AR REZHEE (R)
k222 H 1 H

D-V) & TEMZTHEITHMEBPRIE & 2 5,

I) BRERAT R

SBYEERO B &,

WEHRAED D 2 L,

II) % - MKEE

a) RAGM CHFAERBADEROLZ &, BIERIIEFRTHDL Z &,
b) AR I B A% BR D FACS f#4T C T Ml ds & OF NK fllfia Db % 38
HHT L, BMRBIIER THDLZ &,

C)BHMRE CERMAMBOBOERD L Z &, BHERROWBAIX
BOIRNT &,

d) ao=—@IT CEMIMEONLREELZRD L2 &, HIKR
MR O EEFIIFRO RN &,

I11) BEAEE

WARE CREEER 2 H D Z &,

IV) AK2 & > /R BERREAT

Werstern blot & CAK2 # > /37 BEUR T 2D D 2 &,
V) AK2 Bi=T2Hr

BLFET CAR EBRZBDDL L,

~37_



MM EEBUERRRES () ke
Rk 224 2H1H

D) RRYLIE TR

AEILEF P ERBA ., TR, Ky 707 ) VIER S D78, EERRK
YEZRFZ LTV, T07H, LT ORICERYEREZ 512175, £72,
MRBEEREL - T-2HE1T, BEAZEAE, 74V V—F—FHRCERE
BEITO,

1) AREERRGE

ERBH%EEF TOFPRBOBORECH L CTEEE%ELICE Y
c 5FR b L EINNALR LARIERZRET 2, KSR TY T LB
EARE ShEEAIERIS U Ty a<w, v rofsE b RErd 5, 72 ST
BRI OEEIT= 2 —F P AF AR R OMZEHERERR T O 0&EET 5,
2) ERERYE

Candida BEELZxt U T, micafungin, 7otV — a2 E54 5, BES
Aspergillus ER X OV T /L2 — Uit D Candida JEIZ R LT T LR T Y &
VB A hTaFS—n, URS—= AT rHRFI B, RYary—, &
rEEHRST D,

AT ICEHRERIYELR SR\ B-D Iy, TA TN AFIERES %
MBS U AT 5,

3) WA ARYE

YA MAT BNV ARYGEICH L CIIES (EE) Z2PFmEDS L <k
TANAMEOHELHRE L, BHEOHEESIIN Y7o roik521T5, &
FNTBER & LCoOFFERBAICER L, MEHROBEIX 7+ A ELOE
BEHEBRT S,

EB ™7 A )V ARKYEIZSE U ClE rituximab D& 52 EET 5,
B~ LN T AR (HSY) RUVKERREZ DA VR (VZV) 1Cx LT
77 u O THRENEENE S Z1T I,

4) G-CSF

GFHREREIN A HIRE L CHEMT 5,

_38_



5) BEY v~ 7Y MfE
Ry 7 a7 Y VERRIOEHNE S 21T,

IT) 1& &R AE

AFENT, EMFHHMREBEIC L VIRESHFETES—F, lIiTLerol
BeE® 1 FUNICKETT 5,
MR DI XRTEIS T D, W& RE., BYICEM SRS HE

Pl

1T 9,

1) FF—D=FIR

BRI, M HA —E R —0BFET 582K E, EREmETmn &
T5, TOEMIRAZET L0, BHEOERFICEH,y A2ET2EH/1 V7
N LTOBEITES 2 & & ERNEEEANGERSED S MEMag
FESE B DR F CIE MR M O A FRSIEMBZE BB HBEER X Ol
HE HA A —E BB TRIFCH- -2 L TH D,

F 72 HLA R —BedE M B BB MBI B WO T AEE R0 GVED OEEN S F
HZENFRINAZS, MIEFAT HLA-A, B, DR 2 EAR—EHE TIZRY R
FT—¢ L TERETHILELRDOLND,

BB ORIEEIT 2 x 10°/kg & L. CD34 MRS < & £ h 5 Mm%
BTG 5, FF—oMRmiEEIIRE b,

2) BAERTALE

B NS Th 5B A RAE £ Tb ARV, BILE T HEIE, Bk
TEEMIRTAE & L TERBEDOH S (a), b)) W I E#iEd5,

(a) FAETELEANT 7T 00k 58 BAERTLE

day -7, -6, =6, =4, -3 : JAF T 1| RRAESHE 25 mg/m?/ H
day ~4, -3 P ANT T 30 by AR 70 mg/m’/ H
10Kg R TliX, FRERE Im*H72 0 OB EEF0XIKE (kg) THETS,

(b) FNEFT L ETANT 7 00 X A S B ALE

day -7, -6, =5, -4, -3, -2 : ZAX T 1EHEAESE 30 mg/n*/H
day -3, -2 DT AT 7 2B AREEE Ing/kg X4/ H

_39_



10Kg R T, AREHE Im*Hiz OREGE--30XEE (ke) THET D,

3) GVHD 5

day -1 05 878 = B IV P AR 0.02 mg/kg/H
day 1 AR MLFEH—Fh (5223 10 mg/m*/ H
day 3. 6 A MRPLFY— B 220 7 mg/m*/ H

&7y AN EEL 5-12ng/nL (ZHERE L 16ng/ml A R2WVWE DT D,
i x 7 v ) AAINIRNAIREL 72 o TR C 1 H R ED 3-5 (58 %45 2 THIR
&2,

FEARPMUFH— MIOWT, day 1 IZBWTIE—EIEK 10 mg/body & L,
day 3. 6BV TIE—ERHKK 7 mg/body &3 5,

I1I) BEAHEE

LA L DR B EOIRE LT O, EMEMRBAEIC L0 A SEL
IEGINTEET D, BHERICEHNNIHEAREEZIT ).

_40_



IV BFERRROTITICE T 5 —5



WFERROTUTICEE S 5 —5

HEHERL FSLE A VA RREEA BE |- HEE
Uchisaka N, Takahashi N, Sato M, Kikuchi A, [Two brothers with} J. Pediatrics 155 435- | 2009
Mochizuki S, Imai K, Nonoyama S, Ohara O, |ataxia—telangiectasia—like 438
Watanabe F, Mizutani S, Hanada R, Morio T. |disorder with lung

adenocarcinoma.

[UIS Expert Committee on Primary Primary immunodeficiencies: | ]. Allergy Clin. | 124 | 1161-| 2009
Immunodeficiencies: Notarangelo L.D, 2009 update, The Immunol. 1178
Fischer A, Geha R.S, Casanova J-L, Chapel {International Union of
H, Conley M.E, Cunningham—Rundles C, Immunological Societies (IUIS)
Etzioni A, Hammartrom L, Nonoyama S, Primary Immunodeficiencies
Ochs H.D, Puck J, Roifman C, Seger R and {(PID) Expert Committee.
Wedgwood J.
Matsuda K, Sakashita K, Taira C, Quantitative assessment of Br J Haematol. in press
Tanaka—Yanagisawa M, Yanagisawa R, PTPN11 or RAS mutations at
Shiohara M, Kanegane H, Hasegawa D, the neonatal period and
Kawasaki K, Endo M, Yajima S, Sasaki S, during the clinical course in
Kato K, Koike K, Kikuchi A, Ogawa A, patients with juvenile
Watanabe A, Sotomatsu M, Nonoyama S, myelomonocytic leukaemia.
Koike K.
Okuya M, Kurosawa H, Kubota T, Endoh K, |Hematopoietic stem cell Bone Marrow in press
Ogiwara A, Nonoyama S, Hagisawa S, Sato Y, |transplantation for X—linked Transplant.
Matsushita T, Fukushima K, Sugita K, Sato |{thrombocytopenia from mild
T, Arisaka O. symptomatic carrier.
Hashii Y, Yoshida H, Kuroda S, Kusuki S, Hemophagocytosis after bone Pediatr in press
Sato E, Tokimasa S, Ohta H, Matsubara Y, |marrow transplantation for Transplant.
Kinoshita S, Nakagawa N, Imai K, Nonoyama |JAK3—deficient severe
S, Oshima K, Ohara O, Ozono K. combined immunodeficiency.
Morinishi Y, Imai K, Nakagawa N, Sato H, Identification of Severe J. Pediatr. 155 829~ | 2009
Horiuchi K, Ohtsuka Y, Kaneda Y, Taga T, |Combined Immunodeficiency ©) 833
Hisakawa H, Miyaji R, Endo M, Oh~Ishi T, by T—Cell Receptor Excision
Kamachi Y, Akahane K, Kobayashi C, Circles Quantification Using
Tsuchida M, Morio T, Sasahara Y, Kumaki S, |Neonatal Guthrie Cards.
Ishigaki K, Yoshida M, Urabe T, Kobayashi
N, Okimoto Y, Reichenbach ], Hashii Y, Tsuji
Y, Kogawa K, Yamaguchi S, Kanegane H,
Miyawaki T, Yamada M, Ariga T, Nonoyama
S.
Tsuboi S, Takada H, Hara T, Mochizuki N, |FBP17 mediates a common J Biol Chem. in press

Funyu T, Saitoh H, Terayama Y, Yamaya K,
Ohyama C, Nonoyama S, Ochs HD.

molecular step in the
formation of podosomes and
phagocytic cups in
macrophages.

_41_



Keerthikumar S, Raju R, Kandasamy K, RAPID: Resource of Asian Nucleic Acids 37 {D863-8| 2009
Hijikata A, Ramabadran S, Balakrishnan L, Primary Immunodeficiency Res. (Data 67
Ahmed M, Rani S, Selvan LD, Somanathan Diseases. base
DS, Ray S, Bhattacharjee M, Gollapudi S, .
Ramachandra YL, Bhadra S, Bhattacharyya fssue)
C, Imai K, Nonoyama S, Kanegane H,
Miyawaki T, Pandey A, Ohara O, Mohan S.
Albert MH, Bittner TC, Nonoyama S, X-linked thrombocytopenia Blood in press
Notarangelo LD, Burns S, Imai K, Espanol T, {(XLT) due to WAS
Fasth A, Pellier I, Strauss G, mutations:Clinical
MorioT ,Gathmann B, Noordzij JG, Fillat C, |characteristics, long—term
Hoenig M, Nathrath M, Meindl A, Pagel P, outcome and treatment
Wintergerst U, Fischer A, Thrasher AJ, options.
Belohradsky BH, Ochs HD.
Picard C, Bernuth H, Ghandil P, Chrabieh M, |Clinical features and outcome in press
Levy O, Arkwright PD, McDonald D, Takada |of patients with IRAK—4 and
H, Krause JC, Creech CB, Ku CL, Ehl §, MyD88 deficiency.
Marédi L, Al-Hajjar S, Al~Ghonaium A,
Day-Good NK, Holland SM , Gallin J, Chapel
H, Speert DP, Rodriguez—Gallego C, Colino
E, Garty BZ, Roifman C, Hara T, Yoshikawa
H, Nonoyama S, Domachowske ], Issekutz
AC, Tang M, Smart J, Zitnik SE, Hoarau C,
Kumararatne D, Thrasher A, Davies EG,
Bethune C, Sirvent N, Ricaud D, Camcioglu
Y, Vasconcelos J, Guedes M, Vitor AB,
Rodrigo C, Almazan F, Méndez M, Aro6stegui
J1, Alsina L, Fortuny C, Reichenbach ],
Al-Muhsen S, Rainer Doffinger R, Abel L,
Puel A and Casanova JL.
Okafuji I, Nishikomori R, Kanazawa N, Kambe|Role of the NOD2 genotype Arthritis 60 242— | 2009
N, Fujisawa A, Yamazaki S, Saito M, in the clinical phenotype of Rheum. 250
Yoshioka T, Kawai T, Sakai H, Tanizaki H, |Blau syndrome and
Heike T, Miyachi Y, Nakahata T. early—onset sarcoidosis.
Chang H, Yoshimoto M, Umeda K, Iwasa T, |Generation of transplantable, FASERB J. 23 1907- | 2009
Mizuno Y, Fukada SI, Yamamoto H, functional satellite-like cells 1919
Motohashi N, Suzuki YM, Takeda S, Heike T, |from mouse embryonic stem
Nakahata T. cells.
Higashi A.Y., Ikawa T, Muramatsu M, Direct hematological toxicity J Immunol. 182 | 5633-| 2009
Economides A.N., Niwa A, Okuda T, Murphy |and illegitimate chromosomal 5640
AJ., Rojas J, Heike T, Nakahata T, recombination caused by the
Kawamoto H, Kita T, Yanagita M. systemic activation of
CreERT2.
Niwa A., Umeda K., Chang H., Saito M., Orderly Hematopoietic . Cell. Physiol.| 221 367- | 2009
Okita K., Takahashi K., Nakagawa M., Development of Induced 377
Yamanaka S., Nakahata T., Heike T. Pluripotent Stem Cells via
Flk-1+ Hemoangiogenic
Progenitors.

._42_




Hara T.

cells at acute phase of
Kawasaki disease.

Miyara M., Yoshioka Y., Kitoh A., Shima T., |Functional delineation and Immunity 30 899- | 2009
Wing K., Niwa A., Perizot C., Taflin C., differentiation dynamics of 911
Heike T., Valeyre D., Mathian A., Nakahata |human CD4+ T cells
T., Yamaguchi T., Nomura T., Ono M., expressing the FoxP3
Amoura Z., Gorochov G., Sakaguchi S. transcription factor.
Yokoo N., Baba S., Kaichi S., Niwa A., Mima [The effects of cardioactive Biochem. 387 482—- | 2009
T., Doi H., Yamanaka S., Nakahata T., Heike |drugs on cardiomyocytes Biophys. Res. 488
T. derived from human induced Com.
pluripotent stem cells.
Kato 1., Umeda K., Tomonari Awaya T., Yui|Successful treatment of Pediatr. Blood in press
Y., Niwa A., Fujino H., Matsubara H., refractory donor lymphocyte Cancer
Watanabe K., Heike T., Adachi N., Endo H., |infusion—induced
Mizukami T., Nunoi H., Nakahata T., Adachi |immune—mediated
S. pancytopenia by Rituximab.
Ueno H, Blanck JP, Sidney J , Zurawski SM, |Circulating CD4+ T cells J. Infectious in press
Bourdery L, Bentebibel SE, Zurawski G, Specific for H5 Hemagglutinin Diseases
Nicewander D, Heike T, Nakahata T, Arai K, |in Healthy Subjects.
Arai N, Blankenship D, Sette A, Banchereaul
J.
Sakai H., Ito S., Nishikomori R., Takaoka Y., |A case of early-onset Rheumatology in press
Kawai T., Saito M., Okafuji 1., Yasumi T., sarcoidosis with a six—bases
Heike T., Nakahata T. deletion in the NOD2 gene.
Takahashi N, Matsukoto K, Saito H, Nanki T, {Impaired CD4 and CD8 J. Immunol. 182 | 5515—-| 2009
Miyasaka N, Kobata T, Azuma M, Lee S—K, |effector function and 5597
Mizutani S, Morio T. decreased memory T-cell
populations in ICOS deficient
patients.
Honda M, Takagi M, Chessa L, Morio T, Rapid diagnosis of Leukemia. 23 409- | 2009
Mizuatni S. ataxia—telangiectasia by flow
. . 414
cytometric monitoring of DNA
damage—dependent ATM
phosphorylation.
Keerthikumar S, Bhadra S, Kandasamy K, Prediction of Candidate DNA Res. 16(6) | 345- | 2009
Raju R, Ramachandra YL, Bhattacharyya C, |Primary Immunodeficiency 351
Imai K, Ohara O, Mohan S, Pandey A. Disease Genes Using a
Support Vector Machine
Learning Approach.
Ohara O. From transcriptome analysis FEBS Lett. 583 1662—- | 2009
to immunogenomics: current
. . 1667
status and future direction.
Ikeda K, Yamaguchi K, Tanaka T, Mizuno Y, |Unique activation status of Clin Exp in press
Hijikata A, Ohara O, Takada H, Kusuhara K, |peripheral blood mononuclear Immunol.

_43_




Oshima K, Yamazaki K, Nakajima Y, A case of familial Mod Rheumatol. in press
Kobayashi A, Kato T, Ohara O, Agematsu K. [Mediterranean fever
associated with compound
heterozygosity for the pyrin
variant L110P-E148Q/M680I
in Japan.
Yamaguchi H, Hanawa H, Uchida N, Inamai  [Multi-step pathogenesis of Exp Hematol. 37 701- | 2009
M, Sawaguchi K, Mitamura Y, Shimada T, leukemia via the MLL-AF4 714
Dan K, and Inokuchi K. chimeric gene/Flt3 gene
tyrosine kinase domain (TKD)
mutation—related
enhancement of S100A6
expression.
Takaoka T, Shiotani A, Saito K, Tomifuji M, |Neuronal re—juvenilization in | Neurosci Res. in press
Mori Y, Fujimine T, Okano H, Ogawa K. the nucleus ambiguus after
vagal nerve injury.
Matsunobu T, Satoh Y, Ogawa K, Shiotani A. {Heme oxygenase—1 Acta 562 18-23 | 2009
expression in the guinea pig Otolaryngol
cochlea induced by intense Suppl.
noise stimulation.
Maekawa H, Matsunobu T, Tsuda H, Therapeutic effect of Neurochem Int. 54 513- | 2009
Onozato K, Masuda Y, Tanabe T, Shiotani A.|edaravone on inner ear 518
barotrauma in the guinea pig.
S8, R LB mEHE 1. iPS #ilEA>| Annual Review i-8 2009
HOE Mk k73
HPEEER FRABRRY iPS e Fztho@hrml | 1409) | 78-83 | 2009
PREER FRABEEM iPS Mifa TAF 4 35 | 9-12 | 2009
P AT R (12)
F AT 2 AN]
s REE A FARGSRY IPS MinoER | TBEER] | 8@ 7 2009
&
HhRRER XESFhEpaE VS | Thigr ey 19 | 1653-| 2009
PAY. 0) )] F _
BOBERR 747 (1) | 1654
43 HHE. Sujatha Mohan, /MR #K REFDEEHORG T2 MR B 53(5) | 533- | 2009
=7 gz
WrodglheT —F 540
Kig F—. /MR WK R EERE T RRITED BRIRIR A 53(5) | 547- | 2009
RiR 552

_44_




V. WREEROTATICET 2 —& Bt



Primary immunodeficiencies: 2009 update
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More than 50 years after Ogdeon Bruton’s discovery of
congenital agammaglobulinemia, human primary
immuneodeficiencies (PIDs) continue to unravel novel molecular
and cellular mechanisms that govern development and function
of the human immune system. This report provides the updated
classification of PIDs that has been compiled by the
International Union of Immunological Societies Expert
Committee on Primary Immunodeficiencies after its biannual
meeting in Dublin, Ireland, in June 2009. Since the appearance
of the last classification in 2007, novel forms of PID have been
discovered, and additional pathophysiology mechanisms that
account for PID in human beings have been unraveled. Careful
analysis and prompt recognition of these disorders is essential to
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prompt effective forms of treatment and thus to improve
survival and quality of life in patients affected with PIDs.
(J Allergy Clin Immunol 2009;124:1161-78.)

Key words: Primary immunodeficiencies, T cells, B cells, severe
combined immunodeficiency, predominantly antibody deficiencies,
DNA repair defects, phagocytes, complement, immune dysregulation
syndromes, innate immunity, autoinflammatory disorders

Since 1970, a committee of experts in the field of primary
immunodeficiencies (PIDs) has met every 2 years with the goal of
classifying and defining these disorders. The most recent meeting,
organized by the Experts Committee on Primary Immunodefi-
ciencies of the International Union of Immunological Societies,
with support from the Jeffrey Modell Foundation and the National
Institute of Allergy and Infectious Diseases of the National
Institutes of Health, took place in Dublin, Ireland, in June 2009. In
addition to members of the expert committee, the meeting
gathered more than 30 speakers and more than 200 participants
from 6 continents. Recent discoveries on the molecular and
cellular bases of PID and advances in the diagnosis and treatment
of these disorders were discussed. At the end of the meeting, the
International Union of Immunological Societies Expert Commit-
tee on Primary Immunodeficiencies met to update the classifica-
tion of PIDs, presented in Tables T to VIIL

The general outline of the classification has remained substan-
tially unchanged. Novel PIDs, whose molecular basis has been
identified and reported in the last 2 years, have been added to the
list. In Table I (Combined T and B—cell immunodeficiencies), co-
ronin-1A deficiency (resulting in impaired thymic egress) has
been added to the genetic defects causing T-B™ severe combined
immunodeficiency (SCID). The first case of DNA-activated Pro-
tein’ Kinase catalytic subunit (DNA-PKcs) deficiency has also
been reported and adds to the list of defects of nonhomologous
end-joining resulting in T B” SCID. Among calcium flux defects,
defects of Stromal Interaction Molecule 1 (STIM-1),aCa™ " sen-
sor, have been reported in children with immunodeficiency, my-
opathy, and autoimmunity. Mutations of the gene encoding the
dedicator of cytokinesis 8 protein have been shown to cause an au-
tosomal-recessive combined immunodeficiency with hyper-IgE,
also characterized by extenisive cutaneous viral infections, severe
atopy, and increased risk of cancer. Also in Table I, mutations of
the adenylate kinase 2 gene have been shown to cause reticular
dysgenesis, and mutations in DNA ligase IV (LIG4), adenosine
deaminase (ADA); and vyc have been added to the list of genetic
defects that may cause Omenn syndrome.

In Table II (Predominantly antibody deficiencies), mutations in
Transmembrane Activator and CAML Interactor (TACI) and in B

1161

_.45_



1162 NOTARANGELO ET AL

Abbreviations used
ADA: Adenosine deaminase
PID: Primary immunodeficiency
SCID: Severe combined immunodeficiency

cell activating factor (BAFF)-receptor have been added to the list
of gene defects that may cause hypogammaglobulinemia. How-
ever, it should be noted that only few TACI mutations appear to be
disease-causing. Furthermore, variability of clinical expression
has been associated with the rare BAFF-receptor deficiency. Table
IIT lists other well defined immunodeficiency syndromes. Post-
Meiotic Segregation 2 (PMS2) deficiency and immunodeficiency
with centromeric instability and facial anomalies syndrome have
been added to the list of DNA repair defects, whereas Comel-
Netherton syndrome is now included among the immune-osseous
dysplasias, and hyper-IgE syndrome caused by dedicator of cyto-
kinesis 8 (DOCKS8) mutation has also been added. Interleukin-2
Inducible T cell Kinase (ITK) deficiency has been included
among the molecular causes of lymphoproliferative syndrome
in Table IV (Diseases of immune dysregulation). Also in Table
IV, CD25 deficiericy has been listed to reflect the occurrence of
autoimimunity in this rare disorder, Progress in'the molecular
characterization of congenital neutropenia and other innate im-
munity defects has resulted in the inclusion of Glucose-6-phos-
phate Transporter 1 (G6PTI) and Glucose-6-phosphate catalytic
subunit 3 (G6PC3) defects in Table V (Congenital defects of
phagocyte number, function, or both) and of MyD88 deficiency
(causing recurrent pyogenic bacterial infections) and of CARD9
deficiency (causing chronic mucocutaneous candidiasis) in Table
VI (Defects in innate immunity). Tables V and VT also include 2
novel genetic defects that result in clinical phenotypes distinct
from the classical definition of PIDs. In particular, mutations of
the  Colony - Stimulating. Factor 2 Receptor: Alpha: (CSF2RA)
gene, encoding for GM-CSFreceptor o, have been shown to cause
primary alveolar proteinosis as a result of defective surfactant ca-
tabolism by alveolar macrophages (Table V). Mutations in-Apo-
liprotein L '1 (APOLI) are associated with trypanosomiasis, as
reported in Table VI. It can be anticipated that a growing number
of defects in immune-related genes will be shown to be responsi-
ble for nonclassic forms of PIDs in the future. Along the same
line, the 'spectrum’ of  genetically  defined  autoinflammatory
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disorders (Table VII) has expanded to include NLR family pyrin
domain-containing 12 (NLRP12) mutations (responsible for fa-
milial cold autoinflammatory syndrome) and Interleukin-1 re-
ceptor antagonist (ILIRN) defects (causing deficiency of the
IL-1 receptor antagonist). Again, it is expected that a growing
number of genetic defects will be identified in other inflamma-
tory conditions. Finally, defects of ficolin 3 (which plays an im-
portant role in complement activation) have been shown to
cause recurrent pyogenic infections in the lung (Table VIII).

Although the revised classification of PIDs is meant to assist
with the identification, diagnosis, and treatment of patients with
these conditions, it should not be used dogmatically. In particular,
although the typical clinical and immunologic phenotype is
reported for each PID, it has been increasingly recognized that
the phenotypic spectrum of these disorders is wider than origi-
nally thought. This variability reflects both the effect of different
mutations within PID-causing genes and the role of other genetic,
epigenetic, and environmental factors in modifying the pheno-
type. For example, germline hypomorphic mutations or somatic
mutations in SCID-related ‘genes may result in atypical/leaky
SCID  or. Omenn ‘syndrome, with the latter- associated with
significant immunopathology. Furthermore, infections may also
significantly -modify the clinical and immunologic phenotype,
even in patients who initially present with typical SCID. Thus; the
phenotype: ‘associated: with: single-gene - defects - listed in the
revised classification should by no means be considered absolute.

Finally, a new column has been added to the revised classifi-
cation to illustrate the relative frequency of the various PID
disorders. It should be noted that these frequency estimates are
based on what has been reported in the literature because with few
exceptions, no solid epidemiologic data exist that can be reliably
used to define the incidence: of PID disorders. Furthermore, the
frequency: of PIDs may: vary - indifferent: countries. Certain
populations :(and especially, some restricted ethnic groups of
geographical isolates) have a higher frequency of specific PID
mutations. because of a founder effect and genetic. drift. For
example, DNA . cross-link - repair - protein- 1C.. (DCLREIC)
(Artemis) and Z-associated protein of 70 kD (ZAP70) defects
are significantly ‘more common in Athabascan-speaking Native
Americans and in members. of the Mennonite Church, respec-
tively, than. in other populations: Similarly, MHC class 1l
deficiency is more frequent in Northern Africa. The frequency
of ‘autosomal-recessive immunodeficiencies is - higher among
populations with a high consanguinity rate.
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TABLE I. Combined T and B-cell immunodeficiencies
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Relative
Associated Molecular frequency
Circulating Circulating Serum features/atypical defect/presumed among
Disease T cells B cells immunoglobulin presentation Inheritance pathogenesis PiDst
LT B! sciD* P e e v 5 ’
(a) yc Deficiency Markedly Normal or Decreased Markedly decreased XI.  Defect in -y chain of Rare
decreased increased NK cells receptors for IL-2, IL-4,
Leaky cases may present IL-7, IL-9, IL-15, IL-21
with low to normal T and/
) ) ) or NK cells
(b) JAK3 ~ Markedly Normalor  Decreased  Markedly de"'eased AR Defect in Janus activating ~ Very rare
 deficiency - decteascd increased. _ NKeells . kinase 3 S
L .  Leaky cases ay present e
. with variable
o o . ’I‘and/otNKcekls , o
(c) IL-7Ra Markedly Normal or  Decreased Normal NK cells AR Defect in IL-7 receptor Very rare
deficiency decreased increased « chain
(d) CD45 Markedly = o Normal Decreased  Normal y/S T ceHs : AR Defect in CD45 Extremely
deﬁcxency . decressed - - . . rare
(e) CD38/CD3e Markedly Normal Decreased Normal NK cells AR Defect in CD35 CD3e Very rare
/CD3¢ decreased No 4/8 T cells or CD3{ chains of
deficiency T-cell antigen
o S ) receptor complex
(h Coronin-1A  Markedly Normal ~ Decreased  Detectable thymus AR Defective thymic egress of Extremely
deficiency decreased - o T cells and Tecell rare
. - - locomotion
2. T B SCID* ,, ; , . , e ,
(a) RAG 172 Markedly = Markedly Decreased  Defective VDJ - AR Defect of recombinase Rare
deficiency . decreased . decreased _recombination - activating gene (RAG)
- - ‘May present with Omenn tor2 ~
- 7 o o . syndrome o o
(b) DCLREIC Markedly Markedly Decreased = Defective VDJ AR Defect in Artemis DNA Very rare
(Artemis) decreased decreased recombination, radiation recombinase-repair
deficiency sensitivity protein
May present with Omenn
e syndrome n
(c) DNA PKcs . Markedly Markedly  Decreased Lwidely studied scid mouse . AR Defect in DNAPKcs Extremely
deficiency '  decreased decreased defect] Recoribinase repair rare
(d) ADA Absent from birth Absent from . Progressive Costochondral junction AR - Absent ADA, elevated Rare
deficiency (null mutations) birth or decrease flaring; neurologic Iymphotoxic metabolites
or progressive progressive features, hearing (dATP,
decrease decrease impairment, lung and S-adenosyl
liver manifestations homocysteine)
Cases with partial ADA
activity may have a
delayed or milder
: : AT T presentation - T
() Reticular  Markedly  Decreasedor Grannlocympéma, deafness o AR Defectlve ‘maturation Extremely
'dysgenesxs  decreased  normal , , - , _of T, B, and myeloid cells  rare
- - . : - - (stem cell defect) :
_ Defect in mitochondrial
... _ __ __ __ _ _ _ __ ___ _adenylate kinase 2
3. Omenn syndrome] Present; restricted -~ Normal or Decreased, . Erythroderma; eosinophilia, -~ AR (in - Hypomorphic mutations in Rare
heterogeneity decreased except adenopathy, most - RAGI/2, Artemis, IL-
increased IgE  hepatosplenomegaly cases) 7Ra; RMRP, ADA, DNA
ligase IV, yc ’
4. DNA ligase IV Decreased . De’creascd Decreased _ Microcephaly, facxal , AR = DNA ligase IV defect, = Very rare
deficiency ' - dysmorphxsms radiation . . impaired nonhomologous
 sensitivity “end joining (NHE])
~ May present with Omenn
_syndrome or witha V
delayed chmcal onset
{Continued)
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TABLE 1. (Continued)
Relative
Associated Molecular frequency
Circulating Circulating Serum features/atypical defect/pr d g
Disease T cells B cells  immunoglobulin presentation Inheritance pathogenesis PiDst
5. Cernunnos Decreased Decreased Decreased  Microcephaly, in utero AR Cernunnos defect, impaired Very rare
deficiency growth retardation, NHE]
radiation sensitivity
6. CD40 ligand Normal Ingcreased Neutropenia, XL Defects in CD40 ligand Rare
deﬁcnency : . ihrombocytopema, . (CD40L) canse defective
' ,' - hemolytic anemia, bxhary — isotype switching and
. gractand liver disease, 1mpa1red dendritic cell
- opportumsuc mfec "n o sxgnalmg
7. CD40 deficiency Normal IgM* and IgM mcreased Neutropema, AR Defects in CD40 cause Extremely
IgD* B or normal, other  gastrointestinal and liver/ defective isotype rare
cells present, isotypes biliary tract disease, switching and impaired
other decreased opportunistic infections dendritic cell signaling
isotypes
absent

8. Purme nucleosxde Progresswe

deﬁcxeney

9. CD3y deficiency Normal, but reduced
o » TCR expression
10. D8 deﬁciency ‘Absent CD8, nozmal

. Chédcells
11. ZAP-70 ' 'Decreased CDS
deficiency normal CD4 cells
12. Ca'* channel Normal counts,
deﬁcxency ’ e 3

 mediated acgivan'on

Decreased CD8,
normal CD4

13. MHC class T
deficiency

14, ,chclassn e
detredsed CDd ecl

“ deficien d

15. Winged helix
deficiency (Nude)

Mafi(edly
decreased

16.

17. STATSb. Modestly

Normal.
.  anemia, neuroioglcal“”
- impairment

" Normal

Normal

Nt)rmal counts ~ Nom
 ectodermic dysplasna

, nonprogresswe myopathy

"Nvorméf o ””Noymfal ‘ Vasculms

Normal : Deereased

studied nude mouse
defect]

ymphadenopathy,

Autoxmmune hemolytic

‘ Autonnmumty, anhydronc

lopecia, abnormal thymic
epithelium, impaired T-
cell maturation [widely

Growth hormone msensmve

AR

- Mutation in transcnpnon

AR Defects of STATSb,

_ Absent purine nucleoside  Very rare
' pho phorylase deficiency,
' T-cell and neurologic
, defects from elevated
: toxxe metabohtes (eg,
dGTP) .
Defect in CD3 b% Extremely
rare
. Defects of CDS o cham - Extremely
v rare.
Defects in ZAP-70 sngnalmg Very rare
__kinase
Defect in Orai-1,aCa’ ' Extremely
. channel component rare

_ Defectin StimJ,aCa’™’

_sensor
Mutations in TAPI, TAP2, Very rare

or TAPBP (tapasin) genes

giving MHC class I

deﬁc1ency i
Rare
tors for MHC class T .
. RFX5,
RFXANK genes)

' Defects in forkhead box N1 Extremely

transcription factor rare
encoded by FOXNI, the
gene mutated in nude
. nice
i ~ Extremely

‘Normal Normal Extremely
deficienicy decreased dwarfism, dysmorphic impaired development rare
features; eczema, and function of 43T cells,
lymphocytic interstitial regulatory. T and NK
pneumonitis, cells, impaired
, PR TR . autoimmunity .. T-cell proliferation R
18. Itk deficiency Modestty  Nommal - AR  EBRV-associated Extremely
. decreased . f,lymphoprohferauon . e
(Continued)
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TABLE L. (Continued)

Relative
Associated Molecular frequency
Circulating Circulating Serum features/atypical defect/presumed among
Disease T cells B cells immunogiobulin presentation Inheritance pathogenesis PiDst
19. DOCKS8 Decreased Decreased Low IgM, Recurrent respiratory AR Defect in DOCKS8 Very rare

deficiency increased IgE  infections. Extensive
cutaneous viral and
bacterial (staphylococcal)
infections, susceptibility
to cancer,
hypereosinophilia, severe
atopy, low NK cells

ADA, Adenosine deaminase; AR, autosomal-recessive inheritance; ATP, adenosine triphosphate; C2TA, class 11 transactivator; EBV, Epstein-Barr virus; FOXNI, forkhead box N1;
GTP, guanosine triphosphate; IL (interleukin); JAK3, Janus associated kinase 3; NHEJ, non homologous end joining; RFX, regulatory factor X; RMRP, RNA component of
mitochondrial RNA processing endonuclease; NK, natural killer; RAG, Recombinase Activating Gene; SCID, severe combined immune deficiency; STAT, signal transducer and
activator of transcription; TAP, transporter associated with antigen processing; TCR, T cell receptor; XL, X-linked inheritance;

*Atypical cases of SCID may present with T cells because of hypomorphic mutations or somatic mutations in T-cell precursors.

tFrequency may vary from region to region or even among communities, ie, Mennonite, Innuit, and so forth.

{Some cases of Omenn syndrome remain genetically undefined.

****Some metabolic disorders such methylmalonic aciduria may present with profound lymphopenia in addition to their typical presenting features.

TABLE II. Predominantly antibody deficiencies

Relative
Serum Associated Genetic defects/presumed frequency
Disease immunoglobulin features Inheritance pathogenesis among PIDs
. 1. Severe '
reduction in all serum
unmunogiobulm lsotypes
with
profaundly decreased or
absent B cells o : . o , '
(a) Btk deficiency All isotypes decreased Severe bacterial XL Mutations in BTK Rare
infections;
normal numbers
g FRRTSTIE ,,,OfPTOBCCHS, DRI i
() pheavy ~ Allisotypes decreased  Severe bacterial . AR Mutations in j heavy chain Very rare
chain deficiency ' o infections: , - . . .
‘ o ' ‘ ' normal Sumbers
(c) A5 deficiency All isotypés decreased Severe bacterial AR Mutations in IGLLI (A5) Extremely rare
infections;

normal numbers
; S ,,ofproBcells
. Allisotypes decreased Ser ,

‘Mutations in Igo

- (e) IgB deficiency - - All isotypes decreased - Severe bacterial - AR Mutations in IgB Extremely rare
infections
normal numbers
... of pro-B cells )
Severe bactena .

' (f) BLNKdeﬁcxency . Ali 1sotypesdecreased Extrcmely e

(g) Thymoma o "~ All isotypes decreased ‘Bacterial and opportumsnc : None Unknown ' Rare.
with 1mmunodeﬁc1ency il : . infections; autoimmunity

Z,Sevé . :
reduction in at least 2 semm

. 1mmunogtobu]m 1sotypes *
with -

, normal or low numbers -
of B c]elIs

(Continued)
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TABLE Il. (Continued)
Relative
Serum Associated Genetic defects/presumed frequency
Disease immunoglobulin features Inheritance pathogenesis among PIDs
(a) Common Low IgG and IgA and/or Clinical phenotypes Variable Unknown Relatively
variable IgM vary: most common
immunodeficiency have recurrent bacterial
disorders (CVIDs)* infections, some
have autoimmune,
- lymphoproliferative
and/or granulomatous
disease
(D ICOS deficiency  Low IgG and IgA andor o AR Mutations in ICOS - Extremely rare
-~ oM . o ' o o - ‘
(c) CD19 deficiency Low IgG, and IgA and/or — AR Mutations in CDI9 Extremely rare
IgM )
(d) TACI deficiency** Low IgG and IgA and/or ' e _ADor AR or  Mutations in TNFRSFI3B  Very common
' ' M - complex  (TACDH '
(e) BAFF receptor Low IgG and IgM Variable clinical expression AR Mutations in TNFRSF13C Extremely rare
deficiency** (BAFF-R)
3. Severe ' -
reduction in serum
IgG and IgA with
 normal/elevated TgM
and normal ,,
numbers of B cells - L , o o . , - .
(a) CD40L deﬁcxency*** 1gG and IgA decreased; ~ Opportunistic infections, XL Mutations in CD40L (also Rare
IgM may be normal neutropenia, autoimmune called TNFSF5 or CDI154)
or increased; B cell disease
numbers may be normal
or increased
(b) CD40 deficiency*** . Low IgG and IgA; normal Opportunistic infections, AR Mutations in €D40 (also  Extremely rare
' ' or raxsed IgM neutropenia, autonnmune called TNFRSFS) : '
: - . ~ disease ‘ E : :
(c) AID deficiency**** IgG and IgA decreased;  Enlarged lymph AR Mutations in AICDA gene Very rare
) IgM increased nodes and germinal centers
(d) UNG deficiency****  IgG und IgA decreased;  Enlarged lymph . AR Mutation in UNG Extremely rare
o IsM increased  nodes and germinal centers ' o
4. Isotype
of-light chain
deficiencies with normal
numbers of B cells. 3 - N i
(@lg heavy . One or more IgG and/or May be asymptomatic. AR _Mautation or chromosomal Relatively
. chain mutations and “1gA subclasses as well - o deletion at 14q32 common
- deletions . aslcEmaybe absent - , . , . -
)k chain deﬁcxency All 1mmunoglobulms Asymptomatic AR Mutation'in k. constant gene Extremely rare

' (d) IgA with
1gG subclass deficiency

Reduced;IgA wiih

» may have recurrent -
= vxrall bactenal mfecnons

Recurrent bacterial
decrease in one or more - infections in majority
IgG subclass; - i

IgA decr'e'asédlabsent Usually asymptomatxc, .

_ may have recurrent .
' mfecnons thh poot

. carbdhydrate -
_ anfigens, may have

- aile:gies or autounmune '

. disease ,
. Afeweases
~ progress to CVID others

. 'coexxst with CVID inthe

same family.

~Variable

 Variable

_ Unknown

:‘Unknaw;r'x . Relatwely

—’common,

" Unknown Relauvely
common

. Most common
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Relative
Serum Associated Genetic defects/pr d frequency
Disease immunoglobulin features Inheritance pathogenesis among PiDs
5. Specific Normal Inability to make Variable Unknown Relatively
antibody deficiency antibodies to specific common
with normal Ig antigens
concentrations
and normal numbers
of B cells
6. Transient - 1gG and IgA decreased  Recurrent moderate Varigble . Unknown Common
hypogammaglobuhnenua ‘  bacterial infections '
ofinfaney = .
with normal numbers
of Beells -

AD, Autosomal-dominant inheritance; AID, activation-induced cytidine deaminase; AR, autosomal-recessive inheritance; BLNK, B-cell linker protein;
BTK, Bruton tyrosine kinase; ICOS, inducible costimulator; /g(k), immunoglobulin of x light-chain type; UNG, uracil-DNA glycosylase; XL, X-linked inheritance.
*Common variable immunodeficiency disorders: there are several different clinical phenotypes, probably representing distinguishable diseases with differing

immunopathogeneses.

**Alterations in TNFRSFI3B (TACI) and TNFRSF13C (BAFF-R) sequence may represent disease-modifying mutations rather than di i ion
***CD40L and CD40 deficiency are also included in Table T
*++*Deficiency of AID or UNG present as forms of the hyper-IgM syndrome but differ from CD40L and CD40 deficiencies in that
the patients have large lymph nodes with germinal centers and are not susceptible to opportunistic infections.

TABLE HI. Other well defined immunodeficiency syndromes

Genetic defects/ Relative
Circulating Circulating Serum Associated presumed frequency
Disease T cells B cells immunoglobulin features Inheritance ' Pathogenesis - among PiDs
1. Wiskott- - Progressive Normal | Decreased IgM antxbody Thrombccytopema XL Mutations in WA S;x Rare
Aldrich syndrome  decrease, _ to polysaccharides . with small platelets;' ' . cytoskeletal -
(WAS) abnormal  particularly decreased; = eczema; . defect aﬁ'ectmg
lymphbt:yte _ often increased IpA lymphomas; _hematopoietic
responsesto  and IgE autoimmune stem cell
anti-CD3 o disease; IsA derivatives
nephropathy;
bacterial and viral
_ infections
,th;ombocytopeniay;is -
, fvyafmild form of '
,neutropema is } .
~caused by rmssense, '
_ mutations in the ’
2. DNA repair -
defects (other than
those in Table I) S B e :
(a) Ataxia- Progtesswe Normal _ Often decreased IgA, Ataxm‘ telangxectasxa AR Mutations in ATM;  Relatively
,telar;giéctasia ' decrease ' . IgE and 1gG pulmonary , _disorderof cell  common
' ‘ subclasses, mcreased infections; Iympho— o eycle check point
1gM monomers; reticular and other and DNA double-
_antibodies varigbly malignancies; strand break
decreased ‘increased o  repair
fetoprotein and
X-ray sensitivity;
chromosomal
_instability
(Continued)
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Genetic defects/ Relative
Circulating Circulating Serum Associated presumed frequency
Disease T cells B cells immunoglobulin features Inheritance Pathogenesis among PIDs
(b) Ataxia- Progressive Normal Antibodies variably Moderate ataxia; AR Hypomorphic Very rare
telangiectasia like  decrease decreased pulmonary mutations in
disease (ATLD) infections; severely MREI1; disorder
increased of cell cycle
radiosensitivity checkpoint and
DNA double-
strand break
) ) repair

Normal Normal

'(d) Bloom
syndrome

(®PMS2  Normal

S;)vitéhed and

Low IgG and IgA,

deficiency nonswitched B - - elevated IgM,
(class-switch cells‘are abnormal
recombination reduced antibody
[CSR] deficiency responses
caused by

defective

3. Thymi
DiGeorge
(chromosome
22q11.2 deletion

syndrome

" Normal or
decreased

Short stature; birdlike
face; sun-sensitive
erythema; marrow
failure; leukemia;
lymphoma;
chromosomal
instability

ia; Facial dysmorphic

Recurrent infections; AR -
café-au-lait spots;
lymphoma,
colorectal
carcinoma, brain
tumor

- Conotruncal
malformation; defect or
abniormal facies; AD

large deletion
(3Mb) in 22q11.2
(or rarely a deletion

in 10p)

AR Mutations in BLM;

 methyluansferasse
om0

De novo . Contiguous gene

phic.

‘Rare
RecQ like
helicase

Very
rare .

resulting in

defective DNA

methylation

Mﬁtatioﬁs in PMS2, Very rare

resulting in
defective CSR-
induced DNA
double strand
breaks in Ig
switch regions

Common

defect in 90%
affecting thymic
development;
mutation in TBX1
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Genetic defects/ Relative
Circulating Circulating Serum Associated pr d freq Y
Disease T cells B celis immunoglobulin features Inheritance Pathogenesis among PIDs
4. ITmmune-osseous
 dysplasias o , - - o - o v
(a) Cartilage hair Decreased Normal Normal or Short-limbed AR Mutations in RMRP Rare
hypoplasia or normal; reduced dwarfism with (RNase MRP
impaired Antibodies metaphyseal RNA)
lymphocyte variably dysostosis, sparse Involved in
proliferation* decreased hair, bone marrow processing of
failure, mitochondrial
autoimmunity, RNA and cell
susceptibility to cycle control
lymphoma and
other cancers,
impaired
spermatogenesis,
neuronal dysplasia
- (b) Schimke . Decreased

_ syndrome

5. Comel-Netherton Normal
syndrome

6. HyperlgE
~ syndromes (HIES)
(a) AD-HIES Normal
(Job syndrome) Tul7 cells
decreased

Switched and Elevated 'IgE and IgA

nonswitched B ..~ Antibody variably
cells are decreased
reduced

Normal
antibody production
decreased

Eieilaféﬁ IgE; s;;eciﬁé '

- SCID; bone marrow

failure
Congenital ichthyosis,

bamboo hair,

atopic diathesis,

increased bacterial

infectioiis, failure to

thrive

Distinctive facial

features. (broad
nasal bridge),
eczema,
osteoporosis and
fractures, scoliosis,
failure/delay of
shedding primary
teeth,
hyperextensible
joints, bacterial
infections (skin and
pulmonary
abscesses/
pneumatoceles)
caused by
Staphylococcus
aureus, candidiasis

AR Mautations in Rare
SPINKS resulting

in lack of the

serine protease

inhibitor LEK'TI,
expressed in

... epithelial cells

~AD Dominant—hegétive Rare
Often de  heterozygous
novo mutations in

defect STAT 3
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Genetic defects/ Relative
Circulating Circulating Serum Associated presumed frequency
Disease T cells B cells immunoglobulin features Inheritance  Pathog g PiDs
{b) AR-HIES " No skeletal and AR
o connective tissue
. . abnormalities: ... _
Normal Normal . Elevated IgE 1) susceptibility to . Mutation in 7YK2Z  Extremely
F ' L . intracellular o rare
‘bacteria
. (mycobacteria,
Salmonella), fungi
‘Reduced ~ Reduced - Elevated IgE, n) recurrent Mutation in DOCK8  Very rare
-  respiratory . o

olowlIeM

Notmal Normal ~ Elevated IgE

7. Chronic Normal (defect Normal Normal
mucocutaneous of Th17 cells
candidiasis in CARD9Y

deficiency)

8. Hepatic veno-.  Normal Normal Decreased 1aG,
occlusive . (decreased (decreased Igh, IsM
disease with ~ memory memory -
Immunodeﬁcxency T ceﬂs) B cells)

(VODI) : :

9. XL dyskeratoms Progresswe Progressive Variable
congenita decrease decrease
(Hoyeraal-

Hreidarsson
syndrome)

i CNS , .
' hemorrhage,'fungal' '

and viral mfechons

Chronic

mucocutaneous
candidiasis,
impaired delayed-
type
hypersensitivity to
Candida antigens,
autoimmunity, no
ectodermal
dysplasia

Hepatxc veno-
- occlusive disease;

Pneumocystis

 infections; extensive

cutaneous viral and
~ staphylococcal
infections, increased
risk of cancer,

" AD, AR,
sporadic

AR

jiroveci pneumonia;

retardation,
microcephaly, nail
dystrophy, recurrent
infections, digestive
tract involvement,
pancytopenia,
reduced number and
function of NK cells

_ thrombocytopenia;
_hepatosplenomegaly
Intrauterine growth

XL

. ’ Unknown

' EXtremély

Tare
Mutations in Very rare
CARD?9 in one
family with AR
inheritance: defect
unknown in other
cases
Mutations in Extremely
SP110 rare
Mutations in Very rare
dyskerin
(DKCI)

AD, Autosomal-dominant inheritance; AR, autosomal-recessive inheritance; ATM, ataxia-telangiectasia mutated; BLM; Bloom syndrome; DNMT3B, DNA methyltransferase 3B;
MREI I, meiotic recombination 11; NBSI, Nijmeégen breakage syndrome 1; TBX/, T-box 1; TYK2, tyrosine kinase 2; XL, X-linked inheritance.
*Patients with cartilage-hair hypoplasia can also present with typical SCID or with Omenn syndrome.
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