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ABSTRACT

The etiology of 80% of patients with primary antibody deficiency (PAD), the second most
common type of human immune system disorders after human immunodeficiency virus
infection, is yet unknown. A correct molecular diagnosis in patients with primary
immunodeficiencies is crucial for the classification of these disorders with a heterogeneous
clinical/immunological phenotype and subsequent therapeutic management. Primary
antibody deficiency is a group of immune diseases with highly diverse clinical and
immunologic features. Next generation sequencing and hightrouput multiomics studies has
facilitated genetic investigations of rare inherited diseases during the past decade, thus
allowing an appropriate diagnosis and treatment in these patients.

Clinical and immunological phenotyping of a cohort of consecutive
dysgammaglobulinemic patients with unknown genetic defects underwent genomic (e.g.
whole-exome sequencing) and other relative multiomics (e.g. transcriptomics, proteomics,
epigenomics and immunomics) investigations after having been subjected to classical
targeted sequencing.

Exome sequencing analysis was performed on 126 PAD probands (55.5% male, 95.2%
childhood onset) born to predominantly consanguineous parents (82.5%) and thus expected
to carry homozygous mutations with an autosomal recessive pattern of inheritance. This
genomic approach and subsequent immunological investigations identified potential
disease-causing variants in 86 patients (68.2%), however, 27 of these patients (31.4%)
carried autosomal dominant (7%) and X-linked (24.4%) gene defects. Using this advanced
method and multiomics confirmatory studies, we described new phenotypes of known
genes (Paper I, I11), new inheritance pattern of known genes (Paper I1) and discovered a
new gene in human disorder (Paper V). Clinical and immunologic phenotypes of the
remaining unsolved 40 patients were compared with patients with identified molecular
defects. Medical implications of the definite molecular diagnosis were reported in ~50% of
the patients, including hematopoietic stem cell transplantation, follow-up visits schedule
and tertiary preventive screening tests (such as reducing radiation exposure for
radiosensitive patients), targeted medication and prenatal diagnosis. Finally, we propose a
clinical/immunologic workup followed by a standard genomic and multiomics analysis for an
approach to PAD patients (Paper V).

Due to misclassification of the conventional clinical and immunological phenotyping for
targeted sequencing, employing next generation sequencing as a preliminary step of
molecular diagnosis approach to patients with dysgammaglobulinemia is essential and
could help in many facets of management and treatment of the patients and their family
members. This study also illustrates the power of exome sequencing in the identification of
novel and candidate genes underlying primary antibody deficiency and nesciciate
confirmatory multiomics functional assays. The findings of this study demonstrate a new
workup and clinical guideline to approach patients with different types of
dysgammaglobulinemia and highlight the importance of multiomics approach in the filed of
clinical immunology.



POPULAR SCIENCE SUMMARY

Just or False; How may the B cells orchestra be tuned?

As a part of our well programmed and designed immune system, B cells work with high-
quality sound instruments to bring our body into a state of internal and external harmony.
Think of B cell as an orchestra, which has many different instruments with different expert
performers making up its whole with different sounds that suit different audiences. They
follow the music notes generated in the brain of the conductor (DNA) and delivered as a note
page (RNA) to make beautiful melodies of peace (proteins of antibodies) against external
sorrows (pathogens and allergens) and internal griefs (aging and intolerance).

If a part of this concert is not “in tune” and vibrating at the correct frequency, or if the
musician is emotionally under par or mentally overburdened, the result is a stressed, under
functioning music that feels as if being everything from unwell down to quite ill (infections,
allergies, autoimmunity and cancers). This “dis-ease” of B cells should be detected and can
be aided by the application of sound to re-tune, and start to bring about internal and external
harmony if we understand which stage has the issue.

Best songs needed for the beginning of a harmonic life is delivered by our mothers love (IgG
from umbilical cords and IgA from breast milk). However, after 6 months of age all children
should orchestrate their own bands of B cells to practice and generate their own life songs.
Unfortunately, the conductor (DNA) is not always in a good mood in all humans to act
onetime or functional. Without proper conductor for the orchestra there will sometimes be no
products (agammaglobulinemia) or low dysfunctional products (hypogammaglobulinemia).
Without the optimal achievement of the top-level goal of harmony, which is the responsibility
of the conductor, the body will be faced with infections, allergies, autoimmunity and cancers
from early years of life.

Although the B cells orchestra contains many other components, including the players and
their instruments (IgA, IgG, IgM, IgE and IgD producers), and although each of these
components can affect the goal-oriented function if they misbehave, it is logical to start to
investigate the conductor first in the case of chaos (genomic investigation). The reason being
that only the conductor is in a position to oversee the achievement of the top-level goal.
According to the high reflective B cells orchestra, the impact of the failed conductor can be
found systematically in the other functions of the group (in a different level of epigenome,
transcriptome, proteome, and immunome).

Just because we do not yet know the meaning of every note of B cells orchestra’s conductor
in the human, it does not mean we cannot find the reason for 80% of dysfunction of this
orchestra. Much progress in immune system knowledge consists of more and more detailed
understanding of how each note is represented in particular B cells and in particular
subclasses of B cells. There is no reason to suppose that this progress will not continue, until
such point where we can account for the representation of those meanings which correspond
to our "folk antibodies music" intuitions about the central control mechanisms of the
orchestra. This study took some of the wrong notes into account, quog (DNA mutations),
which affects the emotional experience of listening to a sensational music in some of my
patients, that impeded them from undergoing a whole range of emotions that they deserved to
experience from their B cells orchestra.



POPULARVETENSKAPLIG SAMMANFATTNING

Rimligt eller Falskt; Hur kan B-cellens orkester stammas?

Som en del av vart vilprogrammerade och utformade immunsystem arbetar B-celler med
hogkvalitativa ljudinstrument for att f4 véar kropp 1 ett tillstind av intern och extern harmoni.
Ténk pa B-cellen som en orkester, som har manga olika instrument med olika expertartister
som gor det hela med olika ljud som passar olika publik. De f6ljer de musikanteckningar som
genereras i ledaren (DNA) och levereras som en anteckningssida (RNA) for att skapa vackra
melodier av fred (proteiner av antikroppar) mot externa sorger (patogener och allergener) och
inre sorger (aldrande och intolerans).

Om en del av den hér konserten inte "stimmer" och vibrerar med rétt frekvens, alternativt om
dirigenten dr emotionellt nedstimd eller psykiskt Gverbelastad, &r resultatet en stressig,
undermilig musik som formedlar otrevliga fornimmelser 1 alltifrdn obehag till
sjukdomskénsla (infektioner, allergier, autoimmunitet och cancer). Detta tillstind med B-
cellerna bor detekteras och kan, om vi forstar vilket stadium 1 processerna som har problemet,
mildras genom att anvdnda ljudet for aterjustering och inférande av intern och extern
harmoni.

Bésta sdngerna som behdvs 1 borjan av ett harmoniskt liv levereras av vara mddrars kirlek
(IgG fran navelstrangar och IgA frén brostmjolk), men efter 6 ménaders alder borde alla barn
organisera sina egna band av B-celler fOr att trdna och generera sina egna livssanger. Tyvérr
ar ledaren (DNA) inte alltid i gott humor hos alla minniskor for att forma agera
funktionsenligt. Utan korrekt ledare for orkestern kan produkterna utebli
(agammaglobulinemi) eller s&  blir resultatet  dysfunktionella  produkter
(hypogammaglobulinemi). Med avsaknad av uppnétt, Gverordnat mal av harmoni - vilket dr
ledarens ansvar - kommer kroppen att méta infektioner, allergier, autoimmunitet och cancer
redan 1 borjan av livet.

Aven om B-cellerna innehéller manga andra komponenter - inklusive spelarna och deras
instrument (IgA-, IgG-, IgM-, IgE- och IgD-tillverkare) och dven om underfunktion i en enda
komponent av dessa kan inverka p&d den malorienterade funktionen - &r det logiskt att borja
undersoka ledaren forst géllande dessa tillstdnd (genomisk utredning). Detta eftersom endast
ledaren dr i position att dvervaka det 6verordnade malet att allt fungerar som det skall. Enligt
den hogreflekterande B-cellorkestern kan effekten av en dysfunktionell - “misslyckad” -
ledare hittas systematiskt i gruppens Ovriga funktioner (i olika nivder av epigenom,
transkriptom, proteom och immunom).

Bara for att vi dnnu inte kénner till betydelsen av varje anteckning fran B-cellorkesterens
dirigent 1 ménniskan, innebér inte detta att vi inte kan hitta orsaken till 80% av alla kinda
dysfunktioner i denna orkester. Mycket av framstegen i kunskapen om immunsystemet
utgérs av Okad detaljerad forstelse av hur varje “nota” representeras i specifika B-celler
samt inom specifika underklasser av B-celler. Det finns ingen anledning att anta att denna
utveckling inte kommer att fortsétta, tills en sddan punkt dir vi kan forklara representationen
av den innebord som motsvarar var “antikroppsmusik”-metafor om orkesterns centrala
kontrollmekanismer. Denna studie fastslog nagra av de felaktiga “musikanteckningarna” -
DNA-mutationerna - vilka paverkar den hos mina patienter kénslomissiga erfarenheten av att
lyssna pa sensationell musik. Det hindrar dem fran att uppleva en rad kédnslor som de
fortjanar att erfara fran deras B-cellorkester.



LIST OF INCLUDED SCIENTIFIC PAPERS

L.

II.

II1.

IV.

Abolhassani H, Wang N, Aghamohammadi A, Rezaei N, Lee YN, Frugoni F,
Notrangelo LD, Pan-Hammarstrom Q, Hammarstrom L. A Hypomorphic RAGI

Mutation Resulting in a Phenotype Resembling Common Variable Immunodeficiency. J
Allergy Clin Immunol. 2014.134(6):1375-80.

Alkhairy OK, Rezaei, N, Graham R, Abolhassani H, Stephan B, Hultenby K, Wu C,
Aghamohammadi A, Williams D, Behrens T, Hammarstrém L, Pan-Hammarstrom Q. A

Novel RAC2 Mutation in Two Siblings Associated with Features of Common Variable
Immunodeficiency. J Allergy Clin Immunol. 2015 May;135(5):1380-4.

Alkhairy OK, Perez-Becker R, Driessen GJ, Abolhassani H, van Montfrans J, Borte S,
Choo S, Wang N, Tesselaar K, Fang M, Bienemann K, Boztug K, Daneva A,
Mechinaud F, Wiesel T, Becker C, Diickers G, Siepermann K, van Zelm MC, Rezaei N,
van der Burg M, Aghamohammadi A, Seidel MG, Niehues T, Hammarstrom L. Novel
Mutations in TNFRSF7: Clinical, Immunological and Genetic Characterization of
Human CD27 Deficiency. J Allergy Clin Immunol. 2015. Sep;136(3):703-712.

Abolhassani H, Edwards E, Ikinciogullari K, Jing H, Borte S, Buggert M, Du L,
Matsuda-Lennikov M, Romano R, Caridha R, Bade S, Zhang Y, Frederiksen J, Fang M,
Bal S, Haskologlu S, Dogu F, Tacyildiz N, Matthews H, McElwee J, Gostick E, Price D,
Palendira U, Aghamohammadi A, Boisson B, Rezaei N, Karlsson A, Lenardo M,
Casanova J, Hammarstrom L, Tangye S, Su H, Pan-Hammarstrom Q. Combined
immunodeficiency and Epstein-Barr virus-induced B cell malignancy in humans with
inherited CD70 deficiency. J Exp Med 2017 Jan;214(1):91-106.

Abolhassani H, Aghamohammadi A, Fang M, Rezaei N, Jiang C, Liu X, Pan-
Hammarstrom Q, Hammarstrom L. Clinical Implications of Systematic Phenotyping and
Exome Sequencing in Patients with Primary Antibody Deficiency. Genetics in
Medicine. 2018. In press.



PUBLICATIONS NOT INCLUDED IN THE THESIS (2014-

2018)

(* corresponding author)

1-

Abolhassani H, Chou J, Bainter W, Platt C, Tavassoli M, Momen T, Tavakol M,
Eslamian MH, Gharagozlou M, Movahedi M, Ghadami M, Hamidieh AA, Azizi G,
Yazdani R, Afarideh M, Ghajar A, Havaei A, Chavoushzadeh Z, Mahdaviani SA,
Cheraghi T, Behniafard N, Amin R, Aleyasin S, Faridhosseini R, Jabbari-Azad F,
Nabavi M, Bemanian MH, Arshi S, Molatefi R, Sherkat R, Mansouri M, Mesdaghi
M, Babaie D, Mohammadzadeh I, Ghaffari J, Shafiei A, Kalantari N, Ahanchian H,
Khoshkhui M, Soheili H, Dabbaghzadeh A, Shirkani A, Nasiri Kalmarzi R,
Mortazavi SH, Tafaroji J, Khalili A, Mohammadi J, Negahdari B, Joghataei MT,
al-Ramadi BK, Picard C, Parvaneh N, Rezaei N, Chatila T, Massaad MJ, Keles S,
Hammarstrom L, Geha RS, Aghamohammadi A. Clinical, Immunological and
Genetic Spectrum of 696 Patients with Combined Immunodeficiency. J Allergy Clin
Immunol. 2018. Epub (PMID: 28916186).

Pan-Hammarstrom Q, Abolhassani H, Hammarstrom L. Defects in plasma cell
differentiation is associated with primary immunodeficiency in humans. J Allergy
Clin Immunol. 2018. Epub (PMID: 29155100).

Gardulf A, Abolhassani H, Gustafson R, Eriksson L, Hammarstrom L. Predictive
markers for humoral influenza vaccine response in patients with common variable
immunodeficiency (CVID). J Allergy Clin Immunol. 2018. In press.

Shaghaghi M, Soleyman-jahi S, Abolhassani H, Yazdani R, Azizi G, Rezaei N,
Barbouche MR, McKinlay MA, Aghamohammadi A. New Insights into
Physiopathology of Immunodeficiency-Associated Vaccine-Derived Poliovirus
Infection; Systematic Review of over 5 Decades of Data. Vaccine. 2018. Epub
(PMID: 29478755).

Yousefzadegan S, Tavakol M, Abolhassani H, Nadjafi A, Mansouri S, Yazdani R,
Rezaei N, Aghamohammadi A. Systematic Investigation for Underlying Causes of

Recurrent Infections in Children: Surveillance of Primary Immunodeficiency. Eur
Ann Allergy Clin Immunol. 2018. Epub (PMID: 29384110).

Azizi G, Mirshafiey A, Abolhassani H, Yazdani R, Ansariha FJ, Shaghaghi M,
Mortazavi-Jahromi SS, Noorbakhsh F, Rezaei N, Aghamohammadi A. The
circulating T helper subsets and regulatory T cells in patients with common variable
immunodeficiency with no monogenic disease. J Investig Allergol Clin Immunol.
2018. Epub (PMID: 29345621).

Azizi G, Kiaee F, Tavakolinia N, Rafiemanesh H, Mohammadikhajehdehi S, Sharifi
L, Yazdani R, Abolhassani H, Aghamohammadi A. Mannose-binding lectin
protein deficiency among patients with primary immunodeficiency disease receiving
IVIG therapy. Endocr Metab Immune Disord Drug Targets. 2018. Epub (PMID:
29119939).

Azizi G, Abolhassani H, Kiaee F, Tavakolinia N, Rafiemanesh H, Yazdani R,
Mahdaviani SA, Mohammadikhajehdehi S, Tavakol M, Ziaee V, Negahdari B,
Mohammadi J, Mirshafiey A, Aghamohammadi A. Autoimmunity and its
association with regulatory T cells and B cell subsets in patients with common
variable immunodeficiency. Allergol Immunopathol. 2018. Epub (PMID:
28735808).



9- Azizi G, Abolhassani H, Yazdani R, Mohammadikhajehdehi S, Parvanch N,
Negahdari B, Mohammadi J, Aghamohammadi A. Two different faces of LRBA
deficiency in siblings: hypogammaglobulinemia versus normal immunoglobulin
levels. J Investig Allergol Clin Immunol. 2018;28(1):48-50

10- Mahmoodi M, Abolhassani H, Mozdarani H, Safari Z, Ramyar A, Mohagheghi
MA, Farzanfar F, Divsalar K, Nasiri Kalmarzi R, Mirminachi B, Aghamohammadi
A. In vitro Chromosomal Radiosensitivity in Patients with Common Variable
Immunodeficiency. Central European Journal of Immunology. 2018. In press.

11- Azizi G, Abolhassani H, Zaki-Dizaji M, Habibi S, Mohammadi H, Shaghaghi M,
Yazdani R, Anaya JM, Rezaei N, Hammarstrom L, Aghamohammadi A.
Polyautoimmunity in Patients with LPS-Responsive Beige-like Anchor (LRBA)
Deficiency. Immunol Invest. 2018. In press.

12- Yazdani R, Abolhassani H, Tafaroji J, Azizi G, Geha RS, Aghamohammadi A.
Cernunnos Deficiency Associated with BCG Adenitis and Autoimmunity: First
Case from the National Iranian Registry and Review of the Literature. Clin
Immunol. 2017. Jul 17;183:201-206.

13- Yazdani R, Abolhassani H, Asgardoon M, Shaghaghi M, Modaresi M, Azizi G,
Aghamohammadi A. Infectious and Non-Infectious Pulmonary Complications in
Primary Immunodeficiencies. J Investig Allergol Clin Immunol. 2017;27(4):213-
224,

14- Tak Manesh A, Azizi G, Heydari A, KiaeeF, Shaghaghi M, Nazer NH, Yazdani R,
Abolhassani H, Aghamohammadi A. Epidemiology and pathophysiology of
malignancy in common variable immunodeficiency? Allergol Immunopathol. 2017.
Nov 45(6):602-615.

15- Azizi G, Abolhassani H, Mahdaviani SA, Chavoshzadeh Z, Eshghi P, Yazdani R,
Kiace F, Shaghaghi M, Mohammadi J, Rezaei N, Hammarstrom L,
Aghamohammadi A. Clinical, Immunological, Molecular Analyses and Outcomes
of Iranian Patients with LRBA Deficiency: A Longitudinal Study. Pediatr Allergy
Immunol. 2017. Aug;28(5):478-484.

16- Aghamohammadi A, Abolhassani H, Kutukculer N, Wassilak SG, Pallansch MA,
Kluglein S, Quinn J, Sutter RW, Wang X, Sanal O, Latysheva T, Ikinciogullari A,
Bernatowska E, Tuzankina IA, Costa-carvalho BT, Franco JL, Somech R, Karakoc-
Aydiner E, Singh S, Bezrodnik L, Espinosa-Rosales FJ, Shcherbina A, Lau YL,
Nonoyama S, Modell F, Modell V, Barbouche M, Mckinlay M. Patients with
Primary Immunodeficiencies are a Reservoir of Poliovirus and a Risk to Polio
Eradication. Front Immunol. 2017. Jun 13;8:685.

17- Mohebbi A, Azizi G, Tavakolinia N, Karimipour M, Kiaee F, Yazdani R, Sadat
Ebrahimi S, Ebrahimi M, Rafiemanesh H, Tafaroji J, Ziace V, Abolhassani H,
Aghamohammadi A. Comparison of Bone Mineral Density in Common variable
immunodeficiency and X-Linked Agammaglobulinaemia Patients. Endocr Metab
Immune Disord Drug Targets. 2017. Epub (PMID: 28606051).

18- Zaki M, Akrami SM, Abolhassani H, Rezaci N, Aghamohammadi A. Ataxia
Telangiectasia Syndrome: moonlighting ATM. Expert Rev Clin Immunol. 2017
Dec;13(12):1155-1172.



19- Valizadeh A, Yazdani R, Azizi G, Abolhassani H, Aghamohammadia A.
Comparison of Clinical and Immunologic Phenotypes in Familial and Sporadic
Forms of Common Variable Immunodeficiency. Scand J Immunol. 2017.
Oct;86(4):239-247.

20- Bazregari S, Azizi G, Tavakol M, Asgardoon MH, Kiaee F, TavakoliniaN,
Valizadeh A, Abolhassani H, Aghamohammadi A. Evaluation of infectious and
non-infectious complications in patients with primary immunodeficiency. Central
European Journal of Immunology. 2017;42(4):336-341.

21- Azizi G, Abolhassani H, Yazdani R, Mohammadikhajehdehi S, Parvaneh N,
Negahdari B, Mohammadi J, Aghamohammadi A. New Therapeutic Approach by
Sirolimus for Enteropathy Treatment in Patients with LRBA Deficiency. 2017. Eur
Ann Allergy Clin Immunol. 2017 Sep;49(5):235-239.

22- Azizi G, Tavakol M, Rafiemanesh H, Kiaee F, Yazdani R, Heydari A, Abouhamzeh
K, Anvari P, Mohammadikhajehdehi S, Sharifi L, Bagheri Y, Mohammadi H,
Abolhassani H, Aghamohammadi A. Autoimmunity in a cohort of 471 patients
with primary antibody deficiencies. Expert Rev Clin  Immunol. 2017.
Nov;13(11):1099-1106.

23- Ganjalikhani-Hakemi M, Yazdani R, Esmaeili M, Abolhassani H, Rac W, Azizi G,
Dizaji MZ, Shaghaghi M, Abbasi-Rad F, Rezaei A, Afshar-Qasemloo S,
Mohammadi S, Rezaei N, Aghamohammadi A. Role of Apoptosis in the
Pathogenesis of Common Variable Immunodeficiency (CVID). Endocr Metab
Immune Disord Drug Targets. 2017. Epub (PMID: 28925897).

24- Aghamohammadi A, Abolhassani H, Puchalka J, Greif-Kohistani N, Klein C,
Rezaei N. Preference of Genetic Diagnosis of CXCR4 Mutation Compared with
Clinical Diagnosis of WHIM Syndrome. J Clin Immunol. 2017 Apr;37(3):282-286.

25-Gholami K, Laali E, Abolhassani H, Ahmadvand A, Mohebbi N, Javadi MR,
Aghamohammadi A, Rezaei N. Costs of hospital admission on primary
immunodeficiency diseases. Iran J Public Health. 2017 Mar 46 (3), 342-350.

26-Yazdani R, Azizi G, Abolhassani H, Aghamohammadi A. Selective IgA
deficiency: Epidemiology, Pathogenesis, Clinical Phenotype, Diagnosis, Prognosis
and Management. Scand J Immunol. 2017 Jan;85(1):3-12.

27- Shirkani A, Shahrooei M, Azizi G, Rokni-Zadeh H, Abolhassani H, Farrokhi S,
Frans G, Bossuyt X, Aghamohammadi A. Novel Mutation of ZAP70-related
Combined Immunodeficiency: First Case from the National Iranian Registry and
Review of the Literature. Immunol Invest. 2017 Jan;46(1):70-79.

28- Ghiasy S, Parvaneh L, Azizi G, Sadri G, Zaki dizaji M, Abolhassani H,
Aghamohammadi A. The Clinical Significance of Complete Class Switching Defect
in Ataxia Telangiectasia Patients. Expert Rev Clin Immunol. 2017 May;13(5):499-
505.

29- Azizi G, Abolhassani H, Yazdani R, Rezaei N, Mirshafiey A, Aghamohammadi A.
Approach to the management of autoimmunity in primary immunodeficiency.
Scand J Immunol. 2017 Jan;85(1):13-29.



30- Yazdani R, Ganjalikhani-Hakemi M, Esmacili M, Abolhassani H; Vaeli S, Rezaci
A, Sharifi Z, Azizi G, Rezaei N, Aghamohammadi A. Impaired Akt
phosphorylation in B-cells of patients with common variable immunodeficiency.
Clin Immunol. 2017 Feb;175:124-132.

31- Azizi G, Abolhassani H, Asgardoon MH, Alinia T, Yazdani R, Rezaei N, Ochs
HD, Aghamohammadi A. Autoimmunity in Common Variable Immunodeficiency:
Epidemiology, Pathophysiology and Management. Expert Rev Clin Immunol. 2017
Feb;13(2):101-115.

32- Atacinia B, Tavakol M, Abolhassani H, Kiaei F, Aghamohammadi A.
Measurement of Health-Related Quality of Life in Primary Antibody Deficient
Patients. Immunol Invest. 2017 May;46(4):329-340.

33-Yazdani R, Seify R, Ganjalikhani-Hakemia M, Abolhassani H, Eskandari N,
Golsaz-Shirazi F, Ansaripour B, Salehi E, Azizi G, Rezaei N, Aghamohammadi A.
Comparison of Various Classifications for Patients with Common Variable
Immunodeficiency (CVID) using Measurement of B-cell Subsets. J Investig
Allergol Clin Immunol. 2017 Mar - Apr;45(2):183-192.

34-Morena M, Leonard D, Torgerson T, Cabral-Marques O, Mary M,
Aghamohammadi A, Chandra S, Murguia-Favela L, Bonilla F, Kanariou M,
Damrongwatanasuk R, Kuo C, Dvorak C, Meyts I, Chen K, Kobrynski L, Kapoor
N, Richter D, DiGiovanni D, Dhalla F, Farmaki E, Speckmann C, Espanol T,
Shcherbina A, Hanson C, Litzman J, Routes J, Wong M, Fuleihan R, Seneviratne S,
MD, Small T, Janda A, Bezrodnik L, Seger R, Gomez Raccio A, Edgar J, Chou J,
Abbott J, van Montfrans J, Gonzalez-Granado L, Bunin N, Kutukculer N, Gray P,
Seminario G, Pasic S, Aquino V, Wysocki C, Abolhassani H, et al. Long term
outcomes of 176 patients with X-linked hyper IgM syndrome. J Allergy Clin
Immunol. 2017 Apr;139(4):1282-1292.

35- Azizi G, Ahmadi M, Abolhassani H, Yazdani R, Mohammadi H, Mirshafiey A,
Rezaei N, Aghamohammadi A. Autoimmunity in Primary Antibody Deficiencies.
Int Arch Allergy Immunol. 2016 Dec 24;171(3-4):180-193.

36- Azizi G, Abolhassani H, Aghamohammadi A. Cellular and Molecular Mechanisms
of Immune Dysregulation and Autoimmunity associated with Primary
Immunodeficiencies. Cell Immunol. 2016 Dec;310:14-26.

37- Azizi G, Abolhassani H, Rezaei N, Aghamohammadi A, Asgardoon MH,
Rahnavard J, Dizaji MZ, Yazdani R. The Use of Immunoglobulin Therapy in
Primary Immunodeficiency Diseases. Endocr Metab Immune Disord Drug Targets.
2016. Epub (PMID: 27456825).

38- Abolhassani H, Aghamohammadi A, Hammarstrom L. Monogenic Mutations
Associated with IgA Deficiency. Expert Rev Clin Immunol. 2016 Dec;12(12):1321-
1335.

39- Shaghaghi M, Shahmahmoodi S, Abolhassani H, Soleyman-jahi S, Parvaneh N,
Mahmoudi S, Chavoshzadeh Z, Yazdani R, Zahraei SM, Ebrahimi M, Eslamian
MH, Tabatabaie H, Yousefi M, Mollaie Kandelousi Y, Oujaghlou A, Rezaei N,
Aghamohammadi A. Vaccine-derived polioviruses and children with primary
immunodeficiency, Iran, 1995-2014. Emerging Infectious Diseases. 2016.
Oct;22(10):1712-9.



40- Nejatbakhsh F, Shirbeigi L, Rahimi R, Abolhassani H*. Review of the Local
Herbal Compounds Found in the Iranian Traditional Medicine Known to Optimize
Male Fertility. Andrologia. 2016. Oct;48(8):850-9.

41- Marefat H, Ghareje Daghi M, Abolhassani H, Azizi G, Aghamohammadi A. Early
Onset Steroid Induced Posterior Subcapsular Cataract in a Patient with Common

Variable Immunodeficiency: Case Reports and Review of Literature. European
Annals of Allergy and Cell Immunol. 2016. Sep;48(5):197-201.

42- Azizi G, Ghanavatinejad A, Abolhassani H, Yazdani R, Rezaei N, Mirshafiey A,
Aghamohammadi A. Autoimmunity in primary T-cell immunodeficiencies. Expert
Rev Clin Immunol. 2016. Sep;12(9):989-1006.

43- Mokhtaria M, Shakeri A, Mirminachi B, Abolhassani H, Yazdania R, Grimbacherd
B, Aghamohammadi A. Important Factors Influencing Severity of Common
Variable Immunodeficiency. Archives of Iranian Medicine. 2016. Aug;19(8):544-
50.

44- Yazdani R, Heydari A, Azizi G, Abolhassani H, Aghamohammadi A. Asthma and
Allergic Diseases in a Selected Group of Patients With Common Variable
Immunodeficiency. J Investig Allergol Clin Immunol. 2016;26(3):209-11.

45-Fang M, Abolhassani H, Lim CK, Zhang J, Hammarstrom L. Next Generation
Sequencing Data Analysis in Primary Immunodeficiency Disorders - Future
Directions. J Clin Immunol. 2016. May;36 Suppl 1:68-75.

46- Raeisi M, Azizi G, Abolhassani H, Aghamohammadi A. Lymphocytic interstitial
pneumonitis: An unusual presentation of X-linked hyper Ig M syndrome. Iranian
Journal of Pediatrics. 2016. Mar 5;26(2):¢3656.

47-Yazdani R, Abolhassani H, Rezaei N, Azizi G, Hammarstrom L, Aghamohammadi
A. Evaluation of Known Defective Signaling-Associated Molecules in Patients Who
Primarily Diagnosed as Common Variable Immunodeficiency. International
Reviews of Immunology. 2016. Jan 2;35(1):7-24.

48- Abolhassani H, Vitali M, Lougaris V, Giliani S, Parvanech N, Parvaneh L,
Mirminachi B, Cheraghi T, Khazaei H, Mahdaviani A, Kiaei F, Mohammadi J,
Negahdari B, Hammarstrom L, Plebani A, Aghamohammadi A. Cohort of Iranian
Patients with Congenital Agammaglobulinemia: Mutation Analysis and Novel Gene
Defects. Expert Rev Clin Immunol. 2016. Apr;12(4):479-86.

49- Yazdani R; Fatholahi M; Ganjalikhani-Hakemi M; Abolhassani H; Azizi G; Magaji
K; Rezaei N; Aghamohammadi A. Role of Apoptosis in Common Variable

Immunodeficiency and Selective Immunoglobulin A deficiency. Molecular
Immunology. 2016. Mar;71:1-9.

50- Alkhairy OK, Abolhassani H, Rezaei N, Fang M, Krogh Andersen K,
Chavoshzadeh Z, Mohammadzadeh I, El-Rajab MA, Massaad M, Chou C,
Aghamohammadi A, Geha RS, Hammarstrom L. Spectrum of Phenotypes
Associated with Mutations in LRBA. J Clin Immunol. 2016 Jan;36(1):33-45.



51-Rajebi H, Khodadad A, Fahimi G, Abolhassani H. Vitamin D Deficiency Among
Female Nurses of Children’s Medical Center Hospital and Its Related Factors. Acta
Medica Iranica. 2016. Feb;54(2):146-50.

52- Azizi G, Abolhassani H, Asgardoon MH, Shagaqi MR, Aghamohammadi A.
Managing Patients with Side Effects and Adverse Reactions to Immunoglobulin
Therapy. Expert Rev Clin Pharmacol. 2016 Jan;9(1):91-102

53- Shahinpour S, Tavakol M, Abolhassani H, Mirminachi B, Mohammadinejad P,
Aghamohammadi A. Report on the First Survey of Iranian Patients with Hereditary
Angioedema. Iran J Immunol. 2015 Sep; 12(3)129-133.

54- Abolhassani H, Asgardoon MH, Rezaei N, Hammarstrom L, Aghamohammadi A.
Different brands of intravenous immunoglobulin for primary immunodeficiencies:
how to choose the best option for the patient? Expert Rev Clin Immunol. 2015
Nov;11(11):1229-43.

55- Abolhassani H, Hirbod-Mobarakeh A, Shahinpour S, Panahi M, Mohammadinejad
P, Mirminachi B, Shakari M; Samavat B; Aghamohammadi A. Mortality and
Morbidity in Patients with X-linked Agammaglobulinemia. Allergol Immunopathol.
2015; Jan-Feb;43(1):62-6.

56-Yazdani R, Latif A, Tabassomi F, Abolhassani H, Azizi G, Rezaei N,
Aghamohammadi A. Clinical phenotype classification for selective immunoglobulin
A deficiency. Expert Rev Clin Immunol. 2015 Nov;11(11):1245-54.

57- Mohammadinejad P, Pourhamdi S, Abolhassani H, et al. Primary Antibody
Deficiency in a Tertiary Referral Hospital: A 30 Years Experiment. Journal of
Investigational Allergology and Clinical Immunology. J Investig Allergol Clin
Immunol. 2015. Dec. 25(6): 416-425.

58- Sadeghi B, Abolhassani H*, Naseri A, Rezaei N, Aghamohammadi A. Economic
burden of common variable immunodeficiency: annual cost of disease. Expert Rev
Clin Immunol. 2015 May;11(5):681-8.

59- Abolhassani H, Cheraghi T, Rezaei N, Aghamohammadi A, Hammarstrom L.
Common Variable Immunodeficiency or Late Onset Combined Immunodeficiency:
New Hypomorphic JAK3 Patient and a Literature Review. J Investig Allergol Clin
Immunol. 2015;25(3):218-20.

60- TorabiSagvand B, Mirminachi B, Abolhassani H, Shokouhfar T, Keihanian T,
Amirzargar A, Madaviani A, Aghamohammadi A. IgG Anti-IgA Antibodies in
Pediatric Antibody Deficient Patients Receiving Intravenous Immunoglobulin.
Allergologia et immunopathologia. 2015 Jul-Aug;43(4):403-8.

61- Abolhassani H, Gharib B, Shahinpour S, Masoom SN, Havaei A, Mirminachi B,
Arandi N, Torabi-Sagvand B, Khazaei HA, Rezaei N, AghamohammadiA.
Autoimmunity in Patients with Selective IgA Deficiency. J Investig Allergol Clin
Immunol. 2015;25(2):112-9.



62- Abolhassani H, Rezaei N, Mohammadinejad P, Mirminachi B, Hammarstrom L,
Aghamohammadi A. Important Differences in the Diagnostic Spectrum of Primary
Immunodeficiency in Adults versus Children. Expert Rev Clin Immunol. 2015.
Feb:11(2):289-302.

63- Mohammadinejad P, Abolhassani H, Pourhamdi S, Ghosh S, Sadeghi B,
NasiriKalmarzi R, Durandy A, Borkhardt A, Aghamohammadi A. Class Switch
Recombination Process in Ataxia Telangiectasia Patients with Elevated Serum
Levels of IgM. Journal of Immunoassay and Immunochemistry. 2015;36(1):16-26.

64- Aghamohammadi A, Abolhassani H, AmirHosseinLatifet al. Long-Term

Evaluation of a Historical Cohort of Iranian Common Variable Immunodeficiency
Patients. Expert Rev Clinimmunol. 2014 Oct;10(10):1405-17.

65- Abolhassani H, Akbari F, Mirminachi B, Bazregari S, Hedayat E, Rezaei N,
AghamohammadiA. Morbidity and Mortality of Iranian Patients with Hyper IgM
Syndrome: a Clinical Analysis. Iran J Immunol. 2014.11(2):124-134.

66- Cheraghi T, Aghamohammadi A, Mirminachi B, Keihanian T, Hedayat E,
Abolhassani H, Torabi Sagvand B, Rezaei N. Prediction of Common Variable
Immunodeficiency Evolution: HLA Typing for Selective IgA Deficiency Patients. J
Investig Allergol Clin Immunol. 2014;24(3):198-200.

67- Mohammadinejad P, Mirminachi B, Sadeghi B, Movahedi =~ M, Gharagozlou
M, Mohammadi J, Abolhassani H, Rezaei N, Aghamohammadi A. Distribution of
primary immunodeficiency disorders diagnosed in a tertiary referral center, Tehran, Iran
(2006-2013). Iran J Immunol. 2014 Dec;11(4):282-91.

68- Aghamohammadi A, Mohammadinejad P, Abolhassani H, et al. Primary
Immunodeficiency Disorders in Iran: Update and New Insights from the Third
Report of the National Registry. J Clin Immunol. 2014 May;34(4):478-90.

69- Abolhassani H, Mirminachi B, Daryabeigi M, Agharahimi, Z, Aghamohammadi A,
Ziaee V, Rabbani A, Rezaei N. Evaluation of Physicians’ Awareness of Pediatric
Diseases in Iran. Iran J Pediatrics. 2014. 24(1):87-92.

70- Latif A, Tabassomi F, Abolhassani H*, Hammarstrom L. Molecular Diagnosis of

Primary Immunodeficiency Diseases in a Developing Country: Iran as an Example.
Expert Rev Clin Immunol. 2014 Mar;10(3):385-96.

71- Tavakol M, Kouhi A, Abolhassani H, Ghajar A, Afarideh M, Shahinpour S,
Aghamohammadi A. Otologic Findings in Pediatric Patients with
Hypogammaglobulinemia. Iran J Allergy Asthma Immunol. 2014 June; 13(3):166-
173.

72- Abolhassani H, Parvaneh N, Rezaei N, Hammarstrom L, Aghamohammadi A.
Genetic Defects of B cell Development and Their Clinical Consequences. J Investig
Allergol Clin Immunol. 2014; 24 (1): 6-22.

73- Arandi N, Mirshafiey A, Jeddi-Tehrani M, Shaghaghi M, Sadeghi b, Abolhassani
H, Sharifian R, Rahiminejad MS, Aghamohammadi A. Alteration in Frequency and
Function of CD4+CD25+FOXP3+ Regulatory T cells in Patients with Immune
Thrombocytopenic Purpura. Iran J Allergy Asthma Immunol.2014; 13(2):85-92.



74- Salehgargari S, Sahebdel B, Zare A, Abolhassani H. Ectopic Decidual Reaction
Mimicking Irritable Bowel Syndrome: A Case Report. Acta Medica Iranica.2014.
52 (1), 88-90.

75-Khalili A, Plebani A, Vitali M, Abolhassani H, Lougaris V, Mirminachi B, Rezaei
N, Aghamohammadi. Autosomal Recessive Agammaglobulinemia: A Novel Non-
sense Mutation in CD79a.. J Clin Immunol. 2014 Feb;34(2):138-41.

76- Ebadi M, Akhlaghi H, Zamani M, Beheshti H, Abolhassani H, Ayadi A, Dezdar J,
Mortazzavi S, Karami G, IzadiM.The Correlation BetweenToxoplamaGondii
Infection and Schizophrenia: A Comparative Study With Family Members (Control
Group). Scimetr. 2014 January; 2(1): ¢15386.

77- Fallahi G, Aghamohammadi A, Khodadad A, Hashemi M, Mohammadinejad P,
Asgarian-Omran H, Najafi M, Farhmand F, Motamed F, Soleimani K, Soheili H,
Parvaneh N, Darabi B, NasiriKalmarzi R, Pourhamdi S, Abolhassani H,
Mirminachi B, Rezaei N, Evaluation of Antibody Response to Polysaccharide
Vaccine and Switched Memory B Cells in Pediatric Patients with Inflammatory
Bowel Disease. Gut Liver. 2014 Jan;8(1):24-8.

78- Shaghaghi M, Parvaneh N, Ostad-Rahimi P, Fathi SM, Shahmahmoodi S,
Abolhassani H, Aghamohammadi A. Combined Immunodeficiency Presenting
with Vaccine-Associated Paralytic Poliomyelitis: A Case Report and Narrative
Review of Literature. Immunol Invest. 2014;43(3):292-8.



KAROLINSKA BIBLIOMETRICS

1-

Number of citations: First decentile of both Karolinska Institutet (KI) and
Stockholms lans landsting (SLL) regarding number of citations based on
bibliometrics.ki.se author-based and organization-based analyses (2014-

2018)

Decentile bar - Number of citations KI {Author based) 2014 to 2018

shows umber of citations. Y each

Decentile bar - Number of citations SLL (Author based) 2014 to 2018

P &)
decentil.
Certain data included herein are derived from the Web of Science ® prepared by
THOMSON REUTERS ®, Inc. (Tt 3 , USA: ©
Copyright THOMSON REUTERS ® 2018, All rights reserved.

e 659

Number of citations
%

Decentile bar - Number of citations KI {Organisation based) 2014 to 2018

number of citation: each
dacentile

Certain data included herein are derived from the Web of Science & prepared by
THOMSON REUTERS @, Inc. (Thomson®), Philadelphia, Pennsylvania, USA: ©
Copyright THOMSON REUTERS ® 2018. All rights reserved.

s

Number of citations

1 3

N

Decentile bar - Number of citations SLL (Organisation based) 2014 to 2018

The purple bar shows ¥ besed on you citations. aze each
decentile.

Certain data included herein are derived from the Web of Science & prepared by
THOMSON REUTERS @, Inc. (T| » Phil i ia, USA: ©
Copyright THOMSON REUTERS @ 2018. All rights reserved.

@ o8

Nurmber of citations

o youcan ¥ Jso see the average each
decentile.

Certain data included herein are derived from the Web of Science @ prepared by
THOMSON REUTERS @, Inc. (Thomson®), Philadelphia, Pennsylvania, USA: ©
Copyright THOMSON REUTERS ® 2018. All rights reserved.

o %
o

Number of citations

.
@ e | 7 | 8

2- Aggregated journal impact factors: First decentile of both Karolinska
Institutet (K1) and Stockholms lans landsting (SLL) regarding aggregated
journal impact factors based on bibliometrics.ki.se author-based and

organization-based analyses (2014-2018)

Decentile bar - Aggregated journal impact KI (Author based) 2014 to 2018

purp ich decentle y:
pubilcations. Vou can also see the average value for sach decenle.
Certain data included herein are derived from the Web of Science ® prepared by
THOMSON REUTERS ®, Inc. (Thomsen®), Philadelphia, Pennsylvania, USA: ©
Copyright THOMSON REUTERS ® 2018. All rights reserved.

bS 23
A

Aggregated joumal Impact

Decentile bar - Aggregated journal impact KI (Organisation based) 2014 to 2018

The purple bar below shows in which

i ¥

Decentile bar - Aggregated journal impact SLL (Author based) 2014 to 2018

urple bar found bast
pubiications. Vou can also sz the average valus for sach dacentil.

i ¥

Certain data included herein are derived from the Web of Science ® prepared by

THOMSON REUTERS @, Inc. (T i ia, Pennsylvania, USA: ©
Copyright THOMSON REUTERS ® 2018. All rights reserved.

.‘w\ %9
E
3 ot
3
g
H %0
et
;j =

» s . " S 5 2 “! l

o :

N L

Decentile bar - Aggregated journal impact SLL (Organisation based) 2014 to 2018

ileations. You ean alsa se the uerage value for ach decentile, !
Certain data included herein are derived from the Web of Science @ prepared by
THOMSON REUTERS @, Inc. (Themson®), Philadelphia, Pennsylvania, UsA: ©
Copyright THOMSON REUTERS @ 2018. All rights reserved

A 1
o~ 25|

Aggregated joumnal fmpact,

The purple bar ¥ i your
pubications You can alzo 36¢ the average value for each decentie:

Certain data included herein are derived from the Web of Science © prepared by
THOMSON REUTERS @, Inc. (T| il i \ , USA: ©
Copyright THOMSON REUTERS ® 2018. All rights reserved.

>
¢ 1

Aogregated fournal impact
%




3- Number of publications: First decentile of both Karolinska Institutet (KI) and
Stockholms lans landsting (SLL) regarding number of publications based on
bibliometrics.ki.se author-based and organization-based analyses (2014-2018)

Decentile bar - Number of publications Kl (Author based) 2014 to 2018

Decentile bar - Number of publications SLL (Author based) 2014 to 2018

The purple P + Youcan seo
publications for &ach decente.

Certain data included herein are derived from the Web of Science © prepared by

THOMSON REUTERS @, Inc. (T 4 , USA: ©
Copyright THOMSON REUTERS ® 2018. All rights reserved.

s !
5k
5
8w
]
2
5 B =
3
g o n
z '

® o A
E: fl 1 : : ) l l
o® L L
T 9T T T T T T T T

Decentile bar - Number of publications Kl (Organisation based) 2014 to 2018

The purp you can be found based 50 see the average number o
pubications for each decertile.

Certain data included herein are derived from the Web of Science ® prepared by

THOMSON REUTERS @, Inc. (T Philadelphi ia, USA: ©
Copyright THOMSON REUTERS ® 2018. All rights reserved.

w? ]
g »
5 s
5 o 7w
2 . 7

W ERERENEAFAT 1

& i 1

o G B o g o ‘ﬂ\&‘

Decentile bar - Number of publications SLL (Organisation based) 2014 to 2018

urple ¥ ¥ P Youean also
publications for each decentile.

Certain data included herein are derived from the Web of Science @ prepared by

THOMSON REUTERS @®, Inc. (Th hiladelph L usa: @
Copyright THOMSON REUTERS ® 2018. All rights reserved.
a® »
g o
£
S e
3
2
£ wt °
E s .
e , 7 ] 3 [ 1
5 .

o The purple

found based <
publications for each decentike.

Certain data included herein are derived from the Web of Science ® prepared by

THOMSON REUTERS ®, Inc. (Tl i W ia, USA: ©
Copyright THOMSON REUTERS ® 2018. All rights reserved.
oY L
g ¥
3
5 B w
2w Wi
H ol &
s
WERERFERFAET A 1
o L 1

4- Count top 5%: First decentile of both Karolinska Institutet (KI) and
Stockholms lans landsting (SLL) regarding number of the worlds most highly
cited publications based on bibliometrics.ki.se author-based and organization-

based analyses (2014-2018)

Decentile bar - Count top 5% Kl (Author based) 2014 to 2018

Decentile bar - Count top 5% SLL {Author based) 2014 to 2018

The purp el ¥ Vouaan also Soe the average number of Nghly ched pubhications for each decentie. | ! Yowan
Cartiri data wiclided Hevati ase dervad frsin thia Wab of Sciance: ® prépared by Certain data included herein are derived from the Web of Science @ prepared by
e RE e s ke Foh ik foatts, U B THOMSON REUTERS @, Inc. (T ; i 2, UsA: ©
Copyright THOMSON REUTERS ® 2012, Al rights reserved. Copyright THOMSON REUTERS ® 2018, All rights reserved.
o g W 5
o LS
g2
g
£ ¥
2
[ W - 2
'
N i \8
.
e |l ol o ]lo el all® | o o | o e |0 0 |00 |
" n__N — — - o8
N T N e T ¢ T @ 2T T g T T
Decentile bar - Count top 5% KI (Organisation based) 2014 to 2018 Decentile bar - Count top 5% SLL (Organisation based) 2014 t0 2018
The purple bar in ¥ based on your number I icatic lized) You can fim purpie | il ¥ ighly Yousan:

Certain data included herein are derived from the Web of Science ® prepared by
THOMSON REUTERS @, Inc. (Thomson®), Philadelphia, Pennsylvania, USA: ©
Copyright THOMSON REUTERS @ 2018. All rights reserved.

o 5

Count top 5%

Certain data included herein are derived from the Web of Science ® prepared by

THOMSON REUTERS @, Inc. (Th . Philadelph ia, USA: ©
Copyright THOMSON REUTERS @ 2018. All rights reserved.
[ L}
@
B o
g
g
S 19 T
'
s
. | BN
o8
P R T T L ‘p.a*



CONTENTS

1 INTRODUCTION......cciieirieieieieieteieeste ettt se s s s e ssesesesseseesensens 1
1.1  Primary antibody defiCienCies........cccouerverierierierienienieeiecieeiecieeeee et 1
1.2 Genetic defects causing primary antibody deficiencies ...........c.coceevecercrueennennnee. 2
1.3 Clinical concept of molecular diagnosis of primary antibody deficiencies......... 3
2 AIMS ettt ettt s et ettt neebe e neeaeeene 5
2.1 General reSeaCh Al ......c.couiviiuirieiiinieieeeeee e 5
2.2 Specific SCIENTITIC AIMS.....ecviieieiieeieieeiesteeeere ettt et e e et eeeesaeesaeseesaesseeseens 5
2.3 Translational QIMm ........cc.ccevueriiinieiininieee s 5
3 MATERIALS AND METHODS .....cocoiiiiiiiieeeeseeeeese et 6
TN B o7 15 T3 1L RO 6
3.2 MUltiOMICS STEALEZY ....vevverrerierienieieieietetesietestessessessessessessessessessessessessessessessensens 6
3.2.1  GenomicC apProaCh .......c.coeeevueirierieinierieencteee et 6
3.2.2  Transcriptomic apPrOACK ..........ccevverierierierierieienieertesteere et 7
3.2.3  ProteomicC approachi.........ccccceeieviiiieiiieieieeiee e 7
324 Immunomic approach .........cceceeereriniiinieieeeeeeeeee e 8
3.3 Statistical analyses and bioinformatics ..........ccoevvevuereesiercieneeieneee e 9
3.4 Reflections on ethical considerations in the project..........ceceveveverenenenenennenn 9
4 RESULTS AND DISCUSSION......cctitiiirieiriinietrieietese ettt 11
4.1 Whole exome sequencing in dysgammaglobulinemia..............cccceoueverenienienenene. 11
4.1.1 Demographic features of undefined primary antibody deficiencies........ 11
4.1.2 Molecular diagnosis OULCOME .........ccuerverueruerierieieieieriesie et 11
4.1.3 Genotypic and phenotypic correlation.............cccevvererereeeneneeeeeeeeenenn, 12
4.1.4 Clinical and immunological features of solved versus unsolved
PALIENES 1.ttt ettt ettt et e st e e stesae e be e e e nbeensesseensesseensesnnenes 14
4.1.5 Clinical implications of molecular diagnoses ............coccoeeereererrecnnene. 16
4.2 New phenotype of a known gene in dysgammaglobulinemia........................... 16
4.3 New inheritance pattern of a known gene in dysgammaglobulinemia.............. 16
4.4 New gene discovery in dysgammaglobulinemia..............cceeevverienrerrenrenrennennnn. 17
4.5 Discussion and new guideline in genetic study of dysgammaglobulinemia.....17
5 CONCLUSION AND FUTURE PRESPECTIVES ......cccooiiiiiinieneeeenecnees 23
6  ACKNOWLEDGEMENTS. ..ottt et 25

7 REFERENCES ........ccooiccceetet ettt 27



LIST OF ABBREVIATIONS

AAAAI American Academy of Allergy, Asthma and Immunology
ACMG American College of Medical Genetics and Genomics
AGG Agammaglobulinemia

AHS50 Alternative haemolytic complement activity, 50%
BCR B cell receptors

BCA Bi cinchoninic Acid

Breg Regulatory B cells

CARD Caspase recruitment domain

CD Cluster of differentiation

cDNA Complementary DNA

CHS0 Complement haemolytic activity, 50%
CLP Common lymphoid progenitor

CNV Copy number variation

CSR Class-switch recombination

CVID Common variable immunodeficiency

DCs Dendritic cells

EBV Epstein—Barr virus

ECL Enhanced chemiluminescence

ELISA Enzyme-linked immunosorbent assay
ESID European Society for Immunodeficiencies
Fab Fragment antigen-binding of antibody

Fc Fragment crystallizable region of antibody
FFP Fresh frozen plasma

GATK Genome analysis toolkit

GCB Germinal center B cells

G-CSF Granulocyte-colony stimulating factor
HGG Hypogammaglobulinemia

HigM Hyper immunoglobulin M syndrome

HRP Horseradish peroxidase-conjugated

HSC Hematopoietic stem cell

HSCT Hematopoietic stem cell transplantation
IB Immature B cells

IFN-y Interferon gamma

Ig Immunoglobulin

IgAD Immunoglobulin A deficiency



IgR Immunoglobulin replacement therapy

IL Interleukin

Indel Insertions/deletions

iINKT Invariant NK-T cells

ISD Immunoglobulin G subclass deficiency
kREC Kappa-deleting recombination excision circle
LPD Lymphoproliferative disorder

MB Memory B cells

MHC Major histocompatibility complex
MZB Marginal zone B cells

NB Naive B cells

NGS Next generation sequencing

NK cells Natural killer cells

PAD Primary antibody deficiencies

PbB Plasmabalst B cells

PBS Phosphate buffered saline

PBMC Peripheral blood mononuclear cell

PcB Plasmacells Bceells

PCR Polymerase chain reaction

PID Primary immunodeficiency disorders
PI3K Phosphatidyl inositide 3 kinases

RAC2 Ras-related C3 botulinum toxin substrate 2
RAG Recombination-activating gene

RIPA Radio immuno precipitation assay
SAD Specific antibody deficiency

SDS Sodium dodecyl sulfate

SHM Somatic hypermutation

SNP Single nucleotide polymorphisms
SOAP Short oligonucleotide analysis package
TMB Tetra methyl benzidine

THI Transient form of a humoral immunodeficiency
TLR Toll-like receptors

TNF Tumor necrosis factor

TREC T cell receptor excision circle

WES Whole exome sequencing

WGS Whole genome sequencing






1 INTRODUCTION

1.1 PRIMARY ANTIBODY DEFICIENCIES

Primary antibody deficiency (PAD) is the most common form of primary
immunodeficiency (PID), with a prevalence of about 1 in 600 in the general population [1,
2]. The clinical picture is highly variable (ranging from asymptomatic to severe) and
includes infection, autoimmunity, lymphoproliferation, enteropathy and malignancy [3-5].
The wide spectrum of immunological presentations of PAD constitutes B-cell lymphopenia,
agammaglobulinemia, hyper-IgM syndrome, hypogammaglobulinemia, isotype deficiencies
as well as a transient form of a humoral immunodeficiency (Figure 1). Several mutations in
PAD patients that play key roles in B-cell activation, proliferation, differentiation, class-
switch recombination, somatic hypermutation and apoptosis have been identified; however,
the etiology remains unknown in a majority of the patients [4, 6-10].

B-cell development and dysgammaglobulinemia

Neutralization

Complement
activation

Oxidants
production

lecl CLP;ProB b PreB; B ;

v v v  Opsonization
>0 »O @@ | .

AGG CVID HigM, Hypo IgM HGG IGAD, SAD,ISD, THI

Ab-dep cellular
cytotoxicity

Figure 1- Model of pathogenesis in dysgammaglobulinemia representing different
immunologic phenotypes based on the maturational arrest in different steps of B-cell
development. HSC: hematopoietic stem cell CLP: common lymphoid progenitor, IB:
immature B cells, TB: transitional B cells, NB: naive B cells, MZB: marginal zone B cells,
AMZB: activated marginal zone B cells, Breg: regulatory B cells, FB: Follicular B cells, AB:
activated B cells, Ab-dep: antibody dependent, GCB: germinal center B cells, MB: memory
B cells, PbB: Plasmabalst B cells, PcB: Plasmacells Bcells, AGG: agammaglobulinemia,
CVID: common variable immunodeficiency, HIgM: hyper-IgM syndrome, HGG:
hypogammaglobulinemia, IgAD: IgA deficiency, SAD: specific antibody deficiency, ISD:
IgG subclass deficiency, THI: transient form of a humoral immunodeficiency.

According to non-redundant functions of different types of antibodies, several immune
functions (Fab-mediated and Fc-mediated) may be disturbed as a consequence of PAD.
Fab-mediated functions includes antigen recognition (against all types of molecules
including carbohydrates, nucleic acids and phospholipids but are best suited to bind a
polypeptide pathogens and allergens), neutralization of surface proteins and toxins
(prevents the access of the pathogen to the host receptors and prevents destruction of host
cells by dimeric mucosal IgA) and providing first line of systemic defense (binding to
multivalent antigens by pentameric IgM antibodies rapidly generated in blood) and targeted
defense (by diffusing IgG into the tissues). Fc-mediated effector functions of antibodies



provide activation of effector cells (including phagocytic cells like macrophages and
neutrophils, T cells like natural killer cells, eosinophils and mast cells using receptor for the
Fc fragment), complement binding (activates complement cascade and release of chemical
mediators from mast cells, reinforce phagocytosis and cell lysis) and opsonization (coated
antibodies at surface of the pathogen allow binding of Fc domains to Fc receptors present
on scavenger cells) [11-14].

1.2 GENETIC DEFECTS CAUSING PRIMARY ANTIBODY DEFICIENCIES

B cells development and its cellular interactions have a central role in the humoral immune
response and antibody production /secretion. B cell development begins in bone marrow and
continues in secondary lymphoid organs. Expression of different lineage-specific markers on
B cell precursors indicates different stages of B cell development.

Several gene products are responsible for early B cell development in bone marrow. The
classical gene from this group is known as Bruton tyrosine kinase (BTK). Figure 2 represents
other involved genes in early B cell development and B cell receptor signaling. Mutations in
genes involved in this step of development result in severe PAD, which is characterized by
blockade of B cell differentiation before the production of surface Ig, markedly reduced
mature B cell counts in the peripheral circulation, profound hypogammaglobulinemia or
agammaglobulinemia, and early onset of recurrent bacterial infections in affected children
[15].
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Figure 2- Discovered cytoplasmic and membrane molecules encoded by genes involved in
B-cell development and known to be involved in primary antibody deficiencies due to their
role mainly in early development (in bone marrow depicted by blue), class switching
recombination (in the secondary lymphoid organs depicted by green) and terminal
maturations of B cells (depicted by red) [16-19, 7, 10].



In secondary lymphoid organs, class-switch recombination (CSR) and somatic hypermutation
(SHM) are the mechanisms necessary for the generation of effector plasma cells secreting
high-affinity IgG, IgA, and IgE antibodies. The classical gene that plays a key role in CSR
and SHM is CD40 ligand (CD40L) and Figure 2 depicts the remaining involved known
genes in this process. Defects in CSR are characterized by low serum levels of IgG, IgA, and
IgE leading to recurrent bacterial infections associated with normal or elevated serum IgM
levels [20, 21].

The terminal stages of B-cell development are also controlled by different genetic signatures
including TNF receptor superfamily members, CD19-B cell receptor (BCR) complex, the B-
cell differentiation cytokines and apoptosis/autophagy pathways (Figure 2) [22].

Approximately 30 genes causing B cell developmental defects in humans have been
described since 1952 to 2013 prior to starting of this Ph.D. study. Furthermore, the largest
gap between clinical and molecular diagnosis in the field of PID is seen in patients with PAD
(Table 1) [23]. Close to 90% of patients with late B cell development disorders, 10% of cases
with a defect in early B cell development and 10% of those with a CSR defect have no
definite causative gene mutation.

Table 1. Frequency of patients of each category of primary immunodeficiencies in Iran.

Combined immunodeficiencies 1/50,000 1528 265 (17.3) 21(7.9)
Syndromic immunodeficiency 1/100,000 764 271 (35.5) 80 (29.6)
Predominantly antibody deficiencies 1/650 117,394 545 (0.5) 77 (14.4)
Diseases of immune dysregulation <1/1,000,000 76 80 (105.3) 52 (65)
Congenital defects of phagocytes 1/250,000 306 390 (127.4) 95 (24.4)
Defects in innate immunity <1/1,000,000 76 36 (47.4) 6 (16.6)
Autoinflammatory disorders 1/10,000 7642 580 (7.59) 490 (84.5)
Complement deficiencies 1/50,000 1528 32(2.1) 0(0)
Total >1/600 >127,300 2199 (1.76) 790 (35.2)

1.3 CLINICAL CONCEPT OF MOLECULAR DIAGNOSIS OF PRIMARY
ANTIBODY DEFICIENCIES

Positive predictive values of clinical algorithms for identifying PAD range from 19.1% in
patients with hypogammaglobulinemia to 33.3% in patients with a CSR defect presenting
hyper-IgM syndrome in the Medicaid database [24], indicating the necessity of a correct
genetic diagnosis. Besides confirming the clinical diagnosis, molecular diagnosis also plays
a pivotal in the identification of new genetic defects, pre-symptomatic diagnosis, treatment
decisions, prognosis prediction and family counseling [25]. Moreover, the clinical
presentation of mutations in known PID genes varies due to the type of mutation (missense,
nonsense, insertion/deletion), the protein domain involved and the presence of modifying
genes or environmental factors. Recent reports on atypical manifestations of known
primary immunodefciencies have revealed a role for molecular diagnosis in defining a new
phenotype for a known monogenic disorder [26].



Advances in next generation sequencing (NGS) methods allow an unbiased approach to
PAD patients in order to obtain a correct diagnosis and subsequently adjust the clinical
management and treatment. Targeted NGS panels with several hundreds of known PID
genes may provide a first screening step, thus improving the classical approach of the
sequencing of selected candidate genes [27]. Nevertheless, this method is not sufficiently
efficient due to the heterogeneous nature of these diseases, resulting in a clinical sensitivity
of 15-40% in PID patients [28-31]. For the time being, whole exome sequencing (WES)
seems to be the most cost effective approach for genomic evaluation of PAD patients with an
unknown etiology due to our current cognition about monogenic disorders (enriched in
coding exome the most conserved region of the genome across metazoans), and less analysis
complexity and risk of incidental findings [32]. Moreover, the majority of previous studies
have only focused on patients with hypogammaglobulinemia, and the molecular basis of a
considerable proportion of patients with other forms of PAD remains unknown, particularly
in high-frequency disorders such as selective IgA deficiency and IgG subclass deficiency
[18, 33].



2 AIMS

2.1 GENERAL RESEARCH AIM

The aim of this study was to perform WES of a substantial number of PAD patients with
unidentified genetic defects and to investigate its impact on the clinical diagnosis and
subsequent clinical management.

2.2 SPECIFIC SCIENTIFIC AIMS

2.2.1 To functionally characterize the genes involved in patients with early B cells defects
without identified genetic causes and to provide a clinically and immunologically relevant
summary.

2.2.2 To functionally characterize the genes involved in patients with CSR defects without
identified genetic causes and to provide a clinically and immunologically relevant summary.

2.2.3 To functionally characterize the genes involved in patients with terminal B cell defects
without identified genetic causes and to provide a clinically and immunologically relevant
summary.

2.2.4 To design, develop and benchmark a complete cost-effective multiomics approach to
PAD patients starting with genomic step and followed by relevant confirmatory functional
assays.

2.2.5 To evaluate the feasibility and usefulness of current genomic approach in the field of
clinical immunology, and to solve pitfalls in the analysis steps and pipelines designed for
molecular diagnosis using next generation sequencing.

2.2.6 To improve the performance of in-silico analysis after identification of candidate
genetic defect by integration of computational models and predicative software.

2.3 TRANSLATIONAL AIM

The translational aim of this thesis was to provide clinicians treating patients suffering from
PADs with updated clinical, laboratory and mutation analyses for selected cases with early
onset of the disease and a high consanguinity rate. Moreover, we have tried to suggest new
modalities for targeted treatment of the patients according to the discovered gene and consult
patient and patients’ family with appropriate carrier detection and genetic counseling. Finally,
we propose a clinical/immunologic workup followed by a standard genetic analysis for an
approach to PAD patients.



3 MATERIALS AND METHODS

3.1 PATIENTS

Among all registered symptomatic PAD patients in the Iranian national PID registry [34],
available individuals who were referred to Children’s Medical Center (Pediatrics Center of
Excellence affiliated to Tehran University of Medical Sciences, Tehran, Iran) were
consecutively recruited into this study. Informed consent (including explanations about the
risks and benefits of research-based NGS) for the performed studies was obtained from all
patients and their relatives, according to the principles of the ethics committee of the Tehran
University of Medical Sciences and the Karolinska Institutet. An evaluation document was
used to summarize the demographic information of the patients, including gender, date of
birth, clinical parameters and previous medical history, family history, and laboratory and
molecular data. Consanguinity of parents was evaluated by interview. All patients were
diagnosed as PAD based on the updated diagnostic criteria of ESID (the European Society for
Immunodeficiencies, http://esid.org/WorkingParties/Reqgistry/Diagnosis-criteria) and
AAAAI (The American Academy of Allergy, Asthma & Immunology) practice parameter for
the diagnosis and management of PID [35], including agammaglobulinemia, hyper-IgM
syndrome (HIgM), common variable immunodeficiency (CVID), IgA deficiency (IgAD),
IgG subclass deficiency, specific antibody deficiency and transient hypogammaglobulinemia.
All patients were re-evaluated for fulfilling either the probable or possible diagnostic criteria.
Secondary causes of dysgammaglobulinemia were ruled out. A computerized database
program (new registry section at http://rcid.tums.ac.ir/) was designed for final data collection
and direct summarizing/analysis of data.

3.2 MULTIOMICS STRATEGY

3.2.1 Genomic Approach

WES was performed on PAD patients without any known underlying genetic defects. To
classify a patient as undefined PAD, a classic genetic analysis was performed for patients
with agammaglobulinemia (mutations in the BTK, BLNK, CD79A, CD79B, IGLL1 and IGMH
genes) and HIgM syndrome (mutations in the CD40L, CD40, AICDA and UNG genes) using
targeted sequencing [36-38], whereas other forms of dysgammaglobulinemia (including
CVID and IgAD) were considered as undefined forms of PAD at baseline and directly
recruited for WES.

For patients with undefined PAD, 6ug extracted genomic DNA was randomly fragmented,
amplified by ligation-mediated polymerase chain reaction (PCR) and captured and sequenced
according to the protocol described previously [39]. After raw image file processing,
sequences were generated and aligned to the human genome reference (UCSC hg 19 version;
build 37.1) using the SOAP aligner software (Short Oligonucleotide Analysis Package,
v.2.21). Duplicated reads were filtered out and only uniquely mapped reads were kept for
subsequent analyses. The SOAPsnp software (v.1.03) was subsequently used with default
parameters to assemble the consensus sequence and call genotypes in target regions. Low-
quality single nucleotide polymorphisms (SNP) that met one of the four following criteria
were filtered out: a genotype quality of less than 20 bp; a sequencing depth of less than 4; an
estimated copy number of more than 2 and a distance from the adjacent SNPs of less than 5
bp. Small insertions/deletions (Indels) were detected using the Unified Genotype tool from
GATK (Genome Analysis Toolkit ,v.1.0.4705) following the alignment of quality reads to the
human reference genome using BWA (Burrows-Wheeler Aligner, v.0.5.9-r16). For analysis
of WES, we followed the protocol described previously for prioritizing candidate variants,



predicting their effect on protein, homozygosity mapping, large deletion and copy number
variation (CNV) detection [39].

The pathogenicity of all disease attributable gene variants was re-evaluated using the updated
guideline for interpretation of molecular sequencing by the American College of Medical
Genetics and Genomics (ACMG), considering allele frequency in the population database,
computational data, immunological/functional data, familial segregation, parental data and
clinical phenotyping [40].

To validate the mutations observed and complete familial segregation, Sanger sequencing
was performed. Specific primers for each mutation were designed using PRIMER3 Input
version (0.4.0) software (bioinfo.ut.ee). Standard PCR was performed in a final volume of 15
ul containing 10 ng of genomic DNA. Amplified products were resolved in 1% agarose gel
and purified using the NucleoSpin kit (Macherey-Nagel GmbH). The resulting PCR products
were sequenced at the Macrogen Company, South Korea. The sequences were analyzed using
the Lasergene software package (DNAStar, Madison).

The observed mutations were classified as a novel (newly identified in PAD patients), new
phenotype (PID gene known to be disease causing with a new presentation) or known
phenotype (PAD gene with a typical presentation) [41, 42]. Genotype and phenotype
correlations were integrated and clinical implications of the molecular diagnoses were
evaluated.

3.2.2 Transcriptomic Approach

Total RNA was isolated from peripheral blood mononuclear cells (PBMC, extracted by
standard Hypaque-Ficoll, GE Healthcare) using the RNeasy Mini kit (Qiagen).
Complementary DNA (cDNA) was synthesized using the RevertAid first strand cDNA
synthesis kit (Fermentas). Mutant genes mRNA levels were quantified by quantitative real-
time PCR using the 2¢™*“" relative method and a known gene was used as a housekeeping
gene for normalization. The PCRs were run in a StepOne Instrument (StepOne Software
v.2.3, Applied Biosystems, Life Technologies Corporation).

3.2.3 Proteomic Approach

PBMCs were isolated from whole blood based on the abovementioned density gradient
centrifugation, cryopreserved in freezing medium (Synth-a-freeze CTS, Life Technologies)
for further proteome. Before the proteomic investigation, PBMCs were thawed and washed
twice in R10 (RPMI-1640 Medium AQmedia, Sigma Aldrich) containing 10 % fetal bovine

serum, 50 IU/mL penicillin and 50 pg/mL streptomycin.

For direct Western Blotting, PBMC extracts were boiled for 5 minutes in Radio Immuno-
Precipitation Assay lysis buffer (RIPA buffer). Protein concentrations were measured by the
Pierce bicinchoninic acid (BCA) protein assay (ThermoFisher Scientific). Equal amounts of
protein were separated on a 10% Sodium dodecyl sulfate (SDS)-polyacrylamide gel and
blotted onto a nitrocellulose membrane (Hybond-ECL, GE healthcare, Little Chalfont,
Buckinghamshire). The membrane was blocked with PBS-T (Phosphate buffered saline,
0.05% Tween 20, 5% milk powder). Membranes were subsequently incubated with
polyclonal antibodies against either the studied gene’s product or a housekeeping protein.
They were then incubated with horseradish peroxidase-conjugated (HRP) labeled secondary
antibodies in appropriate dilution. The signal was detected by chemiluminescence using the



enhanced chemiluminiscence (ECL) Plus™ Western Blotting detection system (GE
Healthcare) with the GeneSys software (v.1.4.1.0, Syngene) and evaluated by densitometry
(GeneTools software v.4.03, Syngene).

The protocol for extracellular and intracellular staining of flowcytometry evaluation of
lymphocytes and the related functional markers has previously been described elsewhere
[43]. Briefly, cells were counted on a Nucleocounter (ChemoMetec A/S), resuspended in R10
containing 10 U/mL DNase I (Roche Diagnostics) and rested for 7 hours at 37 °C. U-bottom
plates were plated with 5-10 x 10° PBMCs/well. Regarding functional analysis, cells were
also supplemented together with designed stimuli at the start of the stimulation protocol at
37°C 5% CO; incubation [44]. Cells were stimulated for 10 hours. The cells were transferred
to V-bottom plates, washed in fluorescence-activated cell sorting (FACS) buffer and stained
with a LIVE/DEAD Aqua amine dye solution containing the extracellular antibodies for 30
minutes. PBMCs were washed in FACS buffer and fixed/permeabilized using the forkhead
box P3 transcription factor buffer kit (eBioscience, San Diego, CA). In case of required
evaluation, monoclonal antibodies against intracellular markers were incubated with the cells
for 1 hour. After further washing with Perm Wash solution (eBioscience), the cells were
resuspended in PBS containing 1 % paraformaldehyde. PBMCs were analyzed on a 4 laser
LSR Fortessa (BD Biosciences), where minimally 150,000 events were collected per run.
Antibody capture beads (BD Biosciences) were stained individually with all antibodies used
in the experiments for compensation setup. Gating analysis was performed using FlowJo
8.8.7 (Treestar). Manual gates were based on unstained cells or fluorescence minus one
(FMO) gating strategies as previously described [45, 46].

Regarding evaluation of proteome in the serum samples, the Sandwich enzyme-linked
immunosorbent assay (ELISA) measures the amount of protein of interest between two layers
of antibodies (i.e. capture and detection antibody). Briefly, 96-wells ELISA microtiter plate
was coated with the capture antibody in PBS and was incubated overnight at 4°C. The
remaining protein-binding sites of plates were blocked using a blocking buffer, and then
diluted samples and standards (triplicates) were applied for accurate quantitative results and
to compare the signal of unknown samples against those of a standard curve. After washing
steps, secondary antibody biotin-conjugated, diluted at the optimal concentration in blocking
buffer, were added. The substrate for HRP was coupled to oxidation of a hydrogen donor
which changes color during the reaction and TMB (3,3°,5,5’-tetramethylbenzidine) solution
was used for detection. After implication of stopping solution (1M H,SO,) plate were read
the optical density at 450 nm using ELISA reader (Varioskan™ LUX, Thermo Fisher).

In selected patients, specific methods for functional tests of the candidate gene were
implemented including transduced cell line using vectors carrying mutant versus wild type
gene, cytotoxic T and NK cell killing assays, and virus-specific cytotoxic T cell activation
[47-49].

3.2.4 Immunomic Approach

Complete blood count, lymphocyte subpopulations, serum immunoglobulin (Ig) levels and
specific antibody response were measured as previously described [47, 50-56]. We classified
our patients based on two main classifications for B-cell subsets including the EUROclass
classification [57] and the B-cell pattern classification [58].

Genomic DNA and cDNA synthetized from RNA extracted from PBMCs were subsequently
used for a nested PCR assay to amplify the recombined fragments from in vivo switched B-



cells (to evaluated switch recombination junctions) and somatic hypermutation rate as
previously described [59].

In patients with a progressive decreased levels of lymphocytes, T-cell recombination excision
circles (TREC) and kappa-deleting element recombination circle (KREC) analysis were
performed on genomic DNA samples according to the previously published protocol [60].

3.3 STATISTICAL ANALYSES AND BIOINFORMATICS

Statistical analysis was performed using a commercially available software package (SPSS
Statistics v.17.0.0, SPSS, and R statistical systems v.3.4.1., R Foundation for Statistical
Computing). One-sample Kolmogorov-Smirnov test was applied to estimate whether data
distribution is normal. Parametric and nonparametric analyses were performed based on the
finding of this evaluation. A p-value of 0.05 or less was considered statistically significant.

Several software was used for In-silco analysis regarding positive selection detection,
population structure detection, population structure inference, haplotype phase inference,
familial aggregation analysis, cluster analysis, pedigree drawing and reconstruction, motif
search, secondary structure prediction and connectome/pathway analysis [47-49, 61].

3.4 REFLECTIONS ON ETHICAL CONSIDERATIONS IN THE PROJECT

The basis for this project was an exploration of the genome of patients affected by a group of
inherited disorders of the immune system, entitled PAD. Most of the patients in this category
of disorders are children with chronic complications. Based on the purpose of this project, we
needed to collect and record all medical data, family history, complete clinical examination
and immunological investigation of each individual as well as the results of WES and the
multiomics functional assays. In the last stage of the project, we also performed carrier
detection in the siblings and first-degree relatives of the index case.

In this study, according to the methods of research, we followed the ethical guideline
concerning following issues dealing with human subjects, children, mental incomplete
persons, principles for using human tissues and samples and genetic study. For all patients in
the PAD registry, participation in genetic screening and definite molecular diagnosis were
voluntary (autonomy) and in the informed consent form, we have declared that the results
will not be disclosed to employers, insurers, or others without the individual's consent (if the
patient needs the certificate for completion of the insurance), in order to avoid possible
discrimination.

We have declared to the PAD patients that we are responsible for research information to
provide the patients with the outcome of the project unless s/he refrains from receiving the
information. We have also guaranteed that all information will be considered as confidential.
For both adult and pediatric patients informed consent has been given under the complete
freedom and with a reasonable amount of time for decision without any force, threat, allure or
temptation. All registered individuals have been treated based on the updated standard
treatment, even if they declined enrollment in the study. We respected the patients’ privacy
and kept their private information confidential as well as respecting their right to change their
mind, to decide to withdraw early or late the project without any consequences. By the
outcome of the study and information that might emerge in the course of research, we have
committed to updating patients and their legal guardian about the outcome even if it might
change their assessment of the risks and benefits of participating as well as what were learned



from the research. Within the informed consent, we depicted for all registered PAD patients
the aims, methods, anticipated benefits (as mentioned above), the duration of the
investigation and potential risk (PAD patients require monthly Ig troughlevel test, therefore
we merged our sampling with this patients’routine lab test to not increase the risk of
needling).

Since the majority of the current PAD registry consists the children due to the nature of these
inherited disorders, special consideration was taken to account for following ethical
guidelines for research on pediatric cases. The study has conducted only on the child if we
could not conduct it on adults (in families with multiple cases and with aggregation of
patients with different ages the adult cases have been prioritized). Although the genetic
investigations in the PAD children have both benefits and detrimental effects, it has been
proven that beneficial effects for the next generations are not ignorable. However, in a patient
with severe medical conditions, risk evaluation to patient’s participation in our research
project has been done by a committee including parents or legal guardian, investigators,
professionals, the ethics committee, and even children.

In the current study to obtain consent from children, we have divided them into two groups:
under 7 years and 7-15 years old. In patients <7 years, the consent is obtained from a legal
guardian and every effort is made to satisfy the child, while if the child was in the age range
of 7-15 year both patient and the legal guardian have been asked to fill in the consent form
and in cases where the decisions differed, the ethics committee was involved. As the
investigator of this study are aware that children should be involved in decision making for
their health and safety, we give them the right to receive useful information as much as they
can understand, to express their opinion and to decide. The method of giving information and
obtaining consent in the second group of PAD has been adopted for their age and their level
of understanding.

Of note, some PAD patients with probable defects in genes involving in the process of DNA
repair have syndromic features accompanied by neurological symptoms and mental
incompetence of decision, therefore, if for any reason the adults and/or child patient cannot
make a decision, the patient's legal guardian has been asked to contribute to the consent form.
For assessing the patient's capacity for decision making about participation in the study, the
patient’s family physician, who was not part of the research team could be requested to judge,
otherwise, an unrelated physician had to mediate. In this group of patients if the medical
evaluation revealed an improvement in the mental condition further tries have been done to
receive the patients’ consent as well. Furthermore, there are several PAD cases with these
syndromic diseases that they cannot decide for themselves, but they can introduce another
person into decision making, so far we have considered this request for substituting the
person by informing the ethical committee. By the way, the investigators excluded the patient
from the project if s/he had severe emotional problems such as suicide attempts and
supportive care and patient was referred to the psychiatrists.

For all, three categories of the patients including adults, children, and mentally retarded
patients genetic results have been followed by genetic counseling, family planning
particularly when they indicate the direct association or causality effect on the clinical
condition. As it happened often during the process of our study and as we had planned based
on the finding of the genetic test, the therapeutic modalities have been revised by the panel of
experts and if treatment or prevention was available, this has been prescribed as soon as
possible. For example, the treatment of several cases should change from intravenous
replacement therapy to the hematopoietic stem cell therapy and bone marrow transplantation.

Finally, the team of the project attempt to inform patients and their families, at regular
intervals, of new developments in testing and treatment.
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4 RESULTS AND DISCUSSION

4.1 WHOLE EXOME SEQUENCING IN DYSGAMMAGLOBULINEMIA

A correct molecular diagnosis in patients with PID is crucial for the classification of disorders
with a heterogeneous clinical/immunological phenotype and subsequent therapeutic
management. As the above mentioned PAD have highly diverse clinical features and, in most
cases, an as yet unknown etiology. NGS has facilitated genetic investigations of rare inherited
diseases during the past decade, thus allowing an appropriate molecular diagnosis in these
patients. Clinical and immunological phenotyping were documented for a cohort of
consecutive dysgammaglobulinemic patients with unknown genetic defects after having been
subjected to classical targeted sequencing and they underwent WES analysis using a
previously described filtering pipeline [39].

4.1.1 Demographic Features of Undefined Primary Antibody Deficiencies

Among all registered PAD patients (n=545, 27.2% of all patients in our PID registry),
molecular defects were found in 49 individuals with agammaglobulinemia and 28 patients
with HIgM syndrome using conventional genetic methods and 342 were deceased or
unavailable for molecular investigation.

The 126 remaining available patients (70 males, 56 female) from 109 unrelated kindreds were
classified as undefined PAD and enrolled for WES (Table 2). Although the national registry
encompasses all age ranges of PAD patients, most patients were children and adolescents at
the time of the study (52.3% were less than 18 years old) and parental consanguinity was
recorded in 82.5 %. The median age of the patients at the onset of symptoms was 2 years
(range 0.5-36 years; early onset manifestation in 95.2%) and the median diagnostic delay (the
gap between the onset of the symptoms and diagnosis of PAD) was 4 years (range 0.25-39
years).

Based on the immunologic profile of the remaining undefined patients they were classified as
CVID in 81, HIgM in 14, agammaglobulinemia in 11, IgAD in 11, specific antibody
deficiency in 5, IgG subclass deficiency in 3 and 1 patient was diagnosed with IgM
deficiency. Of note, 10 patients (7.9%) progressed to a more severe form of PAD during the
course of the disease.

4.1.2 Molecular Diagnosis Outcome

WES analysis and subsequent confirmatory assays resulted in a genetic diagnosis in 86 of the
126 probands (68.2 %), where 2 patients with variants newly implicated in disease were
identified (CD70), as well as 37 patients with known PID genes with newly identified
phenotypes (19 unique genes), and 47 patients with mutations leading to the expected
phenotypes (15 unique genes). Experimental data and the results of functional assays on a
selected group of this genetically diagnosed cohort have been published in details [47, 48, 19,
62, 61, 49, 39, 63].

The majority of our patients were born in consanguineous marriages and they would thus be
expected to demonstrate an autosomal (homozygous) recessive defect. However, the mode of
inheritance was judged to be recessive in only 23 of the 35 genes (65.7 %) accounting for
genetic inheritance in 58 patients (67.4 %). Three genes were found to be X-linked (8.5 %)
and 9 genes were assigned as autosomal dominant due to loss-of-function (6 genes; 17.1 %)
or gain-of-function (3 genes; 8.5 %).
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Table 2. Clinical characteristics of 126 primary antibody deficient patients

Sex
Male (%) 70 (55.5)
Female (%) 56 (44.5)
Age
Age at the time of study, year (range) 18 (4-44)
Age of onset, year (range) 2 (0.5-36)
Age of clinical diagnosis, year (range) 8 (0.5-40)
Family structure
Non consanguineous kindress
One affected child (%) 18 (16.5)
Two or more affected children (%) 2(1.8)
Consanguineous kindress
One affected child (%) 77 (70.6)
Two or more affected children (%) 12 (11.1)
Ethnicity based on Greater Middle Eastern genetic variation
Persian Peninsula (%) 106 (84.1)
Turkish Peninsula (%) 11 (8.7)
Arabian Peninsula (%) 9(7.2)
Clinical phenotype
Infections only (%) 40 (31.7)
Autoimmunity (%) 45 (35.7)
Lymphoproliferation (%) 47 (37.3)
Enteropathy (%) 34 (26.9)
Malignancy (%) 7 (5.5)
Allergy (%) 15 (11.9)
Overlap phenotype 48 (38.0)

Immunodeficiency diagnosis

Common variable immune deficiency 81 (64.3)
Unsolved agammaglobulinemia 11 (8.7)
Unsolved hyper IgM syndrome 14 (11.1)
IgA deficiency 11 (8.7)
Other types of primary antibody deficiency 9(7.2)

All disease causing variants were pathogenic or likely pathogenic based on the ACMG
standards and were private or rare as compared to our in-house database (<1% of more than
300 unrelated individuals sequenced), the Greater Middle Eastern variation database (<1% of
1,111 unrelated individuals, including 168 persons from the Persian peninsula, 214 from the
Arabian peninsula and 140 from Turkish peninsula), the Exome Aggregation Consortium
database (<0.01% of 60,706 unrelated individuals, http://exac.broadinstitute.org/) and the
genome AD database (<0.01% of 123,136 WES and 15,496 whole-genome sequences from
unrelated individuals, http://gnomad.broadinstitute.org/). Of note, a large deletion of coding
regions was identified in 4 patients carrying genetic defects within the LRBA and DOCKS8
genes. Detail of the genetic diagnosis of the different types of PAD patients is summarized in
Figure 3.

4.1.3 Genotypic and Phenotypic Correlation

We decided to evaluate the genotype—clinical phenotype correlation in our cohort of PAD
patients especially for affected individuals within the same family, using a standard method
of phenotype subdivision which has been shown to correlate with the quality of life and
morbidity among patients with infections only, autoimmunity, lymphoproliferation and
enteropathy [64]. However, no significant correlation was observed, indicating an effect of
environmental factors and/or other modifier genes on the medical complications of the
patients.

12



= Unsolved = CD27
= |RBA = CD70
u DNMT3B = DCK1
= TACI DCLREIC
= PLCG2 IKZF1
B NFKB1 u JAK3
= BLNK NFKB2
1cOS PGM3
" PI3KR1 PRKCD
= BTK PRKDC
u IGHM RAGT
= BAFFR STAT2
m ZBTB24 STAT3
u XIAP = RAC2

Number of patients

IL12RB1

PGM3
..

Hyper IgM Agamma- IgA Spgcific 19G §u_bc|ass ‘Ig‘M
syndrome globulinemia  deficiency antibody deficiency deficiency
deficiency

Figure 3- Frequency of different monogenic defects among patients with different types of
primary antibody deficiency as well as unsolved patients (A) among 81 patients with a
common variable immune deficiency like phenotype and (B) 45 patients with an
immunologic phenotype suggesting a hyper IgM syndrome (n=14) agammaglobulinemia
(n=11), IgA deficiency (n=11), IgG subclass deficiency (n=3), specific antibody deficiency
(n=5) and hypo IgM syndrome (n=1).
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Given the immunologic heterogeneity of undefined PAD patients, we used the identified
underlying gene defect to correlate potential immunopathologic mechanisms with the point
of arrest in B-cell development using a B-cell subset analysis. An association between the
affected gene and the pattern of abnormalities in the size of the B cell subsets were
identified, mirroring the respective pathologic mechanism of the damaged molecule. Based
on the observed five distinct B-cell patterns, we could demonstrate that combined B cell
production and germinal center defects (low numbers of transitional B cells and memory B
cells) often represent DNA repair/recombination gene defects, being associated with an
increased radiosensitivity and a mild form combined immunodeficiency, involving the
RAG1, DCLRE1C, PRKDC, DNMT3B and ZBTB24 genes. Early peripheral B cell
maturation or survival arrest (loss of naive mature, marginal zone-like, and memory B
cells) is associated with mutations in TNFRSF13B and TNFRSF13C, which is in line with
impaired baseline constitutive activation and subsequently impaired anti-apoptotic
signaling. Mutations in BCR associated genes (e.g. BTK, BLNK and IGMH) show a
phenotype of both B cell activation and proliferation defects (combined reduction of the
marginal zone—like and memory B cells). Isolated germinal center blockage (exclusive
decrease in the number of memory B cells associated with a normal or high level of IgM)
suggests gene defects in costimulatory molecules for T-dependent immunity (e.g. CD27,
CD70 and ICOS) which modify signaling for class-switch recombination and somatic
hypermutation. Finally, the pattern of post-germinal center impairment (defects in terminal
plasma-cell maturation, survival or homing), leading to an isolated reduction of long-term
plasma cells, might be compatible with LRBA and XIAP deficiencies (Figure 4).

4.1.4 Clinical and Immunological Features of Solved versus Unsolved
Patients

In the 86 PAD patients with a genetic diagnosis, defects in genes that encode proteins
involved in the post-germinal center survival pathway (LRBA and XIAP) accounted for
19.7% of the total disease-causing etiologies while proteins involved in DNA repair and
recombination pathways defects (RAG1, DLCRE1C, PRKDC, DNMT3B and ZBTB24)
accounted for 17.4% of genetic defects. Defects in BCR signaling (in 13.9% of patients) and
in the PI3K signaling pathway (phosphatidylinositide 3-kinases signaling affected in 11.6%
of patients) were also the other frequently observed defects in our PAD cohort.

The lowest diagnostic yield was obtained in patients with agammaglobulinemia (2 of 11
tested; 18.1%). We performed stratification on the patients who underwent sequencing to
determine the parameters associated with a diagnosis. Of note, consanguinity and the severity
of clinical presentation were similar between those who had a molecular defect identified
(n=86) and those who did not (n=40). However the clinical diagnosis of
agammaglobulinemia (p<0.001), a late age of presentation (onset of disease > 10y; p=0.03),
and the absence of multiple affected family members (p=0.01) were significantly more
frequent in the patients who had no genetic defect identified. Genetic defect was identified in
90% of patients with a progressive form of PAD suggesting a higher rate of diagnostic yield
in this subgroup of patients compared to other patients (p=0.01). Among the 40 patients with
non-definitive pathogenic genetic variants, immunologic phenotypes were mainly compatible
with a pattern of post-germinal center impairment (p=0.03).
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Figure 4- Model of the pathophysiological background of five B-cell patterns in antibody
deficient patients based on the level of maturational arrest level. Green circles mean normal
maturation and peripheral cell counts and red circles depict interrupted maturational step with
decreased proliferation. HSC: hematopoietic stem cell, CLP: common lymphoid progenitor,
ProB: Pro B-cell, PreB: Pre B-cell, IB: immature B-cell, TB: transitional B-cell, NB: naive B-
cell, MZB: marginal zone B-cell, Breg: regulatory B-cell, AMZB: activated marginal zone B-
cell , FB: follicular B-cell, AB: activated B-cell, GCB: germinal center B-cell, PbB:
plasmablast B-cell, PcB: plasma cell B-cell, MB: memory B-cell.
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4.1.5 Clinical Implications of Molecular Diagnoses

Our therapeutic approach was changed in 26 patients (20.6 %) from Ig replacement to
hematopoietic stem cell transplantation (HSCT) in a selected group with atypical combined
immunodeficiency (LRBA, DCLRE1C, RAG1, PRKCD, JAKS3, PNP, CD27 and CD70
mutations). Regular screening for cancer and avoidance of malignancy triggers were added to
a routine management of 15 patients (11.9 %) with defects in their DNA repair system. More
mechanistically precise treatment, such as supplementation of rapamycin in patients with
PI3KRI1, PI3KCD and LRBA deficiencies, was initiated in 22 patients. The results of WES
aided 49 families (38.8%) in family counseling, leading to the performance of the prenatal
diagnosis in 25 families (19.8 %). In total, a correct genetic diagnosis affected the clinical
treatment and management of 48.4% of probands in whom a pathogenic or probably
pathogenic variant was identified.

4.2 NEW PHENOTYPE OF A KNOWN GENE IN DYSGAMMAGLOBULINEMIA
Recombination-activating gene 1 (RAG1) deficiency presents with a varied spectrum of
combined immunodeficiency, ranging from a T B'NK' type of disease to a T'B'NK"
phenotype. We sought to assess the genetic background of patients with PAD according to
the above-mentioned method. In paper 1, one of these 126 patients given an
immunodeficiency diagnosis resembling CVID, who was born to a consanguineous family
and thus would be expected to show an autosomal recessive inheritance, was subjected to
clinical evaluation, immunologic assays, homozygosity gene mapping, exome sequencing,
Sanger sequencing, and functional analysis. This 14-year-old patient had liver granuloma,
extranodal marginal zone B-cell lymphoma, and autoimmune neutropenia. Genetic analysis
of this patient showed a homozygous hypomorphic RAG1 mutation (p.C358Y) with a
residual functional capacity of 48% of wild-type protein. Our finding broadens the range of
known clinical phnotypes associated with RAG mutations and highlights that timely
molecular diagnosis might have important therapeutic implications.

4.3 NEW INHERITANCE PATTERN OF A KNOWN GENE IN
DYSGAMMAGLOBULINEMIA

In paper Il, using WES analysis on a female patient born to consanguineous parent, we
identified a novel homozygous nonsense variant in codon 56 (p.W56X) of Ras-Related C3
Botulinum toxin substrate 2 (RAC2) protein. The same homozygous mutation was identified
in her brother, and in a heterozygous form in their mother. Both siblings suffered from a
CVID-like immunodeficiency in addition to hormone deficiencies, and a coagulation defect
(factor XI deficiency). Western blot analysis showed absence of the RAC2 protein in
designed transfection assay and functional analysis of patients’neutrophils showed decreased
chemotaxis. We performed transmission electron microscopy and identified abnormalities of
the neutrophil granules in milder form as described in the previously reported patients with
missense mutations.

Prior to our publication, only de novo dominant negative mutations affecting RAC2 (p.D57N)
had been reported in 2 male infants with phagocytosis disorder. The first case presented with
a complex neutrophil dysfunction disease, which was characterized by multiple and
progressive soft-tissue infections during the first few weeks of life, neutrophilia, and a
neutrophil chemotaxis defect. The second case exhibited reduced numbers of Trec in the
newborn screening, and later developed omphalitis, paratracheal abscess, and a neutrophil
chemotaxis defect. Both infants underwent successful HSCT, therefore their humoral
immune status were not defined. Our results illustrate that different types of mutations in a
given gene might be associated with vastly different clinical phenotypes.
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4.4 NEW GENE DISCOVERY IN DYSGAMMAGLOBULINEMIA

CD27 is a member of the tumor necrosis factor receptor superfamily and is involved in a
pathway (with its unique ligand CD70) regulating immunity versus tolerance by several
immune mechanism including T cell expansion and survival, co-stimulation of antigen
presentation, germinal center formation, B cell activation and antibody production. The
clinical and immunologic features of CD27 deficiency remain obscure because only a few
patients had been identified before this study. In paper Ill, we have identified novel
mutations in CD27 (homozygous p.C96Y in two patients and homozygous p.R78W in one
patient) during the process of the project and we sought to provide an overview of clinical,
immunologic, and laboratory phenotypes in patients with CD27 deficiency. Review of the
medical records and molecular, genetic, and flow cytometric analyses of the patients and
family members were performed. Treatment outcomes of previously described patients and
another joint cohort of 4 new patients were followed up. Epstein—Barr virus (EBV)-
associated lymphoproliferative disease, hemophagocytic lymphohistiocytosis, Hodgkin
lymphoma, uveitis, and recurrent infections were the predominant clinical features.
Expression of cell-surface and soluble CD27 was significantly reduced in patients and
heterozygous family members. Immunoglobulin substitution therapy was administered in 5 of
the newly diagnosed cases due to primary or secondary antibody deficiency. CD27 deficiency
is potentially fatal and should be excluded in all cases of severe EBV infections to minimize
diagnostic delay. Flow cytometric immunophenotyping offers a reliable initial test for CD27
deficiency. Determining the precise role of CD27 in immunity against EBV might provide a
framework for new therapeutic concepts.

CD70 is also a co-stimulatory molecule expressed on several immune cells including T cells,
B cells and dendritic (DC) cells, and its interaction with CD27 leads to the activation of
CD70-positive cells via anti-apoptotic kinases. Aligned with the process of the main project
and using a power of WES for detection of novel gene defects, in paper IV we also identified
first human CD70 deficiency in two patients from our cohort (homozygous p.S84Pfs27X)
and in two other patients from other ethinicity, predominantly manifesting as susceptibility to
EBV-related diseases. Three patients presented with EBV-associated Hodgkin’s lymphoma
and hypogammaglobulinemia mimicking a CVID phenotype; one also had severe varicella
infection. The fourth had suspected viral encephalitis during infancy and EBV infection.
Homozygous frameshift or in-frame deletions in CD70 in these patients abolished either
CD70 surface expression or binding to its cognate receptor CD27. Lymphocyte numbers
were normal, but the proportions of memory B cells and EBV-specific effector memory
CD8" T cells were reduced. Furthermore, although T cell proliferation was normal, in vitro-
generated EBV-specific cytotoxic T cell activity was reduced. This reflected impaired
activation by, rather than effects during killing of EBV-transformed B cells. Thus, autosomal
recessive CD70 deficiency is a novel cause of PID and EBV-associated diseases, reminiscent
of CD27 deficiency. CD70-CD27 interactions therefore play a non-redundant role in T- and
B- cells mediated immunity, especially for protection against EBV and humoral immunity.

4.5 DISCUSSION AND NEW GUIDELINE IN GENETIC STUDY OF
DYSGAMMAGLOBULINEMIA

Our findings reflect that PAD is a group of clinically and genetically heterogeneous
disorders, necessitating a wide molecular approach for a definitive diagnosis [65]. Although it
is not yet a consensus, recent genetic diagnostic studies on undefined dysgammaglobulinemic
patients have tried to include all known PID genes in this subgroup of PID patients using
NGS.
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The success rate of this approach was reported to be 23.5% in 34 UK CVID patients[17],
30% in a US CVID cohort of 50 patients [16], and 41.6% in 36 patients in a multinational
antibody deficiency cohort [66]. The diagnostic yield in these three NGS investigations are
close to the results of targeted gene panel testing (15-40%, with a lower time consumption
and cost for the latter) due to inadequate computational analysis for CNV, lack of utilization
of the gene discovery power of NGS and lack of functional assays for confirmation of the
pathogenicity of the observed variants [28-31] . Although the genetic defect was identified in
68.2% of our patients, we were not able to find the disease-causing variant in 40% of
currently solved patients if we had used targeted sequencing for a known list of genes of PAD
(based on the latest classification of International Union of Immunological Societies [18]).
However, our conclusion is that a high-throughput genomic approach should be performed as
a first screening step for patients with dysgammaglobulinemia due to the overlap of clinical
phenotypes derived from distinct genotypes. In line with this notion, our investigation
resulted in an expansion of the clinical spectrum of mutations in 19 genes.

Of note, BTK, BLNK and p heavy chain deficient patients with atypical presentation of the
hypogammaglobulinemia and normal peripheral B cell counts, mimicking a CVID-like
phenotype, indicates the potential problem using a conventional genetic approach, which is
based on the immunoglobulin profile and lymphocyte counts. Although several efforts have
been made during the past decade to classify dysgammaglobulinemia based on different
clinical phenotypes and Ig profiles, our results complement other studies suggesting an early
and comprehensive genetic strategy (e.g. WES). Reduced penetrance or variable expressivity
was observed in our patients with LRBA deficiency (presenting as agammaglobulinemia,
HIgM and CVID-like phenotypes) and PI3KR1 deficiency (presenting as HigM, CVID and
IgAD), indicating an extension of the PID phenotype spectrum. As there is considerable
immunologic heterogeneity in individuals with exactly the same gene defect (within
families), this highlights the potential role of as yet unidentified modifier genes. This finding
is also consistent with progression of different forms of dysgammaglobulinemia.
Nonetheless, in contrast to the Ig profile, the B cell developmental pattern showed a robust
association with the diseases associated gene (Figure 4). This general observation
emphasizes the importance of filtering variants in collaboration with the treating clinicians
and immunologists.

On the other hand, patients with hypomorphic mutation in severe combined
immunodeficiency associated genes (e.g. RAG1, JAKS3, PRKDC and DCLRE1C) and
incomplete and atypical presentation of syndromic disorders (e.g. associated with ZBTB24,
DNMT3B, PGM3, DKC1, PNP and TTC7A mutations) illustrates the need for careful
assessment of PAD patients in order to provide a reliable prognosis and to initiate appropriate
treatment. This approach may be of considerable value in these patients, where the
establishment of diagnosis on a molecular level would suggest a different type of therapy,
shifting from Ig replacement to HSCT or gene therapy. Establishing a correct differential
diagnosis list for PAD including a more broad panel of PID genes is also suggested by our
results, as mutations in RAC2 (congenital defects of phagocyte genes with defects of
neutrophils motility), NLRP12 and MVK (autoinflammatory disorders genes affecting the
inflammasome), IL12RB1 and STAT2 (genes involved in intrinsic and innate immunity) and
STAT3 (known gene involved in immune dysregulation) could manifest with an aberrant Ig
profile. These findings and previous genetic causes reported to underlie of antibody
deficiency in other studies, urge us to expand the expected genetic candidate of PAD.
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In paper V, we suggested, as demonstrated in our workup chart (Figure 5), a stepwise
clinical and molecular diagnosis in patients with different types of PAD. In a mixed group of
antibody deficient patients, patients with gene defects that are associated with other forms of
PID should be detected by NGS, including those with defects associated with syndromes or
combined immunodeficiencies since they would be at risk for a high morbidity and mortality.
However, such patients are likely to exhibit several abnormal immune parameters in addition
to a perturbed Ig profile (Figure 6). In our suggested decision tree for the diagnostic workup,
probable pathogenesis, and appropriate treatment choices, it is recommended to start with
clinical/immune parameters (particularly the B cell subset pattern) whereupon it is possible to
distinguish other or additional defects and, in some cases, a genetically defined defect. What
is left from the cohort of antibody deficient patients will be a group of idiopathic PAD
patients that should be investigated for other probable etiologies, including modifier genes,
defects in enhancer, promoter and intronic regions or other structural abnormalities, low-
grade mosaicism, epigenetic markers and environmental susceptibility factors. Another
potential factor that should be considered is inadequate coverage of the gene of interest
(variants that have low quality or reads support less than 4 is usually filtered during analysis
process) in some known or potential genes.

The main pathways involved in our PAD patients were the post-germinal center survival
pathway and DNA repair signaling. We calculated and plotted the network of all 189 known
PID-causing genes related to PAD using the human genome connectome-predicted direct
biological distance between human genes. We found that PAD related genes tend to be the
central hub of the following signaling pathways: B-cell activation (p=2.9x10"), antigen
receptor-mediated signaling pathway (p=9.3x107%), activating cell surface receptor signaling
pathway (p=1.1x107"), and lymphocyte differentiation (p=2.0x107").

Additional capabilities of NGS on In silco analysis of CNV and detection of new candidate
genes provide further support for this approach as the first step in the genetic diagnosis of
PAD. Lack of identification of disease-causing CNVs, particularly in compound
heterozygous forms in cohorts with a large proportion of non-consanguineous patients, could
be a potential explanation for differences in diagnostic yield between our survey and other
studies [16, 17]. Although we found that 4.6% of the solved cases harbored large
homozygous deletions (mainly within the LRBA and DOCKS8 genes with a high level content
of transposable elements [67]), it supports the notion of a potential presence of a selected
group of antibody deficient patients with biallelic defects due to an allele with large
heterozygous deletion from one parent together with an allele defective due to a mutation
from another parent. Similar findings have been shown in a recent study investigating
different categories of PID, revealing an approximately 10% mutational burden of CNV in
diseases pathogenesis [66]. Although different methods could ultimately be integrated into
the diagnostic process, a computational algorithm for NGS analysis might be an appropriate
and cost effective method for CNV detection as previously described [39, 68].

Despite advances in CNV analysis and novel gene hunting algorithms in NGS, we also
evaluated other potential factors that may affect the diagnostic yield rates in our study as
compared to other reports. The effect of severe clinical phenotype, use of homozygosity
mapping, and even parental consanguinity could not explain this level of difference
(comparing 40 unsolved to 86 solved patients). However, familial segregation analysis
including a healthy sibling or another first-degree relative using NGS in multiple case
families could increase the discovery rate, being more efficient than trios, a fact which seems
to be consistent among different studies with different settings [16, 17, 66].
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Screening of Ig levels in patients with autoimmunity, allergy, enteropathy

Clinical suspicion

Measuring of Ig levels in patients with recurrent infections

especially bacterial infections in the respiratory and gastrointestinal tracts

Screening of Ig levels in relatives of dysgammaglobulinemia patients *
lymphoproliferation and malignancy

Ruling out secondary causes™*

|

Primary
dysgammaglobulinemia

l

Complementary work-up
Screening of relatives and pedigree evaluation
Full medical records
Complete Ig profile (including 1gG subclasses)
Complete blood count (lymphocytes, complete B***- and T- subsets)
Specific antibody levels (including T-dependent and T-independent antigens)
Follow-up visits every 6-12 months and re-testing of Ig levels
Clinical/immunologic
n

}
phenotyping
|

Genetic work-up and molecular diagnosis (see Figure 3)
Chromosomal abnormalities and cytogenetic defects****

Next generation sequencing (filtering step for PID genes,
computational CNV analysis, searching for new genetic defects)

!

Confirmation of the clinical diagnosis and pattern of inheritance
Distinguishing the genetic forms from acquired disorders, prognosis estimatio
Pre-symptomatic diagnosis, screening of at-risk relatives , population based screening

ldentifying novel or atypical phenotypes of a known gene defect
Family counseling, prenatal diagnosis, pre-implantation genetic diagnosis
Adjustment of treatment based on the molecular diagnosis*****

l
Idiopathic
dysgammaglobulinemia

!

Other etiologies
Multigenic disorders and/or caused by modifer genes
HLA haplotype association (e.g. HLA-A1, B8 and DR3 and DQ2)
Epigenetic alteration (e.g. DNA methylation)
Enviromental factors (e.g. Herpesviridae family infections)

* T-cell receptor excision circles (TRECs)and kappa-deleting recombination excision circles (KREC)assays in newbarn relatives.

** Drug induced, malignancy, nephrosis, lymphangiectasia, protein-losing enteropathy, other systemic disorders.
*** Based on four suggested classifications: Freiburg, Paris, EUROclass and B-cell patterns.

**** 4p monosomy, 5g syndrome, trisomy 8, trisomy 10p, translocation of 10q to 4p, 14932 deletion, 15924.2 deletion,
17p11.2 deletions, 18g-syndrome, ring 18 , 19p13.3 deletion, ring 21, trisomy 21, monosomy 22, 22q11.2 deletion syndrome.
**x**¥Hematopoietic stem cell transplantation, metabolite change or supplementation, new targeted medication and gene therapy.

Figure 5- A Clinical, immunological and genetic approach for a molecular diagnosis of

primary antibody deficiency
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Figure 6- Candidate gene defects and pathological mechanisms in patients with primary

antibody deficiency based on clinical and immunological phenotyping and their appropriate
treatment modalities. AH50: 50% alternative haemolytic complement activity, KREC: kappa-

deleting recombination excision circle, CARD: Caspase recruitment domain, EBV: Epstein—

INKT: invariant NK-T cells, IgR: immunoglobulin replacement therapy, IFN-g: interferon

Barr virus, CH50: 50% haemolytic complement activity, FFP: fresh frozen plasma, G-CSF:
granulocyte-colony stimulating factor, HSCT: Hematopoietic stem cell transplantation,
gamma, LPD: lymphoproliferative disorder, TLR: Toll-like receptors, TNF: tumor necrosis

factor; TREC: T-cell receptor excision circle. References reviewed for compiling the gene list

underlying dysgammaglobulinemia were [16-19, 7, 10].
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Whole genome sequencing (WGS) enables an advanced CNV detection (in the case of PCR
free library preparation), and targeting all arbitrary exome, deep intronic, regulatory domains
and structural intragenic regions (due to the absence of capture step and reference biases). For
the time being, however, WES seems to be the most cost effective approach for PAD patients
with unknown etiology [32].

Our follow-up on patients with a molecular diagnosis using NGS provided valuable guidance
for the treating physicians towards appropriate clinical management, prenatal diagnosis, and
targeted therapy (where recent studies have been provided evidence for utilization of
rapamycin, abatacept and tocilizumab as new modalities in the treatment of PAD [69-71]).
Prenatal diagnosis in childhood-onset patients has an important significance apart from
decreasing the burden of diseases, since the parents and also the first relatives of patients are
still in childbearing ages and may thus need genetic counseling for their next pregnancy.
Furthermore, a selected group of patients with symptoms suggesting a combined
immunodeficiency could potentially benefit from HSCT, including those with mutations in
RAG1, CD27 and CD70.
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5 CONCLUSION AND FUTURE PRESPECTIVES

Although our gene hunting was conducted on a national patient cohort from the Middle East
region, the mutated genes from this region have also been documented in western non-
consanguineous populations where they have been reported in compound heterozygous
forms. We suggest that NGS could replace the conventional multistep genetic approach
because it can expanded to cover all known PID associated genes and potentially detect CNV
and new genes associated with primary immunodeficiency. More efforts should be spent on
improving the NGS processing timeframe and gene-capture coverage to integrate it in a rapid
molecular diagnostic pipeline, including the confirmation of a positive newborn screening
test. Despite a substantial decrease in the cost for NGS in recent years, it still somewhat
hampers its large scale implementation although this is expected to change within the
foreseeable future.

Dysgammaglobulinemia, particularly CVID, is likely to be a collection of several genetically
distinct disorders. Although all the patients in our cohort could not be shown to suffer from a
monogenic disorder, these patients should be further investigated for additional, non-genetic
susceptibility factors.

In parallel, regarding patients without identified gene even after WES, we will continue to
investigate the “genome” of the patients with WGS. In a same time we will try to improve
our computational pipeline analysis on NGS. However, my future projects will involve
mainly on establishing single cell methods for “transcriptome” and “proteome” analysis of
patients whom we have discovered novel gene defect to empower our functional assays and
to assess the subsequent molecular events downstream of defect in specific cells.

For PAD patients with gene defects in epigenetic controlling pathways whom evaluated
currently by DNA methylome profile (data not shown in this summary), we will continue to
expand the level of “epigenome” investigation to find alteration in histone modification and
miRNA profile. The auto-antibodies against major cytokines for development of B cells and
high-throughput major histocompatibility typing are other potential factors that will be
investigated in the unsolved patients.

Genes affecting the mucosal immunity as well as Ig production will be subjected for
performing “microbiome”, particularly in  patients with enteropathies.
Patients with defect in genes involved in DNA repair system will be subjected for
“immunome” profile using high throughput techniques for investigation of total B- and T-cell
receptor repertoire and rearrangement composition, switch junctions, double strand breakage
point and somatic hyper mutation profile.

Moreover we will continue preforming WES on additional probands with primary antibody
deficiency especially with a diagnosis of IgAD, IgG subclass deficiency, specific antibody
deficiency patient and transient hypogammaglobulinemia of infancy.

The output of this doctoral thesis will add more information about the genetic association of
PAD, enabling earlier diagnosis and management of patients and their relatives. As above-
mentioned, molecular diagnosis plays a pivotal in PAD diagnosis (e.g. identification of new
genetic defects, distinguishing genetic form from an acquiring disorder, confirming the
clinical diagnosis, positive newborn screening test and pattern of inheritance, pre-
symptomatic diagnosis, cascade screening of at-risk relatives and population based screening,
identifying novel or atypical phenotype of a known gene defect), assisting treatment decisions
(e.g. hematopoietic stem cell transplantation, metabolite change or supplementation, new
targeted medication and gene therapy), prognosis estimation (e.g. long-term prospective of
treatment) and possibility of family counseling (e.g. prenatal diagnosis and pre-implantation
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genetic diagnosis). The therapeutic approach was changed from Ig replacement to HSCT in a
selected group of patients with atypical combined immunodeficiency. Regular screening for
cancer and avoidance of malignancy triggers were added to a routine management of patients
with deficiencies in DNA repair system. More precise mechanistically and targeted treatment
was initiated and the results of this study aided several families for family consulting,
particularly for prenatal diagnosis. Generally multomics approach is the future diagnostic and
therapeutic horizon in patients with PAD, PID and other type of rare inherited disorders.
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