI are suspected in patients who have an unusual presentation of infections, which
includes severe outcomes following infection, recurrence of infections, or infection with
organisms that are deemed opportunistic (i.e., do not occur in any significant frequency
in those with normal immunity).8 IEI are considered in patients who have atypical
presentations of autoimmune diseases, which includes onset at early age, severe
manifestations, multiple autoimmune diseases, and those refractory to treatment.20 |E|
are also considered in patients with chronic inflammatory processes, which includes
autoinflammation, granulomas, severe or prolonged inflammation after infection, or
tissue injury.'® 12 |EI may be diagnosed in patients with very-early onset inflammatory
bowel disease, especially under age 6 years.'® 14 IEI may be considered in patients with
severe atopy, with unusual chronicity or refractory to treatment.!> 16 Sections 2, 3, 4, 5
and 6 of the Practice Parameter provide guidelines for the diagnostic approach for
specific IEI.

IEI are classified according to the principal immunologic mechanisms that are disrupted
or dysregulated. Nine broad categories are updated by the International Union of
Immunological Societies (IUIS) every 2 years.” 17 |El are presented in tables with
associated defective genes and the reported clinical and immunological characteristics.
(Table 1.1) Disorders affecting T cell function are in IUIS Tables | and Il (see Section 2
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and 5.1) Primary antibody disorders are classified in IUIS Table Il (see Section 4).
Immunodysregulation disorders, characterized by autoimmunity and inflammation, with
and without susceptibility to infections, are included in IUIS Table IV (see Section 6)
Primary neutrophil disorders are in IUIS Table V (see Section 5.2), while complement
deficiencies are in IUIS Table VIII (see Section 5.4). IUIS Table VI groups innate
immunity defects conferring high risk of infection by specific microorganisms. (see
Section 5.3). Autoinflammatory disorders related and not related to inflammasome
dysfunction are classified in IUIS Table VII (see Section 6). The IUIS Table IX lists
primary bone marrow failure conditions, which may manifest with increased frequency
of infections and are commonly managed by hematology/oncology specialists. The IUIS
classification includes Table X to compile phenocopies of inborn errors of immunity for
clinician awareness and to be considered when a genetic diagnostic is uncertain. These
conditions have clinical presentations similar (phenocopies) to IEl and are caused by an
acquired disease process, such as the development of neutralizing anti-cytokine
antibodies or somatic pathogenic gene variants. Table IX and X disorders are not
addressed in detail in this practice parameter.

Table 1.1. IUIS Classification of Human Inborn Errors of Immunity 2024

Table | Immunodeficiencies affecting cellular and humoral immunity

1. T-B+ Severe combined immunodeficiencies (SCID)
2. T-B- SCID
3. Combined immunodeficiencies. Generally less profound than SCID.

Table Il Combined immunodeficiencies with associated or syndromic features
1. Immunodeficiency with Congenital thrombocytopenia
2. DNA repair defects
3. Thymic Defects with additional congenital anomalies
4. ImmunoOsseus Dysplasias
5. Hyper IgE syndromes
6. Defects of vitamin B12 and folate metabolism
7. Anhydrotic ectodermal dysplasia with immunodeficiency
8. Calcium channel defects
9. Other
Table Ill Predominantly antibody deficiencies

1. Severe reduction of all serum immunoglobulins with profoundly
decreased B cell numbers.

2. Severe reduction of at least 2 serum immunoglobulin isotypes with
normal or low B cell numbers, CVID.

3. Severe reduction in serum IgG and IgA with normal/elevated IgM
and normal B cell numbers, hyper IgM.




4. Isotype, light chain or functional deficiencies with generally normal
B cell numbers

Table IV | Diseases of immune dysregulation

1. Familial Hemophagocytic lymphohystiocytosis (FHLH).
FHLH syndromes with hypopigmentation.

Regulatory T cell defects.

Autoimmunity with or without lymphoproliferation.
Immune dysregulation with colitis.

Autoimmune lymphoproliferative syndrome.
Susceptibility to EBV and lymphoproliferative conditions

NoOOkWN

Table V Congenital defects of phagocyte number or function

Congenital neutropenia.
Defects of motility.

Defects of respiratory burst.
Other non-lymphoid defects.

S

Table VI Defects in intrinsic and innate immunity

1. Mendelian Susceptibility to Mycobacterial Disease (MSMD)
Epidermodysplasia verruciformis (HPV)

Predisposition to severe viral infections

Herpes Simplex encephalitis

Predisposition to invasive fungal disease

Predisposition to mucocutaneous candidiasis

TLR signaling pathway deficiency

Other IEl related to non-hematopoietic tissues

Other IEI related to leukocytes

©CRONDO PR WM

Table VII | Autoinflammatory disorders

1. Type | interferonopathies.
2. Defects affecting the inflammasome.
3. Non-inflammasome related conditions.

Table VIl | Complement deficiencies

Table IX Bone marrow failures

Table X Phenocopies of inborn errors of immunity.

536

537 RECOMMENDATION 1.2. We recommend obtaining a detailed family history to
538 support the IEI diagnosis and to identify undiagnosed affected relatives.
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Strength of recommendation - Strong
Certainty of evidence — Moderate

A family history that reveals manifestations of IEI and high frequency of infections as
compared to other household members is suggestive of an IEIl. Beyond infections,
family history should inquire the presence of autoimmunity, inflammatory features (e.g.,
vasculitis, colitis, fevers, rashes), cancers, and severe atopy. A detailed family history
might identify relatives that are also affected by the patient's condition. Around 1.5% of
patients in a large cohort of patients with IEI were diagnosed because of a family
history,® while another reports 26% having positive family history at initial presentation.*®

Because IEI are genetic disorders, a detailed understanding of the family history,
including consanguinity, can suggest potential patterns of inheritance (e.g., autosomal
dominant, X-linked). The inheritance pattern of symptoms could be useful for defining
the pathogenicity of identified gene variants. Furthermore, an awareness of inheritance
patterns guides genetic counseling regarding the probability of disease in future
descendants.

RECOMMENDATION 1.3. We recommend an integrated approach for the
diagnosis of a suspected IEI: clinical, immunological, and genetic components.

Strength of recommendation- Strong
Certainty of evidence - Moderate

The evaluation for the diagnosis of suspected IEls requires a synthesis of three
important components:1® 20 1) clinical findings obtained from history and physical exam;
2) supporting immunological findings obtained from laboratory studies; and 3) genetic
findings. Screening with a detailed history is necessary, eliciting frequency and severity
of infections, autoimmunity, episodes of fever or inflammation, malignancy, and severe
atopy.’ As discussed in RECOMMENDATION 1.2, the family history is often helpful.*®
Physical exam should focus on features of syndromes with characteristic dysmorphisms
(e.g., face features in DiGeorge syndrome), stigmata of recurrent infections (e.g., warts,
bronchiectasis), autoimmunity (e.g., alopecia, vitiligo), lymphoproliferative phenotypes
(e.g., lymphadenopathy, splenomegaly), and severe atopy (e.g., generalized lichenified
and infected eczema). Based on clinical findings, immunological tests should focus on
assessing parameters of the molecular and cellular pathways most likely to be
implicated in the suspected clinical syndrome.?! For example, disseminated warts
prompt an evaluation of T cells and NK cells. The IUIS phenotypical classification tables
are useful to guide diagnostic investigations.'” Because IEI might present with atypical
manifestations or an incomplete clinical picture, genetic testing is recommended from
the start of the workup — details of specific diagnostic tests to order are covered in other
Sections. (Sections 2-7).
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RECOMMENDATION 1.4. We recommend that the evaluation of immunodeficiency
should include testing for secondary causes of immunodeficiency.

Strength of recommendation — Strong
Certainty of evidence- Moderate

In patients where susceptibility to infection is among the chief concerns, a broader
consideration should be given to secondary immunodeficiencies, (Table 1.2) which are
more prevalent as a group than IEI, particularly in adult patients.?> 22 There are
microscopic or macroscopic anatomic causes of recurrent infections. For example,
structural and functional defects of the respiratory epithelial cilia increase the risk of
recurrent pneumonias, as observed in cystic fibrosis, primary ciliary dyskinesia, or from
chemical damage due to second-hand smoke.?* Macroscopic anatomic defects of the
nose and paranasal sinuses and adenoidal hypertrophy can mechanically block mucus
flow and drainage, favoring infection. Allergic mucosal inflammation also reduces
pathogen clearance.?* Infectious diseases that target the immune system (such as
human immunodeficiency virus (HIV) infection) lead to a deficient immune response.

Secondary immunodeficiency conditions arise with the use of immunosuppressive
medications in autoimmunity and blood cancers. A few medications can impair immune
cells in a non-predictable manner, such as anti-epileptic drugs.2> 26

Disorders where immune cells and immunoglobulins are lost from the gut, respiratory
tract, or lymphatic vessels such as hydrops, protein-losing enteropathy, intestinal
lymphangiectasis, lympho-venous malformations, and chylothorax. also result in
immunodeficiency,

Some extremes of physiological states can result in immune deficiency or dysregulation,
including malnutrition, extreme heat or cold, and sleep deprivation. Aging individuals
may develop immune defects that predispose them to infections.?”- 28 Neonates also
have immune impairment of both innate and adaptive immunity compared to older
children, which increase their risk for infections and are exacerbated by premature
birth.29-31

The presence of autoantibodies against cytokines can result in clinical phenocopies of
IEI with infection susceptibility and autoimmunity.3?-3* Thymus malignancies and some
IEI are associated with development of elevated levels of autoantibodies to cytokines,
including RAG1/2 deficiency, IPEX, AIRE deficiency, NFKB2 deficiency, and NEMO
deficiency.34 35

Table.1.2. Examples of secondary causes of immunodeficiency:

- | Anatomical: nasal polyposis, deviated septum, adenoidal hypertrophy.
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- | Defective epithelial barriers: primary ciliary dyskinesia, cystic fibrosis.

- | Malnutrition.

- | Infections targeting immune cells: HIV infection, measles, EBV infection.

- | Use of immunosuppressive medication: corticosteroids, cyclosporine, rituximab

- | Lymphatic system malformations

- | Prematurity and advanced age

*HIV, human immunodeficiency virus; EBV, Epstein-Barr virus.

RECOMMENDATION 1.5. We suggest consultation with a clinical immunology
expert and multidisciplinary care for the evaluation and follow up of suspected or
diagnosed patients with IEI.

Strength of recommendation: Conditional
Certainty of evidence: Moderate

Primary care physicians and other health care professionals conduct screening
evaluations for IEI.36-3 However, consultation with a clinical immunology expert is
recommended to confirm IEI diagnosis, interpretation of abnormal test results and
management.3® For patients with established IEI diagnoses, evaluations should be
conducted regularly (every 4 to 12 months, depending on the diagnosis) by a health
care professional with training and experience in the care of patients with IEI (see
Section 7).

The multisystem nature of IEI necessitates an integrated multidisciplinary approach to
management. This approach provides significant cost savings, improved quality of life,
and improved outcomes.*%*2 Such an approach optimizes medical treatments and
permits integration of health and social care professionals and physical and
occupational therapy into the patient's overall care. Different patient comorbidities
require the involvement of different clinical teams. For example, early onset
inflammatory bowel disease clinics may require a clinical immunologist and a
gastroenterologist, as well as pharmacists and geneticists.*® Within the same concept, a
clinic focusing on patients with 22g11 deletion syndrome additionally requires experts in
otorhinolaryngology, endocrinology, cardiology, and speech therapy.*4

RECOMMENDATION 1.6: We suggest the provision of support resources (e.g.,
educational, emotional) for patients and families diagnosed with IEI.

Strength of recommendation - Conditional
Certainty of evidence- Low
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IEI are considered rare conditions and are unfamiliar to most people. Thus, when faced
with an IEI diagnosis, most patients do not have familial or cultural examples to help
guide their understanding of disease process and management. Patients and families
need to be given sufficient educational material in the appropriate language and level of
detail so that they understand the inheritance, causes, manifestations, and natural
histories of their IEI.*°

Receiving an IEI diagnosis can be distressing and may elicit depression in adult
patients*®: 47 and in parents of children with IEI.*8 When the IEI diagnosis is made in the
neonatal period, there is added risk of postpartum depression. Screening for depression
in patients and their immediate relatives might be considered.*%-5:

Patient-based organizations are additional resources for advocacy and support from
other patients and families, education regarding new developments and treatments, and
government or private support of research programs. Patients and families may
establish long-term relationships with health care professionals, including physicians,
nurses, and social workers to help obtain the best outcomes for their diseases.

SECTION 2. Newborn Screening (NBS) for severe combined immunodeficiency
and athymia- diagnosis and initial approach.

Infants born with severe combined immunodeficiency (SCID) or with congenital athymia
have absent or very few naive T cells in their blood. This deficiency can be
guantitatively detected via PCR amplification of T cell receptor excision circles (TRECS),
a byproduct of T cell receptor rearrangement, which occurs in the thymus during T cell
maturation. NBS for SCID allows early diagnosis and treatment of SCID and congenital
athymia.5?

SCID meets the key criteria for NBS as a public health initiative: (1) absence of TRECs
constitutes a reliable biomarker to identify asymptomatic infants with SCID and athymia,
(2) use of NBS decreases morbidity and mortality, and (3) effective therapies are
available, in the form of hematopoietic stem cell transplantation (HSCT) and gene
therapy.

RECOMMENDATION 2.1: We recommend TREC quantitation for newborn
population-based screening for the early identification of newborns with severe
combined immunodeficiency (SCID) and complete athymia.

Strength of recommendation: Strong
Certainty of evidence: High

In the United States, initial pilot programs in Massachusetts, Wisconsin and the Navajo
Nation using TREC-based screening for SCID started in 2008.52 Early identification of
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SCID-affected infants in these groups, as well as cost effectiveness modelling,>*>¢ led
to the addition of SCID to the Department of Human Health Services Recommended
Uniform Screening Panel (RUSP) in 2010. By 2018, all 50 US states had adopted
TREC-based NBS for SCID (SCID NBS).5” SCID NBS allowed the determination of the
SCID incidence in the US population to be 1/65,000 live births, higher than previous
estimates.>® Nearly all infants are diagnosed with SCID in the US through SCID NBS.%°
Importantly, post-transplant survival has improved with the implementation of SCID
NBS.6° Harmonization of interpretation of TREC results, including consensus language
to describe abnormal results and urgent results for all US States is being pursued.®!

SCID NBS via the TREC assay identifies typical SCID, almost all cases of atypical and
leaky SCID (including Omenn Syndrome), and congenital athymia as the primary
targets of screening.5® 62-64 Moreover, a proportion of cases with combined
immunodeficiency (CID) and syndromic immunodeficiency also have abnormal SCID
NBS if total naive T cell numbers are low; such disorders include ataxia telangiectasia,
22011 deletion syndrome without complete athymia and others.%8 6465 Patients with
these conditions exhibit widely variable T cell lymphopenia and are not uniformly
detected by SCID NBS. Certain severe cellular immune deficiencies (such as MHC
Class Il) or, rarely, pathogenic variants causing late-onset SCID, (such as hypomorphic
adenosine deaminase (ADA) defects), are not detected via SCID NBS.% 67 Therefore, if
concern arises for an immune disorder based on history or clinical presentation,
diagnostic testing should be pursued, despite normal SCID NBS.

In the case of SCID due to ADA deficiency, concomitant use of tandem mass
spectrometry may improve upon detection provided by TREC alone.®8 The use of kappa
light chain receptor excision circle (KREC) quantitation for B cell deficiency may be
adopted by NBS programs to identify additional patients with IEI.%° Genetic sequencing
to detect other IEl is being evaluated for NBS.”° Population-based genome sequencing
programs for treatable IEI could be both comprehensive and cost effective.” 72

RECOMMENDATION 2.2: We recommend the urgent confirmation of an abnormal
NBS for SCID with complete blood counts with differential and flow cytometric
measurement of peripheral blood lymphocyte subset populations, including
assessment of numbers of T, B and NK subsets and naive T cells.

Strength of recommendation: Strong
Certainty of evidence High.

Approximately 1/15,000 live births in the US are born with clinically significant
lymphopenia.”® While SCID NBS is highly sensitive to screen for the primary targets of
SCID and complete athymia, it is not a diagnostic test. Indeed, only about 15% of
patients with a positive SCID NBS are ultimately diagnosed with SCID, while others
have secondary causes of T cell lymphopenia (e.g., prematurity) or have normal
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lymphocyte populations.®® 7 Therefore, it is important for newborn screening programs
to collaborate with clinical immunology experts to ensure prompt confirmatory testing,
which includes enumeration of absolute counts of T cell subsets (CD3, CD4, CD8),
naive CD4 T cells (defined by CD45RA expression alone or in conjunction with other
markers, such as CCR7and CD62L) or CD4+ recent thymic emigrants (CD4 RTE, as
identified by expression of CD31, CD45RA and CD4).7+ 7>

Unless the above laboratory tests are sufficient to rule out SCID or a T cell lymphopenia
disorder, infants require a complete birth history, family history and physical exam by a
physician with expertise in pediatric immunology. A diagnosis of SCID or congenital
athymia should be suspected if the Primary Immune Deficiency Treatment Consortium
(PIDTC) criteria for SCID diagnosis are met (See Table 2.1).7¢ The threshold for
clinically significant T cell lymphopenia may vary, but in general, lower than 1,000
cells/uL with lower than 20% of naive CD4 T cells suggests an increased risk for
infection for newborns. Other concerning features are low B cell or NK cell counts,
dysmorphisms associated with immunodeficiency, and family history of T cell deficiency.
While patients with an abnormal SCID NBS but normal clinical and laboratory evaluation
can be discharged from immunologic care, it is recommended for these infants to be
reassessed within 3 to 6 months.” 77

Prematurity and low birth weight can be associated with T cell lymphopenia that
improves with age and weight gain.”® However, 10% of infants with SCID are premature
and/or have low birthweight; therefore, it is recommended to maintain a high level of
suspicion for SCID in premature infants with an abnormal SCID NBS and abnormal T
cell counts.” Other causes of abnormal SCID NBS are due to maternal conditions
during pregnancy, such as the use of imnmunosuppressive therapies (e.g., azathioprine)
and diabetes mellitus.®°

Table 2.1: PIDTC 2022 Definitions for SCID"®

SCID subtype | Criterion 1 Criterion 2 Criterion 3 Criterion 4
Typical SCID Very low T cells Pathogenic No alternate explanation for Presence of maternal T
Criteria 1 & 2 (<0.05 x 10%/L variant in low T cell count AND, cells engraftment
OR criteria 1 & SCID- EITHER: Undetectable or low
3 OR criteria 4 associated TREC OR <20% naive CD4 T
gene cells

Leaky/atypical | Two or more of: Pathogenic Reduced T cell proliferation Does not have:
ScIb -Low T cell \éaglaDrjt n -Other SCID subtype
Sgglgrile%ia21& number for age associated CID with Known
8384 -Oligoclonal T gene phenotype

cells -Thymic disorder

-Other disorder with low

T cell number
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-Abnormal TREC
OR <20% naive

CD4 T cells
Omenn >80% of CD4 T Pathogenic Generalized rash AND Two or more of:
syndrome cells have variant in absence of maternal T cell _Eosinophili
o CD45R0O memory | SCID- engraftment osinophilia
All 4 criteria .
phenotype associated -Elevated IgE

gene -Abnormal TREC

- Lymphadenopathy

-Hepatomegaly and/or
splenomegaly

-Oligoclonal T cells

RECOMMENDATION 2.3: We recommend that diagnostic evaluation for SCID and
athymia include genetic testing, ascertainment of maternal T cell engraftment, IgE
levels, eosinophilia, T cell oligoclonality, T cell proliferation and adenosine
deaminase enzyme activity.

Strength of recommendation: Strong
Certainty of evidence High.

Once SCID or athymia is suspected, urgent follow up testing is needed to confirm a
diagnosis and optimize management. Diagnostic criteria for typical SCID, leaky/atypical
SCID and Omenn syndrome were updated in 2022 by the PIDTC based on review of
clinical presentation of 379 infants with SCID (Table 2.1).”®* Omenn syndrome presents
with eosinophilia and elevated serum IgE level. Choice of immune reconstitution
treatment is influenced by specific genotypes, some of which are associated with
radiosensitivity, and the presence of oligoclonal T cells (see Section 12). Assessment
of T cell oligoclonality by evaluating the T cell receptor repertoire diversity is available in
immunology laboratories. Transplacental maternal T cell engraftment can be tested in
patients with T cell counts > 50 cell/uL, by comparing HLA markers expressed in T cells
and non-T cells (e.g., neutrophils). In cases where adenosine deaminase deficiency is
suspected (i.e., patients with very low numbers of T and B cells), measuring adenosine
deaminase enzyme activity is indicated.8!

RECOMMENDATION 2.4: We recommend urgent referral to centers with expertise
in the care of severe immunodeficiency after a SCID or athymia diagnosis is
confirmed.

Strength of recommendation: Strong
Certainty of evidence: High

Infants with SCID and complete athymia are at high risk for the development of infection
and other life-threatening complications.”” The implementation of SCID NBS has
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resulted in improved survival and clinical outcomes, due to early diagnosis and
management, decreasing the risk of infections, organ damage, and increasing
survival.®% 82,83 Therefore, urgent follow-up with a clinician with expertise in the
evaluation and management of infants with SCID or athymia is important to achieve the
best outcomes for these complex patients.®* Measures to reduce morbidity and mortality
due to CMV infection are recommended.: 8 Live vaccines should be avoided.8": 8
Table 2.2 summarizes recommendations for surveillance of infections and antibiotic
prophylaxis in patients with SCID. (Also see Sections 8-11)

Table 2.2. Recommendations for the care of infants with SCID diagnosis (*)

Recommendation

Frequency

Comment

Test CMV PCR in urine
and in blood

Test serum anti-CMV 1gG
in patient’s mother

Test EBV PCR in blood

Test HIV PCR or antigen
tests in blood

Test PCR-based
respiratory viral pathogen
panel (e.g., Influenza A
and B, Parainfluenza 1, 2
and 3, adenovirus,
rhinovirus, human
metapneumovirus).

Environment with
reduced exposure to
infections

Prophylaxis for PJP

Baseline and
every 3to 4
months

Baseline

Baseline and
every 3to 4
months

Baseline

When there is
an increase of
nasal
secretions or
respiratory
symptoms such
as cough and
shortness of
breath

At all times

Daily, starting
at one month of
age

If present, treat CMV infection
(Valganciclovir, 16 mg/Kg/dose, orally
twice a day or Ganciclovir, 6
mg/kg/dose, intravenously twice a day).
Alternatives are cidofovir and foscarnet.

If suspected or confirmed maternal
CMV infection, avoid breastfeeding

If present, treat EBV infection
(valganciclovir or ganciclovir, dose
similar to EBV).

Treat HIV infection

Treat respiratory viral infection: oxygen
support, beta-agonists, antiviral drugs
(e.g., Oseltamivir) if indicated.

Inpatient (with reverse isolation) or
outpatient (close distance to a medical
center)

Trimetroprim/sulfamethoxazole

2.5 mg (of trimethoprim
component)/Kg/day
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Prophylaxis for Daily Fluconazole 3 mg/Kg/day oral
Candidiasis

Prophylaxis for herpes Daily Acyclovir 12.5 mg/kg/day oral
infection

Prophylaxis for RSV Monthly during | palivizumab or nirsevimab-alip
infection RSV season

Immunoglobulin Monthly or Intravenous or subcutaneous routes
replacement therapy weekly (400 mg/Kg/month)

Avoid live viral vaccines Includes: rotavirus, MMR, BCG, oral

polio. Household members are
encouraged to receive all scheduled
vaccines

CMV, cytomegalovirus; EBV, Epstein-Barr virus; HIV, human immunodeficiency virus;
PJP, Pneumocystis jiroveci pneumonia; RSV, respiratory syncytial virus

(*) From Dorsey MJ, et al.”’

RECOMMENDATION 2.5: We recommend referral to clinicians with expertise in IEI
for assessment and diagnosis of patients with non-SCID T cell lymphopenia
detected by NBS.

Strength of recommendation: Strong
Certainty of evidence Moderate

Infants with non-SCID T cell lymphopenia should be monitored longitudinally.”* 7 These
infants may be immunologically defined by having CD3+ T cell count >50 but <1,000
cells/uL, with naive CD4+ T cells comprising most of the population and without
maternal T cell engraftment or Omenn syndrome. Once these criteria are met, clinical
history should carefully assess for evidence of secondary loss of T cells (e.g., chylous
loss), prematurity and/or dysmorphic features consistent with other syndromic
conditions (e.g., chromosome 22q11.2 deletion syndrome).”* 78

Diagnostic testing in this setting includes quantitative assessment of serum levels of
IgG, IgA, IgM and IgE; and genetic testing, including for 22q11.2 deletion syndrome
(see Section 3). Inactivated vaccines of the routine primary series should be
administered, and antibody responses to these immunizations be monitored to assess
overall immune function.

We suggest the following schedule for ongoing immunologic evaluation and monitoring
based on reported trajectories for resolution of non-SCID T cell lymphopenia™ 78. 89
(See Section 4 and 5):
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- At 3 months of age: reassess lymphocyte subsets including naive T cell
populations, IgG, IgA, IgM, IgE levels, genetic testing for IEI for lymphopenia that
is unexplained and persistent.

- At 6-7 months of age: reassess lymphocyte subsets including naive T cell
populations, T cell proliferation responses, IgG, IgA, IgM, IgE levels, response to
inactivated vaccines if not started on immunoglobulin replacement.

- Continue clinical and immunological reassessment every 3 to 6 months. May
increase time between evaluations if immuno competence is achieved.

SECTION 3 - Genetic Evaluation of IE|

Determination of an underlying genetic diagnosis assists in the evaluation and treatment
of patients with suspected IEL.®° IEI are caused by defects in over 505 genes,
underscoring the need for genetic evaluation.” The application of massively parallel
sequencing (MPS) for genetic testing (e.g. exome sequencing) and decreasing costs
have contributed to the availability of genetic tests in clinical settings. Genetic testing
has led to the broadening of clinical phenotypes (e.g., very early onset inflammatory
bowel disease as a manifestation of chronic granulomatous disease) and selection
of targeted therapies based on the identified disease mechanism (e.g., JAK
inhibition for STAT1 or STAT3 gain of function). A variety of testing methods are
available (Table 3.1), and depending on the question being pursued, some are
preferred over others.

Genetic counseling before and after genetic testing is recommended and includes the
nature of gene defects, inheritance patterns, disease penetrance and implications for
family planning.

This can be performed by a genetic counselor or an immunologist with expertise in IEI.
Informed consent for genetic testing is required, because of the potential impact of the
results on the patient’s health, family relationships and future decisions. Patients need
to understand the limitations of genetic testing and every effort should be made to
address psychological distress associated with genetic diagnoses. Sensitive genetic
information should be protected from unauthorized disclosure.

Table 3.1. Detection capabilities of genetic testing platforms for various genomic
findings

IEl targeted Chromosomal
Exome Whole genome .
gene panel microarray

. sequencin sequencin .
sequencing q g q g analysis

Genetic Sanger
defect sequencing
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Coding SNV YES(a) YES YES YES No
Non-coding YES(a) YES(b) YES(b) YES No
SNV

CNV No YES(b) YES(b) YES YES(b)
Mosaicism YES YES YES(b) YES(b) No
High genomic YES No No YES No
homology

Non-IEI gene No No YES YES YES
defects

SNV, single nucleotide variant; CNV, copy humber variation. (a) if SNV is known. (b) sensitivity varies
with test protocol design

RECOMMENDATION 3.1: We recommend single gene sequencing to test patients
with suspected IEI who have a similarly affected family member with a known
genetic defect or who present with a condition due to a defect in a gene that
might not be reliably analyzed using high-throughput massively parallel
sequencing.

Strength of recommendation: Strong
Certainty of evidence: High

Single gene sequencing, also known as Sanger sequencing, is based on polymerase
chain reaction (PCR) amplification.®Another approach is the use of MPS-based test
focused entirely on one large gene or a gene for which high read-depth sequence
coverage is needed. (See RECOMMENDATION 3.2 and 3.3). A strength of Sanger
sequencing is its high accuracy and has been considered the gold standard for gene
testing. This method was used to confirm gene variants identified by MPS-based tests.
However, with MPS accuracy improving and approaching that of Sanger sequencing
over time,*? this practice is becoming unnecessary,®-% with exception of genes for
which MPS-based tests have difficulty producing high-quality data.®® Examples include
genes with pseudogenes or repetitive regions and genes with established pathogenic
variants in non-coding regions, intronic or untranslated regions (UTRs). Sanger
sequencing may distinguish genes from pseudogenes, which are non-functional genetic
segments that evolutionarily arose from duplication of existing genes. Genes linked to
known IEI that have pseudogenes include IKBKG (encoding the NEMO protein), NCF1
(encoding the p47phox protein), ATAD3A, C4A, CFB, IRAK1, SBDS, and USP18.%7

Single gene sequencing is indicated when IEI is suspected in a patient for whom a
specific gene variant is known to be responsible for the same IEIl in one or more direct



868 relatives of the patient. Single gene sequencing can also be used to establish carrier
869 status for apparently unaffected family members (see RECOMMENDATION 3.6).
870  Single gene sequencing should not be used when multiple candidate genes are

871 associated with the clinical presentation (notably, almost all IEI fall into this situation).
872  Single gene sequencing cannot detect copy humber or structural variants.

873  Single gene sequencing has been used if somatic mosaicism is suspected. Somatic

874  mosaicism is a term to describe the presence of more than one genetically defined cell
875 populations in one individual. For example, somatic mosaicism has been reported in

876  patients with variants in genes such as FAS®8 and NLRP3° (Table 3.2). While Sanger
877 sequencing samples of different tissues or cells has been used to evaluate mosaicism,
878 it is not sensitive below a threshold of 15%—20%.1% In contrast, MPS-based tests with
879  very high read depth can detect variant allele frequencies below 1% in one sample.0?

880 Table 3.2: Examples of IEI genes associated with mosaicism

CYBB KRAS NLRC4 TNFRSF1A
FAS NOD2 PIK3R1 TMEM173
IL6ST NRAS STAT3 TLR8

JAK1 NLRP3 STATSB UBA1

881

882 RECOMMENDATION 3.2: We recommend targeted gene panel sequencing

883 including genes associated with IEI or exome sequencing as an initial step for
884 genetic diagnosis, when a familial gene defect does not explain the patient’s
885 condition.

886  Strength of recommendation: Strong
887  Certainty of evidence: High

888 Because exome sequencing and comprehensive IEI gene targeted panel sequencing
889 are similar in diagnostic yield for detecting pathogenic gene variants,'? the choice
890 between these two test methods is based on availability, turnaround time, sequencing
891  depth, copy number variation (CNV) reporting, and cost. These factors will be specific
892  for the clinical needs of each patient.

893 Exome sequencing aims to sequence all coding regions within the genome. In contrast,
894 targeted gene panels evaluate coding and selected non-coding regions of a selected

895  group of genes associated with a particular patient phenotype. The number of genes in
896 these panels can vary from relatively few (e.g., a SCID panel may analyze 24 genes), to
897 panels of over 500 genes that encompass the most known IEI as well as additional genes
898  for which defects may mimic IEI.192-194 Both targeted gene panels and exome

899 sequencing use a library of DNA or RNA capture probes, which hybridize with

900 complementary target sequences to allow for isolation of the specific regions of genomic
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DNA. Targeted gene panels may include PCR based amplicons for sequencing. In
addition to the coding regions, the immediately adjacent intronic regions are sequenced
to account for variants that impact splicing. Some targeted panels capture non-coding
regions known to harbor pathogenic variants of certain genes (e.g., GATA2). Of note,
some targeted gene panels use exome sequencing capture probes and limit the
analysis and reporting to disease-associated genes. Such panels are also called
“focused exome sequencing,” “exome slicing,” or “virtual gene panels.”102-104

DNA is sequenced using MPS high-throughput technologies. Sequencing data are then
aligned to a reference genome, and variants are identified and annotated. The depth of
coverage (the number of unique sequencing reads per nucleotide in the reconstructed
sequence) will vary based on the technology used. Average read depth for a targeted
gene panel may be 500x or higher, while the average read depth for exome sequencing
is typically around 100x.19%104 These technologies are limited in their ability to analyze
genes associated when pseudogenes are present.

Targeted gene panel sequencing is expected to have the lowest cost and fastest
turnaround time among MPS-based tests because of the small number of gene variants
that are identified and annotated. Additionally, the increased depth of coverage obtained
with targeted gene panels allows for detection of somatic variants with low allele
frequencies.102-104

For CNV detection, targeted gene panels exhibit higher sensitivity and reliability than
exome sequencing tests due to the higher read-depth provided in panel tests.105-107
Small CNVs may not be identified (see RECOMMENDATION 3.4). Because many
computational tools are newly developed and require validation for clinical reporting,
CNV detection is best evaluated by a chromosomal microarray test.

Targeted panels based on “focused exome sequencing” lose the advantages of higher
read depth and potential inclusion of high-yield non-coding regions of relevant genes
that are provided by “true” targeted panels. However, if initial testing does not reveal a
plausible candidate variant, reflex testing to include the entire exome may be
pursued.'021%4 Exome sequencing allows for the identification of variants in genes that
can cause a phenotype that may mimic an IEI by clinical presentation (e.g., primary
ciliary dyskinesia).108.109

Exome and whole genome sequencing (see RECOMMENDATION 3.3) are
preferentially considered over targeted gene panels in two situations. First, for
evaluation of patients with IEI and additional phenotypic features that do not involve the
immune system (e.g., cardiac malformations, neurologic deficits). These patients may
have a higher pre-test probability of immune defects caused by variants in genes not
associated with an IEI. As an example, patients with Rubinstein-Taybi syndrome are
known to have increased susceptibility to infections and immunologic abnormalities, but
the disease is not considered an IEIl, and targeted IEI gene panels do not include
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CREBBP, the gene associated with this condition. Second, exome and genome
sequencing are preferred for patients from parents with a high likelihood of
consanguinity. Multiple studies suggest that use of broader sequencing platforms in
such patients increases the diagnostic yield and may be more cost-effective over
targeted gene panel testing.10% 108, 109

RECOMMENDATION 3.3: We suggest whole genome sequencing of individuals
with suspected IEl and non-immunologic traits or with high suspicion for a non-
coding genetic defect.

Strength of recommendation: Conditional
Certainty of evidence: Low

Whole genome sequencing (WGS) is an MPS-based test that sequences the entire
genome without an initial capture step. Sequencing data are then aligned to a reference
genome, and gene variants are identified and annotated. Based on the vast amounts of
data generated, the analysis pipeline may include initially limiting variant evaluation to
“panel-like analysis” or “exome-like analysis.” If no plausible candidates are identified in
this manner, analysis can be expanded to include non-coding regions.102-104, 110

WGS sequencing includes introns and gene regulatory regions that may contain
pathogenic variants, and are not covered by targeted panels and exome sequencing.
Examples of IEI genes with known pathogenic variants in such non-coding regions
include LRBA, DOCKS8, and ARPC1B.11%. 111 (Table 3.3) The absence of an initial
capture step allows for uniform read depth (average read depth approximately 20x-30x),
although the limited read depth of WGS does not identify variants with low allele
frequencies (i.e., somatic mosaicism). WGS has an enhanced ability to detect CNVs
compared to gene panels or exomes.**? Overall, studies have shown that WGS
provides an increase in diagnostic yield over exome sequencing.13 114

WGS is indicated when a patient with suspected IEI remains without genetic diagnosis
despite targeted gene panel or exome sequencing, as well as those patients with
suspected IEI presenting with non-immunological traits, such as cardiac defect, skeletal
malformations and neurological deficits.

Table 3.3: Examples of IEI genes reported to contain non-coding pathogenic
variants

ADA CTPS1 GINS1 NLRP3 SPINKS
ADA2 CTSC IKBKG PALB2 STAT1
AIRE CYBB IL10RB PARN STAT3
AP3B1 DCLRE1C IL2RA PNP STX11
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ATM DKC1 IL2RG POLA1 STXBP2
BRCA1 DNMT3B IL7TR POLR3A TBX1
BRCA2 DOCK8 IRAK4 PRF1 TCIRG1
BRIP1 FADD ITGB2 PRKDC TCN2
BTK FANCA ITK PTEN TERC
C1QB FANCC JAK3 RAB27A TERT
Cc7 FANCDZ2 LAMTOR2 RAG2 TGFBR2
CD27 FANCI LRBA RMRP THBD
CD40LG TNFRSF6 LYST RNASEH2B TNFRSF1A
CD70 TNFSF6 MAGT1 RPSA TP53
CFTR FERMT1 MEFV SERPING1 TRNT1
CHD7 FOXP3 MSH®6 SH2D1A TTC7A
CLCN7 GATA2 MVK SKIV2L

CORO1A | GFI1 NLRC4 SLC7A7

RECOMMENDATION 3.4: We recommend DNA copy number variant (CNV) testing
in patients with IEI with a suspected gene(s) deletion or duplication.

Strength of recommendation: Strong
Certainty of evidence: High

Detection of gains and losses in DNA can be important for identifying IEI, such as the
2211 deletion syndrome.1*> 116 CNVs include deletions, duplications, or complex
rearrangements of DNA and range in size from 50 to several million base pairs. CNVs
account for approximately 12% of the human genome diversity''’ and it is highest in
patients with developmental delays.'® Karyotyping or chromosomal analysis using the
G-banding technigue with trypsin and Giemsa stain can evaluate large CNVs.!° This
technique is best to identify balanced translocations, unless the translocation
breakpoints are known. Chromosomal microarray analysis (CMA), by comparative
genomic hybridization (CGH) arrays or single nucleotide polymorphism (SNP) arrays
detect small CNVs of at least 400 kb.*?0. In general, these methods label genomic DNA
from a patient or probes and hybridize them to a control DNA sample. The relative
amount of labeled DNA hybridization compared to the control sample is used to
determine gains or losses of DNA regions. CMA testing is recommended over
fluorescence in situ hybridization (FISH) since it has a higher sensitivity to detect
microdeletions, such as 22g11.2 microdeletion. As a separate advantage, while
karyotyping and FISH are dependent on culturing cells, CMA and MPS based methods
can be applied to DNA extracted from any tissue.
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MPS-based tests are less sensitive than CMA for detecting changes in one to two
exons.'?1122 CMA and MPS-based CNV testing are limited in their ability to detect
balanced rearrangements, certain types of repeat expansions, and low levels of
mosaicism. CNV testing may yield incidental findings, since entire genomic regions are
investigated.*?* CMA also evaluates consanguinity based on the absence of
heterozygosity, for regions of homozygosity, or for uniparental disomy.6

CNV testing is recommended as a first-tier genetic test for evaluating patients who have
developmental delays, intellectual disabilities, or congenital anomalies.'?* It should be
performed in a patient with a suspected IEI known to present with gene deletions or
duplications. We suggest use of CNV testing to help exclude or confirm pathogenic
variation in the opposite allele in patients who have one pathogenic variant in a gene
that causes disease in an autosomal recessive manner.92

RECOMMENDATION 3.5: We recommend the American College of Medical
Genetics and Genomics (ACMG) guidelines for evaluating gene variant
pathogenicity.

Strength of recommendation: Strong
Certainty of evidence: High

The ACMG publishes guidelines for gene variant classification and interpretation with
improvements, modifications, and updates.19% 123,125 These guidelines are meant to
serve as a framework for evaluating gene variant pathogenicity rather than as stringent
criteria.

Using ACMG guidelines, gene variants are classified as one of five categories: benign,
likely benign, variant of uncertain significance, likely pathogenic, and pathogenic.
Criteria for classification are determined by evidence including population frequency,
laboratory testing of patient samples, and in silico prediction algorithms. Because
genetic conditions differ mechanistically, molecularly and clinically, gene-specific
interpretations are recommended.'?% Although such specifications are being developed
for many genes, few currently exist for IEI.*?27128 One caveat is that the ACMG criteria
for pathogenicity favor the identification of loss-of-function rather than gain-of-function
genetic mechanisms. For example, nonsense, frameshift, canonical splice site, and
exonic deletions are favored for asserting pathogenicity, because these types of
variants most often generate loss of function diseases.

Providers should note that a gene variant classification in a clinical report may not
account for gene-specific factors.'%? A distinction must be made between variant
classification and clinical interpretation.*?° Clinical interpretation of a variant may be
understood in terms of pre-test probability and likelihood ratio, which together determine
post-test probability (as depicted by Fagan’s nomogram).13° Pre-test probability reflects
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how likely a gene defect specified by the test report explains the phenotype of the
patient. Such estimations are based on clinical expertise and information from scientific
and medical resources. The assessment must account for potential or known
heterogeneity in disease presentations associated with the gene, particularly when
diverse pathogenesis models (e.g., gain-of-function, haploinsufficiency, dominant-
negative loss-of-function, or neomorphic molecular function) are possible. The likelihood
ratio of pathogenicity is determined by the ACMG-based variant classification.
Reclassification by the clinical provider may be necessary due to information not
considered by the laboratory or in accordance with application of gene-specific
modifications to the ACMG guidelines.'3° The post-test probability is then ascertained
from the pre-test probability and likelihood ratio to provide a clinical interpretation of the
variant.

For example, when genetic testing in a male infant with agammaglobulinemia and
absent B cells reveals the presence of a variant in BTK, clinical expertise suggests a
high pre-test probability that this patient has BTK deficiency. If the variant is reported as
a variant of uncertain significance, likely pathogenic, or pathogenic, the post-test
probability remains high, supporting that the variant is responsible for the phenotype. If
it is classified as benign or likely benign, it follows that the BTK variant is not likely to
explain the disease. In a female infant with SCID, a monoallelic pathogenic variant in
JAK3 (a known gene associated with AR- SCID) would be clinically important because
of the high pre-test probability given the diagnosis, suggesting an undetected
pathogenic variant on the other allele. In another example, a likely pathogenic variant in
COPA identified incidentally in a completely healthy adult would be interpreted as
unlikely to be clinically relevant for that individual, because the pre-test probability is
low. This interpretation is with the caveat that a person can be asymptomatic (or “pre-
symptomatic”) at the time of evaluation but develop disease later.

RECOMMENDATION 3.6: We recommend familial genetic testing to aid in gene
variant pathogenicity resolution.

Strength of recommendation: Strong
Certainty of evidence: High

The sequencing of both biological parents together with the proband (known as “trio
analysis”) defines maternal-, paternal-inherited or de novo variants, and may help to
determine whether potentially compound heterozygous gene variants are located in cis
or trans.102104 For example, if two variants are identified in a gene that causes IEI due to
biallelic defects (i.e., autosomal recessive), these may not be located on opposite
alleles. In situations when a parent is unavailable, testing of a parental relative or an
offspring of the patient may be informative. Because penetrance of gene defects might
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not be 100%, segregation of candidate variants with disease in affected family members
should not be assumed.*3!

Genetic testing for X-linked IEI disorders should also be considered in females. Extreme
skewing towards the X chromosome carrying the pathogenic allele can lead to disease,
and has been described in CGD, WAS, XLA and other IEI.132-136 |n some X-linked IEI,
female carriers can have health issues even without X-chromosome skewing.137.138

RECOMMENDATION 3.7: We suggest familial genetic testing to ascertain risk of
disease in currently unaffected relatives.

Strength of recommendation: Conditional
Certainty of evidence: Low

Some IEI are known to have variable penetrance and clinical presentation in different
individuals carrying the same pathogenic gene variant, such as CTLA4
haploinsufficiency and STAT1 gain of function.'3% 140 Awareness of a genetic diagnosis
in unaffected relatives can facilitate monitoring for possible future development of the
disease in family members who are healthy at the time of genetic testing.3!

For unaffected minors, decisions for genetic testing should weigh whether the results
will have an immediate beneficial impact on their health or whether testing can be
delayed until adulthood for consent of testing. In IEI disorders mediated by biallelic and
X-linked variants, carrier testing is useful to determine recurrence risk and to assist with
family planning.4!

RECOMMENDATION 3.8: We recommend investigating multiple genetic
diagnoses when a monogenic diagnosis does not explain the patient's clinical
characteristics.

Strength of recommendation: Strong
Certainty of evidence: Moderate

Multiple genetic diagnoses can be present within an individual and produce a blended
phenotype consisting of completely distinct, partially, or completely overlapping
features.*? For genetic diseases overall, additional genetic defects are found in
approximately 5% of patients with one genetic diagnosis.**? In patients with IEI, the
multiple molecular diagnosis rate is higher, ranging from 9% to 11% of diagnosed
patients.% 116 Broad genetic testing is indicated when the initial identified gene defect
does not explain all of the patient’s clinical presentation. Providers should especially
weigh the potential for a blended phenotype in patients who appear to have an
“atypical” or “expanded” presentation of a single genetic condition.
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RECOMMENDATION 3.9: We recommend that genetic testing for patients with IEI
can be ordered by clinicians with expertise in IEIl diagnosis.

Strength of recommendation: Strong
Certainty of evidence: Moderate

Clinical immunologists have dedicated training in recognizing both the clinical
phenotypes related to IEI and defects of genes and pathways of the immune system
that can cause disease. Clinicians trained in IEI have the necessary expertise to
determine appropriate genetic testing for patients with suspected IEI and provide
appropriate genetic counseling.t® 90 102-104, 110, 116 Collaboration with a geneticist or
genetic counselor is helpful but not required for obtaining such testing, and testing
restrictions could delay diagnosis and treatment, with occurrence of comorbidities.

SECTION 4. Immunologic diagnosis of predominantly antibody deficiencies.

RECOMMENDATION 4.1: We recommend that patients with suspected antibody
deficiencies be evaluated with immunoglobulin measurement, antigen- specific
antibody responses and lymphocyte phenotyping, and exclusion of secondary
causes.

Strength of recommendation — Strong.
Certainty of evidence- High

Assessment of serum immunoglobulin levels (IgG, IgA, and IgM) is recommended as
first-tier in the diagnostic work-up of patients with suspected antibody deficiency. The
interpretation of these test results should take into consideration age-specific and
laboratory specific normal reference ranges and whether there are secondary causes of
antibody deficiency.

An 1gG level less than 2 standard deviations below the age-appropriate reference mean
for 2 measurements more than 3 weeks apart is considered by international consensus
guidelines to be low.144146 |f the IgG level is very low at time of first measurement
(<100-300 mg/dL depending on age), then a single measurement may be appropriate in
terms of expediting the subsequent clinical testing and management. 4

Secondary causes of antibody deficiency include medication-induced (e.g., concomitant
use of corticosteroids at the time of testing and prolonged effects from B cell depleting
therapeutic agents), and neoplastic disease, particularly in patients with adulthood-
onset history of frequent infections.'4” Causes of protein and antibody losses, such as
nephrotic syndromes, protein-loss enteropathies, lymphangiectasias, or inflammatory
bowel disease with low serum IgG and low serum IgM have been well described.148
Supporting laboratory evidence for protein loss includes low serum albumin level,
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proteinuria, and/or protein losses in the stool (e.g., a positive stool alpha-1-antitrypsin
level).

An assessment of total peripheral blood counts of CD19+ B cells, CD3+ T cells, CD4+ T
cells, CD8+ T cells, and CD16/56+CD3- NK cells is necessary to identify combined
immune deficiency (see Section 5) and congenital agammaglobulinemia (see
RECOMMENDATION 4.2). This diagnostic clarity has direct implications on patient
clinical management.

An assessment of peripheral blood B cell subsets, in particular class-switched memory
(CD27+IgD-/IgM-) B cells, is recommended for patients with antibody deficiencies.
Absent memory B cells is a component diagnostic criterion for common variable
immune deficiency (CVID) using the European Society for Inmunodeficiency (ESID)
guidelines.'#¢ Patients with low class-switched memory B cells (defined as <2% of total
CD19+ B cells) do not produce protective antibody levels following vaccination,
including to the COVID mRNA vaccines,'*® and are at high risk for the development of
auto-inflammatory disease co-morbidities,**® and death.*% 151 Expansions of early
transitional B cells (defined as IgD+CD27-CD10+ or IgD+CD27-CD24hiCD38hi) or
activated CD21lo B cells are associated with the occurrence of autoimmune and end-
organ inflammatory disease.°0. 152

An assessment of peripheral blood T cell subsets may contribute to the diagnostic
evaluation of antibody deficiency. T-cell abnormalities in number and function are
frequently found in patients with CVID.53-15 The diagnosis of some of these patients
may be revised after genetic testing to other IEI, in particular several forms of T
regulatory cell dysfunction (Tregopathy) syndromes (e.g., CTLA4 deficiency)?®6: 157

Normal serum immunoglobulin levels do not rule out a diagnosis of humoral immune
dysfunction. RECOMMENDATION 4.6 and 4.7 detail specific antibody deficiency
(SAD), a condition in which patient antibody levels (total IgG) are normal, however,
antigen-specific antibody response to immunization is decreased. Patients with SAD are
susceptible to frequent infections - predominantly at ears, sinuses, lung, and/or
gastrointestinal locations - similarly to patients with low serum IgG levels.

Vaccines do not uniformly elicit high serum antibody titers, and some are not
recommended for routine clinical assessment of vaccine responsiveness, such as the
hepatitis B vaccine.®® Testing of antigen-specific antibody response to immunization
has historically centered around testing of both T-dependent vaccine responses (e.g.,
HiB and tetanus toxoid) and T-independent vaccine responses (e.g., pneumococcal 23
serotype polysaccharide vaccine).*®® With use of the new 15-, 20- and 21-valent
conjugated pneumococcal vaccines becoming widespread in routine clinical care,
testing of vaccine responsiveness is evolving (RECOMMENDATION 4.6 and 4.7).
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Guidelines for the analysis of anti-pneumococcal antibody responses suggest using 1.3
ug/mL following a polysaccharide pneumococcal vaccine and 0.35 ug/mL following a
pneumococcal conjugate vaccine as thresholds to determine protective pneumococcal
serotype-specific antibody levels against invasive pneumococcal infections. These
testing are measured at baseline, 4-week post-vaccination, and, to assess persistence
of immunological memory, at 6 months post-vaccination.'>® Testing pre- to post-
immunization antibody titers to pneumococcus serotypes should be performed by the
same clinical laboratory for diagnostic accuracy. Results vary widely by reference
laboratory with discordance in micrograms per milliliter reported.16°

RECOMMENDATION 4.2: We recommend the diagnosis of agammaglobulinemia
for patients with low or undetectable serum immunoglobulin concentrations and
low or undetectable circulating B cells and normal total CD3+ T cell numbers.

Strength of recommendation- Strong
Certainty of evidence — High.

Patients with agammaglobulinemia present with recurrent bacterial respiratory tract
infections, particularly otitis media, sinusitis, and pneumonia in the first 2 years of life.16%
163 The most common organisms isolated are S. pneumoniae and H. influenzae. Other
reported infections in agammaglobulinemia include those by enterocytopathic human
orphan (ECHO) viruses and ecthyma or pyoderma gangrenosum caused by species of
Helicobacter and Campylobacter. Rarely, patients present with pneumocystis
pneumonia or vaccine strain poliovirus infection.%4 165 Ureaplasma or Mycoplasma
species—related arthritis and bacteremia or regional enteritis associated with enterovirus
are also seen.1%%-167 Some patients are not recognized to have agammaglobulinemia
until after 5 years of age.'6" 168

The physical examination of patients with agammaglobulinemia usually reveals absence
of lymph nodes and tonsils distinct from other forms of antibody deficiency. There are
no other consistent physical findings in patients with agammaglobulinemia.*6*

Agammaglobulinemia is characterized by a serum IgG level of usually less than 100
mg/dL, low or undetectable serum IgM and serum IgA levels, and peripheral blood
CD19+ B-cell counts of less than 2%.16. 162 The differential diagnosis of
agammaglobulinemia include secondary causes and severe CVID (see below) with
serum immunoglobulins levels and B cells in the agammaglobulinemic range. It can be
difficult to distinguish agammaglobulinemia from CVID without molecular testing.
Measurement of antigen-specific antibodies titers is not necessary in patients with IgG
levels less than 150 mg/dL.

Genetic evaluation is recommended in the diagnosis of agammaglobulinemia (see
Section 3). Approximately 85% of patients with agammaglobulinemia patients have the
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X-linked form (XLA), associated with variants in BTK encoding Bruton’s tyrosine kinase
(BTK).161.169 The absence of BTK protein in monocytes or platelets can be
demonstrated by Western blotting or flow cytometry. Patients with certain BTK variants
can have milder clinical and immunologic phenotypes with higher concentrations of
serum immunoglobulins suggestive of CVID or even specific antibody deficiency
(SAD).1%2 A family history of affected maternal male cousins, uncles, or nephews
suggestive of X-linked inheritance may be present, although sporadic cases are
common. Pathogenic variants in one of several genes that regulate B-cell maturation
cause autosomal recessive agammaglobulinemia.®®-172 These genes encode
components of the pre—B-cell immunoglobulin receptor, including IgM heavy chain
(IGHM), the surrogate light chain (IGLL1), the immunoglobulin receptor—associated
signal transducing chains Iga and IgB (CD79A, CD79B), the cytoplasmic adapter
molecule B-cell linker protein (BLNK), and the downstream PI3K signaling pathway.
Autosomal dominant monogenic agammaglobulinemias are reported associated with
variants in TCF3, TOP2B, and SPI1.173175

RECOMMENDATION 4.3: We recommend the diagnosis of CVID for patients with
low serum IgG and low serum IgA and/or low serum IgM levels and demonstrated
impaired antibody response to infection or immunization.

Strength of recommendation: Strong
Certainty of evidence: High.

CVID may be the most frequently encountered symptomatic IEI, affecting an estimated
1:30,000 individuals, though prevalence among specific populations may vary with a
particularly high prevalence described in Northern Europe.t’® 177 The typical clinical
presentation for these patients is recurrent sinopulmonary infections, but CVID may be
diagnosed after recurrent autoimmune cytopenias, benign lymphoid hyperplasia, or
chronic gastrointestinal disease.'#* Patients with hypogammaglobulinemia and
thymoma should be given a diagnosis of Good syndrome.'"®

Bacterial infections are frequent in CVID, including common respiratory infections
caused by S. pneumoniae and non-typeable H. influenzae as well as atypical
pneumonia caused by Mycoplasma and Ureaplasma species that also include joint
involvement.1’® Respiratory tract infections with viruses are common.*® Gastrointestinal
infections may be frequent and refractory to treatment, including parasitic (such as
Giardia) and viral (such as norovirus) infections (Section 9).18!

In addition to infections, CVID patients may present with autoimmunity, chronic
gastrointestinal, liver, and lung disease and malignancy. Autoimmunity most frequently
manifests as cytopenias, though other forms, such as arthritis, also occur.®? Frequent
chronic gastrointestinal complications include gastritis and enteritis, which may have
pathological appearance of autoimmune inflammation but absent autoantibodies
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typically found in these diagnoses.183 184 Liver disease shows nodular regenerative
hyperplasia on biopsy, a condition with unclear etiology and challenging clinical
course.!® Chronic lung disease in CVID presents as asthma, chronic obstructive
pulmonary disease, or bronchiectasis.'® Interstitial lung disease may be present,
characteristically displaying benign lymphoid hyperplasia pathology together with
granulomatous inflammation and thus described as granulomatous-lymphocytic
interstitial lung disease (GLILD).'8” Lymphoproliferation in the lung often coincides with
lymphoproliferation elsewhere, such as the lymph nodes or spleen.1

It is now estimated that around 30% of CVID cases have identifiable genetic etiology.8%
190 Widespread availability of clinical genetic testing is at the forefront of CVID clinical
care. As examples, heterozygous pathogenic variants of CTLA4 and homozygous
pathogenic variants of LRBA both reduce expression of CTLA-4, a key regulator of T
cell responses, leading to an autoimmune and lymphoproliferative disease as well as
varying degrees of antibody deficiency consistent with CVID.%% 192 Also, heterozygous
gain-of-function variants of PIK3CD and loss of function variants of PIK3R1 result in
similar immune disorders marked by a CVID-like clinical presentation of autoimmune
cytopenias, lymphoid hyperplasia, and antibody deficiency termed activated
phosphoinositide 3-kinase delta syndrome (APDS).1%2 IgG replacement therapy
(Section 8) should be initiated in those diagnosed with CVID.

RECOMMENDATION 4.4: We recommend the diagnosis of selective IgA
deficiency (SIGAD) for patients older than 4 years of age with serum IgA below
the limit of detection and normal serum IgG and IgM levels.

Strength of recommendations: Strong
Certainty of evidence: High.

SIGAD is relatively common with a prevalence of about 1:500 in Caucasians and
appears to be less common in Asian populations, where the prevalence is reported
between 1:3000 to 1:18000.%4 19 Assays at most clinical laboratories have not been
sensitive enough to measure IgA levels below 7 mg/dL, and about one third of SIGAD
patients are thought to have completely absent serum IgA.2 Four years of age is
considered the time when most children reach the normal range for serum IgA level.
SIGAD patients may evolve into CVID later in life.19. 197

Genetic determinants of SIGAD are not well defined; it has been associated with
variants in MHC loci, TNFSRF13B, and in other genes.'®® Patients with SIGAD can be
asymptomatic; however, a subset of them may present with frequent infections (27%),
atopy (23%) or autoimmunity (14%).2°° SIGAD should be considered in the evaluation
of celiac disease as it can give false negative results on IgA-based antibody tests.
Presence of SIGAD may increase the likelihood of an alternative cause for villus atrophy
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other than celiac disease, such as Giardia infection or small intestinal bacterial
overgrowth.?®

RECOMMENDATION 4.5: We suggest the diagnosis of IgG subclass deficiency for
patients with recurrent infections and low levels of one or more serum IgG
subclass levels (IgG1, 1IgG2 or IgG3 and excluding 1gG4) and normal serum total
IgG level.

Strength of recommendation: Conditional
Certainty of evidence: Moderate.

Patients with recurrent infections may present with normal total IgG level with low serum
levels of one or more of the four IgG subclasses. IgG1 is the most abundant subclass
(70-80% of total 1IgG), and IgG1 serum levels correlate with total IgG serum levels. 1IgG2
follows in abundance with 20-30% of total IgG levels. 1gG3 represents about 10% of
total IgG and has the shortest half-life at 7 days, compared to 21 days for the other
subclasses. 1gG4 is the least abundant (less than 1% of total IgG), and its role against
infections has not been defined.

The genetic and molecular basis of IgG subclass deficiencies have not yet been
defined, although associations with IEI have been reported. IgA deficiency infrequently
occurs concurrently with 1IgG2 subclass deficiency, and such individuals may have
worse clinical course than those with either inmunological finding alone.?°* More than
half of activated PI3K delta syndrome (APDS) patients with normal total IgG levels may
have 1gG2 subclass deficiency.?%? A prospective study of 49 children with IgG2 subclass
deficiency, predominantly boys, showed increased frequency of respiratory infections,
compared with age-matched healthy controls.?%® Healthy children may have 19gG2
subclass deficiency without presenting with increased frequency of infections.2%4

RECOMMENDATION 4.6: We suggest the diagnosis of specific antibody
deficiency (SAD) to polysaccharides for patients with recurrent respiratory
infections and impaired antibody responses to polysaccharides and normal
serum IgG levels.

Strength of recommendation: Conditional
Certainty of evidence: Moderate.

Patients with SAD to polysaccharides have recurrent infections and normal antibody
responses to protein antigens and have normal responses to conjugate polysaccharide
vaccines, but the antibody response to a booster dose of the 23-valent unconjugated
pneumococcal polysaccharide vaccine is impaired, defined as non-protective antibody
levels when measured after 4 weeks after immunization. The molecular and
immunological mechanisms for this condition have not been defined.
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In patients who already have protective levels to some pneumococcal serotypes due to
prior vaccination with conjugated polysaccharide vaccines, serotypes present in the
unconjugated pneumococcal polysaccharide vaccine but not in the conjugated vaccine
are used for diagnostic evaluation. Widespread pediatric use of the most recently
approved 20-valent conjugated pneumococcal vaccine limits the utility of diagnostic
challenge with the 23-valent unconjugated pneumococcal polysaccharide vaccine, as
only 4 serotypes are present in the 23-valent vaccine that are not in the 20-valent
vaccine (serotypes 2, 9N, 17F, 20). Serotype 6A is included in the 20-valent conjugated
vaccine but not in the 23-valent unconjugated polysaccharide vaccine. Usage of the
unconjugated Salmonella vaccine has been proposed as an alternative vaccine for
diagnosis of SAD to polysaccharide antigens, but it's unclear diagnostic value limits
clinical utility.2%°

Results of anti-pneumococcal antibody testing, including percentage of positive results,
can vary between clinical laboratories.60 2% Previous guidelines with regards to
protective antibody levels against invasive pneumococcal infection recommended using
anti-pneumococcal serotype specific capsular antibody titers of 1.3 pg/mL or greater
after unconjugated polysaccharide vaccine and 0.35 ug/mL for response to conjugated
vaccine.'® A response to immunization of less than 50% of the measured anti-serotype
antibodies at protective levels is a cut-off for diagnosis of SAD.

It is suggested to use first the unconjugated pneumococcal vaccine (PSV23) to evaluate
T cell-independent antibody responses then, if the response is suboptimal administer
one of the conjugated vaccines. As an alternative, the evaluation of SAD may be
accelerated by moving directly to conjugated pneumococcal vaccine after assessing
pre-vaccination pneumococcal antibody levels. While this approach will not identify
those who have inadequate antibody responses to the unconjugated vaccine, it
provides with an intervention that might result in a decrease in the frequency of
infections, other than antibiotic prophylaxis and IgG replacement (see Sections 8 and
9), and may allow for diagnosis of SAD to protein antigen (see RECOMMENDATION
4.7).

RECOMMENDATION 4.7: We suqggest the diagnosis of specific antibody
deficiency (SAD) to protein antigen for patients with recurrent infections and
impaired antibody responses to protein antigen immunizations and normal serum
total IgG levels.

Strength of recommendation: Conditional
Certainty of evidence: Low.

While SAD has historically referred to patients with recurrent infections and antibody
deficiency for pneumococcal polysaccharide antigens, the increased use of 20-valent
conjugated pneumococcal vaccination and greater awareness of immune defects
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necessitate broader consideration of SAD diagnosis. Inability to respond to specific
antigens other than pneumococcal polysaccharides in the context of normal serum
immunoglobulin levels is not well recognized.

Individuals with recurrent infections and normal total serum IgG levels who have
impaired antibody responses to highly immunogenic vaccines but no other
immunological defects may receive the diagnosis of SAD to those protein antigens.
Examples of highly immunogenic vaccines include those for tetanus or diphtheria, in
which nearly 100% of immunocompetent individuals immunized develop protective
antitoxin antibodies, and varicella, which has 98% or more seroconversion in individuals
who have completed the vaccine series. In contrast, hepatitis B vaccination has
significantly lower immunogenicity.2°’

RECOMMENDATION 4.8: We recommend that patients with low serum IgG and
IgA levels and normal or elevated serum IgM level be given the diagnosis of
immunoglobulin class-switch defects after ruling out combined
immunodeficiencies that present with similar laboratory findings

Strength of recommendation: Strong
Quality of evidence: High.

Immunoglobulin class-switch defects have been known as hyper-IgM syndromes
(HIGM), because often, but not always, serum IgM is elevated. Deficiencies of
activation-induced cytidine deaminase (AID), uracil nucleoside glycosylase (UNG), and
mutator S homolog 6 (MSHS6) clinically present similarly to other forms of antibody
deficiency, with recurrent upper and lower respiratory tract infections in childhood.2%%-211
These patients may also develop nonmalignant lymphoid hyperplasia, which occurs in
approximately 70%.%'! Autoimmune and inflammatory disorders (e.g., autoimmune
hemolytic anemia and inflammatory bowel disease) can be seen in approximately 20%
of patients with a deficiency of AID.?!2

The total numbers of B cells and non-switched memory B cells (CD27+IgD+IgM+) are
normal, whereas numbers of class-switched memory B cells (CD27+IgM-IgD-) are
reduced.?!! Expansion of germinal centers occurs in peripheral lymphoid tissue from
these patients.?%® T cells counts and T cell proliferation are typically normal and are
helpful to rule out combined immunodeficiencies (CID), such as CD40 ligand deficiency
and NEMO deficiency (See Section 5.1). We recommend genetic testing because of
potential implications in prognosis. IEI presenting with similar screening laboratory
findings also include CVID (RECOMMENDATION 4.3) and, in adults, monoclonal
gammopathy of uncertain significance (MGUS) should be considered as a
masquerading secondary immunodeficiency, as approximately 15% of MGUS presents
with elevated IgM.?%3
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RECOMMENDATION 4.9: We recommend the diagnosis of transient
hypogammaglobulinemia of infancy (THI), for infants and children with low serum
lgG level and normal antibody response to immunizations and absent evidence of
secondary causes

Strength of recommendation: Strong
Certainty of evidence: High.

Infants have transplacentally-acquired maternal IgG for the first 3 to 6 months of life
until it is metabolized. In some infants, production of IgG (and in some cases IgA and
IgM) does not reach normal levels until early childhood. Prematurity might result in
limited maternal 1gG transplacental transfer and contribute to low serum IgG levels in
the infant or toddler. This period of hypogammaglobulinemia can be associated with
recurrent respiratory infections.?14-216 TH| is a diagnosis of exclusion made in the
absence of other immune deficiency diagnoses, and in retrospect once serum IgG
levels reach normal range. Antigen-specific antibody responses and cellular immunity
are usually preserved but may be incomplete. In one prospective study of 18 patients
with THI, IgG levels spontaneously corrected to normal at a mean age of 27 months,
with all patients at normal levels by 59 months.?%’

There is no known genetic basis for THI, although an increased incidence is reported in
families with other immunodeficiencies, particularly IGLL1 deficiency.?® Some THI
patients have reduced memory B-cell counts.?'® 220 We recommend measuring serum
IgG levels every six months until these levels are in normal range for age. Although
most children with THI spontaneously recover their IgG levels and have a benign clinical
course, some of them do not recover and are diagnosed with CVID, or other forms of
antibody deficiency.214-217

RECOMMENDATION 4.10: We suggest the diagnosis of unspecified primary
hypogammaglobulinemia for patients with significant morbidity from infections
and low serum IgG level and normal cellular immunity and no evidence of
secondary causes of low IgG levels and not fulfilling diagnostic criteria for the
above antibody deficiency disorders.

Strength of recommendations: Conditional
Certainty of evidence: Moderate.

A diagnosis of unspecified primary hypogammaglobulinemia can be given to patients
who have (1) low levels of serum immunoglobulins not conforming to any of the
diagnoses above, (2) significant morbidity from infections, (3) normal cellular immunity,
(4) no other potential immune deficiency diagnosis, and (5) no other conditions
predisposing to humoral immunodeficiency, including secondary immunodeficiencies
(See RECOMMENDATION 4.1).147, 216,217
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SECTION 5. Combined Immunodeficiencies, Neutrophil Defects, Innate Immune
Defects and Complement Deficiencies.

RECOMMENDATION 5.1: We recommend immunological investigations in
patients with infectious manifestations, autoimmunity, malignancy, or organ-
specific pathologies suggesting cellular and humoral immunodeficiency.

Strength of recommendation: Strong
Certainty of evidence: High.

General evaluation of immune phenotype and function is necessary to support detailed
clinical history and physical exam for the assessment of suspected combined
immunodeficiency (CID). While clinical presentation of CIDs can be variable and include
infectious manifestations, autoimmunity, malignancy, and organ-specific pathologies,
they share the common feature of presenting with both cellular and antibody defects. It
is essential that immunology test results are reported with appropriate age-specific
reference intervals.??° The following testing is indicated in IEIl, depending on clinical
presentation. The list is not exhaustive and both additional testing and new applications
of current testing are likely to be established in the future. A list of laboratories
performing specialized immunology testing is available at URL:
https://cis/clinimmsoc.org/dli/test-directory.php

Complete Blood Count with Differential (CBCd): CBCd is informative in all patients
with suspected CID. Lymphopenia, defined as an absolute lymphocyte count (ALC)
below the normal range for age (e.g., <1000 cells/uL in adults or <2500 cells/uL in
infants), is characteristically found in CIDs. Cytopenias are frequently part of the clinical
spectrum of CIDs [e.g., neutropenia in CD40 Ligand (CD40L)??? and thrombocytopenia
in Wiskott Aldrich Syndrome (WAS)].?23

Serum immunoglobulin levels and quantitative specific antibody titers: Abnormal
immunoglobulin levels and low or absent antibody responses to immunizations are
frequent in CIDs. Serum immunoglobulin levels must be interpreted in the context of
age-appropriate reference intervals (see Section 4). Reference intervals represent the
mid-95 percentile of a healthy population and therefore 5% of this population will have
values below or above the middle 95%, and thus, clinical significance may not be based
only on numerical cut-offs.

Lymphocyte subset phenotyping: A hallmark of most CIDs is low percentages of T
and sometimes B cells, both of which can vary depending on the specific underlying
genetic cause and degree of immune activation at the time of blood sampling.
Additionally, lymphocyte counts are influenced by age, sex, circadian rhythms and
diurnal variation.??> 226 Lymphocyte subset (T/B/NK) phenotyping includes quantification
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of the relative percentages and absolute numbers of T cells (CD3+, CD3+CD4+,
CD3+CD8+), B cells (CD19+, CD20+), and natural killer (NK) cells (CD16+CD56+) by
flow cytometry. Markers for T/B/NK panels may include (1) CDA45 for identification of
nucleated blood cells and for accurate discrimination of lymphocyte, monocyte, and
neutrophil populations, (2) CD14 for identifying monocytes, (3) CD3, CD4 and CDS8 for T
cell subset identification and enumeration, (4) CD19 and/or CD20 for identification of B
cells, and (5) CD56 and CD16 for the identification of NK cells. The ratio of CD4:CD8 T
cells may also be reported. Significant discrepancies between the percentage of CD3+
T cells and the sum of CD4 and CD8 T cells percentages should be investigated for
increases in double-negative T cells (DNTSs), which may express either T cell receptor
(TCR) aB+, seen in certain lymphoproliferative conditions including Autoimmune
Lymphoproliferative Syndrome (ALPS),??” or TCR y&+, which occur with viral and
mycobacterial infections, and is associated with CID (e.g., Ataxia Telangiectasia [A-
T]).?22 A low CD4:CDS8 ratio may be indicative of MHC Class | or ZAP70 deficiency,?2*
230 where CD8 T cells are significantly low or MHC Class Il deficiency where CD4 T
cells are significantly low.?3! B cell counts are low in a variety of CIDs (e.g., ICOS
deficiency, NBS1 deficiency).?31 232

Naive and memory T cells, and recent thymic emigrant (RTE) phenotyping. The
percentage of naive T cells (CD4+CD45RA+ and CD8+CD45RA+) and RTEs
(CD4+CD31+CD45RA+ and CD8+CD31+CD45RA+) is highest in newborns (>80%)
and decreases with age. Conversely, activated/memory T cells (CD4+CD45R0O+ and
CD8+CD45R0+) increase with age, reflecting antigen exposure and development of T
cell memory response. T cell phenotyping panels include a variety of markers to
differentiate naive, memory, effector memory T cells (Tem), central memory T cells
(Tem), and terminally differentiated memory T cells re-expressing CD45RA (TemRA).
Quantification of these populations is useful for assessing an ongoing T cell mediated
immune process (e.g., an unexpected increase in effector memory T cells may indicate
a T-cell mediated reactive or autoreactive process) TemRA cells are a heterogeneous
subset and represent preformed effector cells with high expression of effector
molecules. If they express CD57 they can represent a “pre-exhaustion” or senescent
phenotype. CD8+ TemRA cells can expand with age and are also increased in chronic
viral infections and chronic antigenic stimulation. CD4+TemRA cells have been
implicated in protective immunity against viral pathogens. Defective T cell memory
development is observed in a variety of CIDs.?33 234 RTEs correlate with TREC levels
(See Section 2), and are reduced in severe CIDs and in congenital athymia.®% 235

B cell phenotyping: B cell phenotyping panels include markers (CD19 and/or CD20,
IgD, CD27, IgM, CD24, CD21, CD38, CD10, IgG, IgA), to assess the relative
frequencies of naive, memory, class-switched and non- class-switched (marginal zone)
memory, transitional, CD21-/low(or dim) B cells and plasmablasts.?3¢ Additional
phenotyping may include quantification of IgM, IgD, 1gG and IgA-expressing B cells, as
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well as CD10+ immature B cells. These analyses are useful for assessment and
diagnosis of CIDs with perturbation of immunoglobulin levels or defective antibody
responses, such as decreased class-switched memory B cells (CD40L, CD40
deficiency),?’ or increased CD21-/low B cells as a correlate of autoimmune
complications in CIDs.87-189

Quantification of regulatory T cells (Treg): Tregs (CD4+CD127loFOXP3+CD25hi)
constitute approximately 5-10% of peripheral blood CD4+ T cells.?38 Although low in
frequency, Tregs are a crucial component of immune regulation. Low Treg numbers are
associated with immune dysregulation (lymphoproliferation, autoimmune cytopenias,
organ-specific autoimmunity) in a variety of CIDs (e.g., DOCK8 pathogenic variants).?3°
Treg function testing is not clinically available. Of note, the CD4+CD25hiCD127lo
phenotype (without measuring FOXP3 expression) may not accurately identify Tregs?4°
and FOXP3 can be transiently expressed in activated T cells that are not Tregs.?*!

Quantification of T Follicular Helper Cells (Tth): Tth (CD4+CXCR5+PD1hi
ICOS+BCL6+) are orchestrators of long-lived antibody responses.?*? These cells are
classically found in germinal centers (GC) of secondary lymphoid organs with a small
population (~10%) found in peripheral circulation. IEI resulting in defective GC formation
(e.g., CD40L, ICOS, IL-10R, NEMQ)?*® are associated with low frequencies of Tfh.
Elevated numbers of Tfh may occur in CID with autoantibody production,?** including
those with autoimmune cytopenias.?4®

Quantification of activated, exhausted, senescent T cells: CIDs associated with an
underlying dysregulated immune process or impaired T cell responses may present with
an increase in activated, exhausted and/or senescent T cells. A variety of cell surface
markers are used to quantify these cell populations including but not limited to, HLA-DR
and a combination of HLA-DR and CD38 for activated T cells, CD57 for senescent T
cells, and PD-1 for exhausted T cells. Activated T cells may be increased in CIDs with
decreased Treg function (e.g., STAT5b deficiency)?*¢ and immune dysregulated
processes (e.g., DOCKS deficiency).?*” Patients with CIDs associated with chronic or
refractory viral infections may have increased HLADR+CD38+ activated T cells.
Expansion of senescent CD8+ T cells is observed in patients with activated p110-delta
syndrome (APDS).?*8 T cell exhaustion can be observed in the context of chronic
antigenic stimulation, especially persistent viral infections.?° Monitoring the relative
frequencies of these cell populations is useful for diagnosis and when assessing
responses to therapy.

Assays for T cell proliferation to mitogens and antigens: The capacity of T cells to
respond and proliferate when exposed to an antigen in the presence of either MHC
class | or class Il on antigen-presenting cells (APCSs) is crucial for an effective adaptive
immune response. Due to limited exposure to foreign antigens, and prior to
immunization with routine childhood vaccines (before two months of life), evaluation of
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the antigen-specific T cell response in newborns may not be informative. Pan- T cell
stimulants, or mitogens, such as the plant lectins phytohemagglutinin (PHA),
concanavalin A (ConA) and pokeweed mitogen (PWM) are used to test T cell capacity
to proliferate. In addition to these mitogens, T cells can be stimulated to proliferate via
antibody crosslinking of the CD3 complex and costimulation with anti-CD28 antibody, or
the addition of exogenous IL-2. Anti-CD3 stimulation with IL-2 or CD28 is particularly
useful when assessing signaling defects downstream of the T cell receptor, or due to
defective IL-2 production or response (e.g., WAS).2%0 Also, stimulation with anti-CD3
and other costimulants as described above offers a more physiological yet global
assessment of the T cell proliferative response compared to mitogen stimulation. T cell
proliferative responses to antigens are commonly measured after exposure to tetanus
toxoid or candida. Defective T cell proliferation in response to mitogenic stimulation is a
feature of several CIDs, including ZAP70 deficiency, MHC Class Il deficiency and
calcium channel defects, among others.?5!

While the well-established radiometric method based on incorporation of tritiated
thymidine is still widely used in many clinical laboratories for T cell proliferation assays,
this method may not discriminate between normal and defective T cell function in
severely lymphopenic patients. In these patients, the use flow cytometry methods that
identify CD3+ T cells and use DNA-intercalating fluorescent dyes to identify dividing
cells is most specific for the assessment of T cell proliferation.?>2

RECOMMENDATION 5.2: We recommend the diagnosis of CID for patients with
impairment (quantitative or functional) of both cellular and antibody immune
functions.

Strength of recommendation: Strong
Quiality of evidence: High.

CID is characterized by abnormalities in both antibody and cell-mediated immunity.
Monogenic disorders with significant T cell lymphopenia, although less severe than
SCID, and leading to a CID phenotype, form a separate category within the 1UIS
classification of IEI, often having their own specific diagnostic laboratory approach in
addition to genetic testing (Table 5.1). This testing is recommended in addition also to
those referred to in RECOMMENDATION 5.1 Confirmation of a specific underlying
genetic cause and diagnosis may enable tailored therapy.

Hypomorphic pathogenic variants of SCID-associated genes may lead to “leaky” forms
of SCID and may not always present in infancy. Clinical and immunological presentation
is similar to CID, with increased risk of infection, autoimmunity and lymphoproliferative
disease.?53-255
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Table 5.1. Examples of specific laboratory testing for CIDs with or without

syndromic features.

IEl

Associated genes

Available clinical testing

Hyper IgM Syndrome

CDA40L, CD40, UNG,
IKBKG, NFKBIA, ATM,
NBS1, PMS2, MSHE,
PIK3CD, PIK3RI

CDA40L surface expression and function
(CD40-mulg)

CDA40 surface expression

B cell subset phenotyping

MHC Class | deficiency

TAP1, TAP2, TAPBP,
B2Mm

MHC Class | expression on multiple immune
cell types, increased CD4:CD8 ratio

centromeric instability
and facial anomalies
(ICF) syndrome

CDCA7, HELLS

MHC Class Il RFXANK, RFX5, MHC Class Il expression on B cells and
deficiency RFXAP, CIITA monocytes, inverted CD4:CD8 ratio
CID with syndromic features

Wiskott Aldrich WAS WASDp expression in lymphocytes

Syndrome

DNA repair defects ATM, NBS1, BLM, Serum AFP levels (>6 mo of age)
DNMT3B, ZBTB24, = t Ivsis of DNA :
PMS2, POLET, ow cytometry analysis o repair
POLE2, LIG4

Immunodeficiency, DNMT3B, ZBTB24, Cytogenetic analysis for evaluation of

centromeric instability

Thymic insufficiency
with
congenital/syndromic
features

Chr22q11.2 deletion,
TBX1, TBX2, CHD?,
FOXN1, PAX1

11g23del, 10p13-p14
deletion

TREC levels or recent thymic emigrants by
flow cytometry

Chromosomal analysis (SNP array),

Hyper IgE Syndromes
(HIES)

STAT3, DOCKS,
PGMS3, CARD11, IL6R,
IL6ST, ERBIN, and
ZNF431

Serum IgE, eosinophil count
THA17 cells quantification

DOCKS8 expression

Cartilage Hair
Hyperplasia

RMRP

Evaluation of compartment-specific telomere
length.

Clinical features of selected CIDs are discussed below.

Hyper IgM Syndromes present with low serum levels of 1gG and IgA, and normal or
elevated serum IgM levels.

Monogenic IEI characterized by normal or elevated serum IgM levels and low serum
levels of 1gG, IgA, and IgE are collectively classified as Hyper IgM Syndromes (HIGM).
The underlying pathology in HIGM is the inability to class-switch immunoglobulins thus
resulting in normal or elevated levels of serum IgM and decreased levels of all other
immunoglobulin isotypes. HIGM syndromes are caused by pathogenic variants in genes
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involved in class-switch recombination (e.g., CD40L, CD40, AID)?%6-2%° (also see
RECOMMENDATION 4.8) and others that are caused by impaired T-B cell interaction
and activation signaling (IKBKG, NFKBIA, ATM, NBS1, PMS2, MSH6, PIK3CD,
PIK3RI).260-262 CD40L pathogenic variants account for approximately 70% of reported
HIGM syndromes.?6

The clinical presentation may vary depending on the underlying genetic cause and
include susceptibility to recurrent bacterial and opportunistic infections, gastrointestinal
and pulmonary complications, autoimmune cytopenias, inflammatory bowel disease,
lymphoproliferation and malignancies.

Laboratory features of CD40L and CD40 deficiency include low serum IgG levels with
normal or elevated serum IgM, and low serum IgA levels. Specific antigen antibody
production is impaired. Peripheral blood T, B and NK cell quantification is generally
normal, however, memory B cells, specifically class-switched memory B cells
(CD27+1gD-IgM-), are significantly decreased. Upregulation of CD40L on stimulated
CD4+ T cells, measured by flow cytometry, is significantly low or absent in 80% of
cases of XL-HIGM due to CD40L deficiency.?>” CD40L pathogenic variants that result in
normal expression but non-functional CD40L are not detected with this method. A
modification of the flow cytometry assay using the extracellular domain of CD40 fused
with murine IgG-Fc (CD40-mulg) enables functional analysis of CD40L and can identify
all cases of CD40L deficiency.?>® Female carriers of CD40L deficiency with extreme
skewing of lyonization of the X-chromosome may be clinically symptomatic.?>° B cells
from patients with AR-HIGM syndrome due to CD40 null variants lack CD40 expression,
which can be demonstrated by flow cytometry.?%° Abnormal test results for CD40L
and/or CD40 analysis are confirmed with genetic analysis of CD40L.

MHC Class | and Il deficiencies present with abnormal CD4:CD8 ratio, or significant
CDS8 T cell lymphopenia, or CD4 T cell lymphopenia and severe, recurrent infections

MHC Class | and Il deficiencies are rare, autosomal recessive CIDs.?%! As interaction
with MHC class | and class Il in the thymus is crucial for development of CD8 and CD4
T cells, respectively, pathogenic variants of genes involved in peptide loading and
transport (TAP1, TAP2, TAPBP) or assembly of MHC class | on the cell surface (B2M)
result in decreased or absent MHC Class | surface expression and consequently
significantly low or absent CD8 T cells.?5! Similarly, pathogenic variants of genes that
control MHC Class Il gene expression (RFXANK, RFX5, RFXAP, CIITA) lead to

decreased surface MHC Class Il expression and therefore low or absent CD4 T cells.?52
263

Flow cytometry analysis of peripheral blood for surface expression of MHC Class | (all
nucleated cells) and MHC Class Il (B cells and antigen-presenting cells) along with
genetic analysis for the suspected gene defects is necessary to confirm the diagnosis.



1654

1655
1656
1657
1658

1659
1660

1661
1662
1663
1664
1665

1666
1667

1668
1669
1670
1671
1672
1673
1674
1675

1676
1677
1678
1679
1680
1681
1682
1683
1684
1685

1686
1687

1688
1689

1690
1691

RECOMMENDATION 5.3: We recommend immunological investigations and
testing of diagnostic biological markers in patients with suspicion of CID and
certain clinical findings in non-immunological organs and systems (syndromic
features).

Strength of recommendation: Strong
Certainty of evidence: High

CIDs with syndromic features form a distinct group of IEI. These patients are
susceptible to bacterial, fungal, and/or viral infections and have distinctive non-
immunologic features. Patients with syndromic CIDs should undergo targeted
immunologic testing when available, in addition to investigation of cellular and humoral
immunological compartments (Table 5.1).

Wiskott Aldrich Syndrome (WAS) and related disorders present with thrombocytopenia,
eczema and increased susceptibility to infection

Wiskott Aldrich Syndrome (WAS) is an X-linked syndromic CID that occurs due to
pathogenic variants in WAS, resulting in lack of expression or non-functional WAS
protein, and pronounced deficits in multiple hematopoietic cell lineages.?%* WAS
patients present with micro-thrombocytopenia, bleeding diathesis, eczema, severe and
recurrent infections, autoimmune disease, and EBV-associated B cell lymphoma.?>
Allelic variants of WAS include X-linked thrombocytopenia (XLT), which is associated
with hypomorphic loss-of-function (LOF) variants,?6% 267 and X-linked neutropenia and
myelodysplasia, associated with gain-of-function (GOF) variants).268 269

Laboratory findings in WAS patients include thrombocytopenia with small platelet size,
abnormal immunoglobulin levels, and defective antibody responses to specific antigens.
T cell numbers are decreased. T cell proliferation in response to anti-CD3 stimulation is
significantly low and normalizes with the addition of IL-2.27° Other immunological
abnormalities include impaired chemotaxis of neutrophils and impaired cytotoxicity of
NK cells, decreased Treg function, and increased autoreactive B cells. Flow cytometry
analysis for intracellular WASP and genetic testing are necessary for confirmation of
diagnosis, as WASP is not decreased in all cases.?’! Extreme lyonization of the
abnormal X-chromosome in female carriers may result in clinical manifestations of
WA8_272-274

Biallelic pathogenic variants of WIPF1, which encodes WASP interacting protein (WIP)
that stabilizes WASP, result in a clinical phenotype resembling WAS.275

Defects of DNA repair present with frequent infections in combination with neurological
deficits, growth retardation, skeletal, and immunological abnormalities.

DNA repair deficiencies are characterized by cutaneous, neurological, and
immunological abnormalities. DNA repair deficiencies occur due to pathogenic variants
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of ATM, NBS1, BLM, DNMT3B, ZBTB24, PMS2, POLE1, POLE2, and LIG4 (and other
less frequently encountered genes). Additional clinical features in these patients include
frequent infections, skeletal abnormalities, growth retardation, and increased risk of
malignancy.2’®

Clinical features of ataxia telangiectasia (A-T, due to pathogenic variants in
ATM),include cerebellar ataxia, oculocutaneous telangiectasias, growth retardation,
increased risk of malignancy and variable immune deficiency.?’’: 2’8 Elevated serum
alpha fetal protein (AFP) level is a consistent laboratory finding in A-T patients over 6
months of age.?’® Other findings are T cell lymphopenia and low TREC levels at birth
(see Section 2), an increase of gamma-delta T cells, impaired T cell proliferative
responses, low serum IgG, IgA, and IgE levels with normal or elevated IgM, and
impaired antibody responses to specific antigens. HIGM is among the differential
diagnoses given the serum immunoglobulin abnormalities in A-T.277

Similar immunological findings are seen in other DNA repair syndromes such as NBN
deficiency and LIG4 deficiency, therefore genetic sequencing is recommended to
confirm the specific genetic defect.

Laboratory evaluation for lymphocyte radiosensitivity is recommended to complement
immune and genetic assessment of patients with suspected DNA repair defects.?8° The
assay involves measurement of phosphorylation of key proteins (ATM, SMC1 and
H2AX) in the non-homologous end joining (NHEJ) and of double-stranded DNA (DNA
DSB) breaks after exposure of cells to low-doses of ionizing radiation, with assessment
of the temporal course of DNA repair.?8! The pattern of initiation and repair of the DNA
DSB pathway is associated with the diagnosis (e.g., ATM, NBN with defects in DNA
DSB damage response initiation vs. radiosensitive SCID, e.g., DCLRE1C, LIG4,
NHEJ1, which are associated with defects in the DNA DSB repair process). Some of
these defects may also be associated with increased cell apoptosis and/or cell death
after exposure to radiation, which is also measured in this flow cytometry assay.

Developmental delay, abnormal facies (low-set ears, hypertelorism, epicanthal folds,
and flat nasal bridge) are features for the diagnosis of Immunodeficiency, centromeric
instability and facial anomalies (ICF) syndromes.

Patients present with abnormal facies, congenital malformations including inguinal
hernia and hypospadias, cleft palate, syndactyly, and cardiac defects. Chromosomal
methylation is defective in these patients. Approximately 50% of ICF patients have
pathogenic variants in DNMT3B (ICF1), less frequent in ZBTB24 (ICF2), CDCA7 (ICF3),
and HELLS (ICF4), while some patients with an ICF phenotype have no identified
genetic cause.?®?

Immunological laboratory findings include hypogammaglobulinemia or
agammaglobulinemia, variable T and B cell absolute numbers ranging from low to
normal, and low T cell proliferative responses. Cytogenetic analysis for the evaluation of
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centromeric instability may demonstrate breaks, deletions, multibranched
configurations, and interchanges between homologous and non-homologous
chromosomes, frequently involving chromosomes 1, 16 and 9, and rarely 2 and 10.283

DiGeorge Syndrome (DGS) present with congenital conotruncal heart disease, thymic
aplasia or hypoplastic thymus, hypoparathyroidism, and midline craniofacial defects.

The underlying genetic etiology of most DGS patients is heterozygosity for Chr22q11.2
deletion (~90% of DGS patients, 1 in 4000 live births).?84 In contrast, Chr22g11.2
deletion accounts for only 38% of congenital athymia cases treated with cultured
thymus tissue.

Severity of immunodeficiency in DGS patients varies depending on the degree of
lymphopenia with approximately 1% or less of Chr22ql11 deletion syndrome patients
presenting with athymia and a SCID-like phenotype (See Section 2).28 Clinical features
of the syndrome might not be present in all patients. Laboratory findings in thymic
insufficiency are T cell lymphopenia and low TRECs, which when severe may be
identified by an abnormal newborn screen for SCID. Expanded memory T cells may be
detected in cases of severe lymphopenia due to engraftment of maternal T cells or
oligoclonal expansion of autologous self-reactive T cells (See Section 2). B cell
numbers may be normal or low, and serum immunoglobulin levels can be variable with
defective antibody responses to pneumococcal polysaccharide vaccine. Testing for
copy number v