20 AR fssi g 403 (Vol. 35 No. 1)

Y% BT 0\, CVID T 10 LDk
MBEFIERLLTHALAO TR LM ST
B R RET IR REEE D O HERI S 7o SRR
GFICOWCTHEETFERSPR 2 - Tz, A
(BATIZ 3 BAFF-R © U 71 v | Tdk %5 BAFF,
APRIL, BCMA [$77% < & 4 major 7z CVID 3E(x
F TR 7p 23030343 EE A TGN SED 5
WEBEAGRERESEDOTRMLBEET ThHSH ADA,
RAG, LIG4, Artemis 73 & OFGT B REOEAET
e B T AR 2ICH S, Lrlseh
WEFEADLFEEET Tk, SC-A @ KRECs,
TRECs IEFE R 350 T, FIEFIO -0 R0
25 %\ AR (T T IC R BE R AT A i 2 CRE
FEHEMTHONBNETH S
Brobid 4 E o3 207 Jo—F% Fv THRE
A i T AL 1R E R S SNP array (2
542 homozygosity mapping # {7\, ZOFEEIC
map I N A5 F & FLX454 (T C long read se-
quence 7 4 ik TH 5. EBEORH THRIEERE
-5 4000 FIELRRELER D, HLELS IR EIC BV TO
%ﬁkﬂ@“&ﬂbu#wﬁ 2 2O TkIE, R
BEA U 7o FREA R L O, B v 72 (Pl
L, ff‘;’.lﬁ' TR A T A T A, B
{% RAPID (Resource of Asian Primary Immuno-
deficiency Diseases): URL http://rapid.rcai.riken.jp/
RAPID % ~N— 242, BEFGEE T, A2 ah
ML, &5 RAPID TOfRREEFahHIC & v
ST A MGI (Mouse genome informatics) URL:

http://www.informatics.jax.org/, RefDIC (Refer-

ence database of immune cells) URL: http://refdic.

rcai.riken.jp/welcome.cgi, NetPath URL: http://
www.netpath.org /7 & & @ PF9E 5l BHICPE
L 72 B # i B g n (C F8 8L A 5 F IO
TeE b, $92,500ETFRMBL, TogTLr Y
VIBHT AT T A, SHIC3H/HONELLT,
TTCIEE L /ey ViR LBHEBL 2. W
THNOEEIZL, SNP database 7ZEHE TH 0, H
IKf 53Tl dbSNP135 # T H A A SNP 1 #t L4
LoD, Bk TwbEIATHL. TN
R CELLZTH 2 EHCOMKPAEETHD
IOFEREN B H L O R L Than b LI
L0, FiohREREETRELE AL O 2T
LThb.

VI BUBRER

1. B3E

S ITHIERGHE TH O L TRUER S S\, T
IR BRI HIE 12 K A RUE SNSRI | T BT 30-50%
BEOEETROONDS LI, ERTFHRICAES
RIS 5. 1BMERRYME LV & B RYE A F ORIT
KB L CwahéahThws., %<, —fHZa—E
¥ AF AR R MAC BIRE T T Mk R
SREREES. ‘

2. CH{EEER

HALEREIN A B9 AL <, 2EFRETLH
1/3 CRO NI 2 LR - ELERGYE TH
D, TOEFy RN 2= ST, Y
wfﬁékkWMWW%iﬁ,CMvﬁﬁﬁg%%
HanTy & EEEE Y L BEISET (nodular
lymphcnd hyperplas1a NLH), ZEfatEE s, RaEM
IGHEBLEHESZ THALH, NLH TR 8% O EE TIRD

HID.

3. HOREKE

LSt st £ (Autoimmune  hemolytic
anemia : AIHA ) % 5 5 1k 11 /> B2 30 146 % B 7
(Idiopathic thrombocytopenic purpura: ITP) 7234
L& EEE, BHEEm, B Y s,

SLE, ¥ = —7 L U EERL YLD BN S,
4. BiEE

B AA ORISR 7-16 £z, iU v/ ED
FIEMIRENL 12-18 L a3 N T4, Ry v
T B »n 4 <, EBV {BMEA 2\t ah
TWA.

1) y&Za7y) wmE
me;(mo>mmmeu&& T a)
S5, A @IOG i/f\JL//»i% L
FE #z@f%a DIIIPLROE ERRbiED
Ao B ) @Faﬁf{@fﬁa’é%f»%f‘%%é. T
IgG 1R EC L~ L% (500-) 700 mg/dL » L, >
FEEED 1gG L~ +300-500 mg /dL f2EE (-3 4
NEVLOFERLHA. FNICHE K 1,000 mg/dL
ﬁwr%qf@u&fﬁ%ﬁw%%ﬁﬁwﬁaﬁ%
LA EMmL, FNU LS 5B BELD

—1566—



i R 4o Update

21

g‘)\'

2. AT LECHREERE

AIHA 2 ITP ICx L TiE AT A Ry 7o
D KEEESARALN S, D S a7
FHLH A, REEBERICH L THE 5S-Aminosali-
cylic acid 2 A5 114 FAFHW, AFi4 P& TNF

TURIZA PRGN TS, A%L%f@ﬁ
FPEE B f@ ALigiEd,, CVID ¢ I 5
BEERE MTONS.

3. WAREE

WD B %4WQCCSCDa@mMﬂ%BW
HEBINLEENH L. SC-A w4 A& i
%mmiﬁxmm;iﬁbﬂfvmvﬁ,t&zw
B O BOBEMC MR Y v SRIEE ORI
B HIEAITHEEL TLRVEEbNS.

VL. &H Y (T

CVID D5 L ROBMIC DWW TRER L /2. B
7> CVID k] 7n b5 R 35?:37?1“(“707’)‘3
é&$ﬂ’ I3 CVID {3 H i A= A8 4 10 G0 5 A8 409

s BREPUREAIZRR T, 2ouvbws T%
Mﬁ&% RIS G A L O MBEHERR L B 2 5
NETHS m&%&1&%w&%%%< A
e AiERD yk (VAT ST O =) T e i?/%m S
e @@<:muuﬂﬁiﬂu

T

Z. T

Tn%.

ﬁ

BB COWMRIREAEF BB - AR
u%m%f~m@m%%ﬁfwkﬂ9mﬁﬁﬁ%ﬁ
TfEOFREINHE, MHHFE IS < itk E
LORREREBRICES 4 A1) PHIC B TiThn/cd
DTH%. KRECs, TRECs 7 4 5 712 & % 48
[ OF SNP array 7p b O F & (51 R 7E 1L B B #
KRR« UEE, BREFEERER TS H L
DT AFTTIZED. EFWFEMD AV /S—TH5HH
BERFIRARDY ek, KRR AREERsed, e
PHERT I T LIV F — i GRS 9E v & — W75
BIed, 27 E DNA PRERTERR T4, DRI
FEIEH Loy, 22O £EO CVID
BEIA, BEIATRBHIL TNIEEHICL-

THUDTHFEL -7 bDTH L. TOHEEED
L%ﬁ$biﬁtm.

Lt
e

1)

2)

3)

4)

6)

7)

9)

10)

11)

12)

—166—

X M

Bonilla, F. A., Geha, R. S. : Common variable
immunodeficiency. Pediatric Research 65 :
13R-19R, 2009.

Takahashi, N.,; Morio, T.: Common variable
immunodeficiency. Nikon Rinsho Meneki Gak-
kai Kaishi 31 : 9-16, 2009.

Park, M. A., Li, J. T., Hagan, J. B., Maddox,
D. E., Abraham, R. S. : Common variable im-
munodeficiency : a new look at an old disease.
Lancet 372 : 489-502, 2008.

Yong, P. F. K., Tarzi, M., Chua, 1., Grim-
bacher, B., Chee, R.:Common variable im-
munodeficiency : an update on etiology and
management. /mmunology & Allergy Clinics of
North America 28 : 367-386, ix—x, 2008.
Yong, P. F. K., Thaventhiran, J.E.D., Grim-
bacher, B: ““A rose is a rose is a rose,”” but
CVID is Not CVID common variable immune
deficiency (CVID), what do we know in 20117
Advances in Immunology 111 : 47 107, 2011.

BREEEZ - A RER RIS 4 S &R
% 19 : 17-22, 2011.
Bayry, J. et al.:Common variable im-

munodeficiency is associated with defective
functions of dendritic cells. Blood 104 : 2441—
2443, 2004.

Borte, S. et al.:
munoglobulin production ex vivo in patients

Interleukin-21 restores im-

with common variable immunodeficiency and
selective IgA deficiency. Blood 114 : 4089-4098,
20009.

Rigaud, S. et al.
munodeficiency caused by a hypomorphic mu-
tation in XIAP in association with a rare poly-
morphism in CD40LG. Blood 118 :252-261,
2011,

Visentini, M. al. : Telomere-dependent
replicative senescence of B and T cells from

: Human X-linked variable im-

et

patients with type la common variable im-
munodeficiency. European Journal of Im-
munology 41 : 854-862, 2011.

van Zelm, M.C., Szczepanski, T., van der
Burg, M., van Dongen, J. J. M. : Replication
history of B lymphocytes reveals homeostatic
proliferation and extensive antigen-induced B
cell expansion. Journal of Experimental Medi-
cine 204 : 645-655, 2007.

Morinishi, Y. et al.: Identification of severe
combined immunodeficiency by T-cell receptor



22 FRBRIR stior 4 £38 (Vol. 35 No. 1)
excision circles quantification using neonatal 25) Castigli, E., Geha, R. S.:TACI, isotype
guthrie cards. Journal of Pediatrics 155 : 829- switching, CVID and IgAD. Imimnunologic
833, 2009. Research 38 : 102-111, 2007.

13) Sottini, A. et al. : Simultaneous quantification 26) Castigli, E. et al. : TACI is mutant in common
of recent thymic T-cell and bone marrow B—cell variable immunodeficiency and IgA deficiency.
emigrants in patients with primary immuno- Nature Genetics 37 : 829-834, 2005.
deficiency undergone to stem cell transplanta- 27) Lee, J. J. et al. : The C104R mutant impairs the
tion. Clinical Immunology 136 : 217-227, 2010. function of transmembrane activator and calci-

14) Chapel, H. et al.:Common variable im- um modulator and cyclophilin ligand interactor
munodeficiency disorders : division into distinct (TACI) through haploinsufficiency. Journal of
clinical phenotypes. Blood 112 : 277-286, 2008. Allergy & Clinical Immunology 126 : 1234-

15) Wehr, C. et al. : The EUROclass trial : defining 1241, 2010.
subgroups in common variable immuno- 28) Pan-Hammarstrom, Q. et al. : Reexamining the
deficiency. Blood 111 : 77-85, 2007. role of TACI coding variants in common varia-

16) Kanegane, H. et al.:Novel mutations in a ble immunodeficiency and selective IgA
Japanese patient with CD19 deficiency. Genes & deficiency. Nature Genetics 39 : 429-430, 2007.
Immunity 8 . 663-670, 2007. 29} Salzer, U. et al. Mutations in TNFRSFI3B

17)  van Zelm, M. C. et al. : An antibody-deficiency encoding TACI are associated with common
syndrome due to mutations in the CDI9 gene. variable immunodeficiency in humans. Nature
New England Journal of Medicine 354 : 1901- Genetics 37 : 820-828, 2005.

1912, 2006. 30) Zhang, L. et al. : Transmembrane activator and

18) Isnardi, I. et al.:Complement receptor 2/ calcium-modulating cyclophilin ligand interac-
CD21~ human naive B cells contain mostly au- tor mutations in common variable immuno-
toreactive unresponsive clones. Blood 115: deficiency: clinical and immunologic outcomes
5026-5036, 2010. in heterozygotes. Journal of Allergy & Clinical

19)  van Zelm, M. C. et al. : CD81 gene defect in hu- Immunology 120 : 1178-1185, 2007.
mans disrupts CD19 complex formation and 31) Garibyan, L. et al. : Dominant-negative effect
leads to antibody deficiency. Journal of Clinical of the heterozygous CI104R TACI mutation in
Investigation 120 : 12651274, 2010. common variable immunodeficiency (CVID).

20) Kuijpers, T. W. et al. : CD20 deficiency in hu- Journal of Clinical Investigation 117 : 1550~
mans results in impaired T cell-independent an- 1557, 2007.
tibody responses. Journal of Clinical Investiga- 32) Warnatz, K. et al.:B-cell activating factor
tion 120 : 214-222, 2010. receptor deficiency is associated with an adult-

21)  Grimbacher, B. et al.: Homozygous loss of onset antibody deficiency syndrome in humans.
[COS is associated with adult-onset common Proceedings of the National Academy of
variable immunodeficiency. Nature Immunolo- Sciences of the United States of America 106 :
gy 4:261-268, 2003. 13945-13950, 2009.

22) Takahashi, N. et al. : Impaired CD4 and CD8 33)  Sekine, H. et al. : Role for MshS3 in the regula-
effector function and decreased memory T cell tion of Ig class switch recombination. Proceed-
populations in ICOS—deficient patients. Journal ings of the National Academy of Sciences of the
of Immunology 182 : 5515-5527, 2009. United States of America 104 :7193-7198,

23) Warnatz, K. et al. : Human ICOS deficiency 2007.
abrogates the germinal center reaction and pro- 34) Salzer, U. et al.: Screening of functional and
vides a monogenic model for common variable positional candidate genes in families with com-
immunodeficiency. Blood 107 : 3045-3052, mon variable immunodeficiency. BMC Im-
2006. munology 9 : 3, 2008.

24) Yong, P. F. K., Salzer, U., Grimbacher, B.: 35) Tampella, G. et al. : Evaluation of CARMAL/

The role of costimulation in antibody deficien-
cies : ICOS and common variable immuno-
deficiency. Immunological Reviews 229 :101-
113, 2009.

—157—

CARDI11 and Bobl as candidate genes in com-
mon variable immunodeficiency. Journal of In-
vestigational Allergology & Clinical Immunolo-
gy 21 : 348-353, 2011.



J ALLERGY CLIN IMMUNOL
VOLUME 128, NUMBER 1

In conclusion, the associations among asthma, biofilm-
forming bacteria, and revision ESS are strong and robust after
adjusting for other factors in patients with CRS from a tertiary
medical center. Despite its limitations, this study may improve
our understanding of refractory CRS pathogenesis, possibly
leading to more effective treatment strategies, such as incorpo-
rating the treatments of asthma and biofilm infection into
conventional CRS therapies. Prospective cohort studies in di-
verse populations are needed to assess the causality of these
associations.
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Cucchiara for helping with the data cleansing and analysis, and Jennifer
Kofonow, Anthony Prince, Jacob Steiger, Michael Cohen, Edwin Tamashiro,
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Quantification of w«-deleting recombination
excision circles in Guthrie cards for the iden-
tification of early B-cell maturation defects

To the Editor:

X-linked agammaglobulinemia (XLA) is a primary immuno-
deficiency caused by severely decreased numbers of mature
peripheral B lymphocytes as a result of a mutation in the BTK
gene, Non-XLA is characterized by hypogammaglobulinemia
with decreased B-cell counts (less than 2% of mature B cells)
in the absence of the BTK gene mutation. Both XLLA and non-
XLA are caused by an early B-cell maturation defect.! In patients
with XLA and non-XLA, recurrent infections appear between 3
and 18 months of age, whereas the mean age at diagnosis is 3
years.” This delayed diagnosis results in fr equent hospitalization
because of pneumonia, sepsis, meningitis, and other bacterial
infections, which frequently require intravenous administration
of antibiotics and can be fatal. Frequent pncumonia results in a
high incidence of chronic lung diseases.” Thus, early diagnosis
and early treatment, including periodical intravenous immuno-
globulin replacement therapy, is essential to improve the progno-
sis and the quality of life of patients with XLA and non-XLA.

In the process of B-cell maturation, immunoglobulin k-delet-
ing recombination excision circles (KRECs) are produced during
k-deleting m,ombmatxon allelic exclusion and isotypic exclusion
of the X chain.* Coding joint (cj) KRECs reside within the chro-
mosome, whereas signal joint (sj} KRECs are excised from
genomic DNA. ¢jKREC levels remain the same after B-cell divi-
sion, whereas sjKREC levels decrease, because sjKRECs are not
replicated during cell division.” Because the B-cell maturation
defects in XL.A and non-X1.A occur before k-deleting recombina-
tion, KRECs are not supposed to be produced. Therefore, mea-
surements of KRECs have the potential to be applied to the
identification of these types of B-cell dcﬁcioncics in patients,
which consist of around 20% of all B-cell defects.® In addition,
some types of combined immunodeficiencies show an arrest in
B-cell maturation and can also be identified by this method.
The success of newborn screening for T cell deficiencies by mea-
suring T-cell-receptor excision circles’ prompted us to develop a
newborn screening method for XLA and non-XLA by measuring
KRECs derived from neonatal Guthrie cards.

The study protocol was approved by the National Defense
Medical College institutional review board, and written informed
consent was obtained from the parents of normal controls, the
affected children, and adult patients, in accordance with the
Declaration of Helsinki.

First, we determined the sensitivity of detection levels of
¢jKRECs and sjKRECs in Guthrie cards using real-time quanti-
tative PCR.” Normal B cells from a healthy adult were isolated
from peripheral blood (PB; mean purity, 88.5%). PB was also ob-
tained from 1 patient with XLA (P20) whose B-cell number was
0.09 in 1 uL whole blood and who was negative for sjKRECs
(<1.0 X 107 copies/pg DNA). Various numbers of normal B cells
were serially added to 1 mL whole PB obtained from this patient
with XLA. The B-cell-added XLA whole blood was then applied
to filter papers, and 3 punches (3 mm in diameter) of dried blood
spots were used for DNA extraction. At least 3 DNA samples con-
taining the same B-cell concentrations (0.09-400 B cells/pL)
were used for the real-time quantitative PCR of ¢jKRECs and
sjKRECs, The percentages of the positive samples (>1.0 X 10?
copies/pg DNA) of ¢jKRECs and sjKRECs increased constantly
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FIG 1. Sensitivity levels of cjKRECs and sjKRECs. Various numbers of purified normal B cells were serially
added to whole PB from a patient with XLA {P20) to obtain B-cell-added XLA whole blood. ¢jKRECs and
sjKRECs were measured in 3 to 10 samples of each concentration in triplicate. In all analyses, RNaseP
{internal control) was positive (2.3 + 0.2 X 10° copies/ug DNA). X-axis, B-cell numbers in 1 pL whole blood
from a patient with XLA. Y-axis, Percentages of the KREC-positive results in the tests.

as the B-cell concentrations increased (Fig 1). None of the sam-
ples were positive for sjKRECs when the B-cell numbers were
less than 20/, but ¢jKRECs were often positive. It has been re-
ported that 90% of patients with XLA have less than 0.2% B cells
in the PB at diagnosis.' Because peripheral lymphocyte numbers
in neonates range from 1200 to 9800/iL.* the absolute B-cell
numbers of 90% of patients with XLA are estimated to be 2.4
to 19.6/uL at the time of blood collection for Guthrie cards, al-
though exact B-cell numbers of XLA in neonatal periods are
not known at this moment. Because neonates are known to have
fewer B cells than infants,” and we observed that B-cell numbers
are constantly low in patients with XLA throughout infancy
(Nakagawa, unpublished data, June 2010), which is consistent
with the fact that BTK plays an essential role in B-cell maturation.
It is likely that neonates with XL A also have severely decreased B
cells. On the other hand, all samples obtained from 400 B cells/p.L.
were positive for both ¢jKRECs and sjKRECs. We also observed
that all healthy infants (1-11 months old; n = 15) were sjKREC-
positive (Nakagawa, unpublished data, June 2010) and might
have at least 600 B cells/pL. whole blood.” From these data, it
is assumed that at least 90% of patients with XLA are sjKREC-
negative, and healthy neonates are positive for sjKRECs on neo-
natal Guthrie cards.

Next, we measured ¢jKRECs and sjKRECs in dried blood spots
in filter papers or Guthrie cards from 30 patients with XL A and 5
patients with non-XLA and from 133 neonates born at the National
Defense Medical College Hospital during this study period (Au-
gust 2008 to October 2009) and 138 healthy subjects of various
ages (1 month to 35 years old) to investigate the validity of this
method. The levels of B cells of the patients ranged from 0.0% to
1.1% of total lymphocytes and 0.0 to 35.78/p.L. IgG levels were 10
to 462 mg/dL (see this article’s Tables E1 and E2 in the Online Re-
pository at www jacionline.org). Patients with leaky pheno-
types''® were included; 1 patient (P30) had more_ than 1% B
cells and 34.22/uL total B cells, and 4 patients had more than
300 mg/dL serum IgG (P12, P30, P31, P33). All of the normal
neonatal Guthrie cards were positive for both ¢jKRECs and
$JKRECs (7.2 *= 0.7 X 10° and 4.8 *= 0.6 X 10° copies/ng
DNA, respectively). All healthy subjects of various ages were
also positive for both ¢jKRECs and sjKRECs (Nakagawa,
unpublished data, June 2010). In contrast, specimens from all 35
B-cell-deficient patients were sjKREC-negative (<1.0 X 10* cop-
ies/pug DNA; Fig 2). All 5 patients with leaky phenotypes were also
sjKREC-negative, which might be explained by the hypothesis that
leaky B cells of patients with XLA are long-lived B cells that di-
vided several times and have fewer sjKRECs than naive B cells.
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FIG 2. Copy numbers of sjKRECs measured in neonatal Guthrie cards or
dried blood spots obtained from B-cell-deficient patients. On all samples
from control, neonatal Guthrie cards (n = 133) were sjKREC-positive (4.8 +
0.6 X 10° copies/ung DNA). B-cell-deficient patients were negative for
siKRECs in neonatal Guthrie cards (XLA, n = 7; non-XLA, n = 1) and dried
blood spots (XLA, n = 23; non-XLA, n = 4).

One patient (P27) was positive for ¢jKRECs, but other patients
were negative for it. RPPHI (internal control) was detectable at
the same level as in normal controls in all samples.

These results indicate that sjKRECs are undetectable in XLA
and non-XLA and suggest that measurement of sjKRECs in
neonatal Guthrie cards has the potential for the use of newborn
mass screening to identify neonates with early B-cell maturation
defects. Greater numbers of neonatal Guthrie cards should be
examined to confirm this potential, and the data obtained from
dried blood spots on filter papers must be examined to prove that
they truly reflect the data obtained from neonatal Guthrie cards.
We should also examine whether screening can reduce the cost of
treatment of the bacterial infections and chronic lung diseases in
patients with XLA and non-XILA and increase the benefits for
these patients. An anticipated pilot study using a large cohort of
newborns must address these problems. We also found that
T-cell-receptor excision circles and sjKRECs can be measured
simultaneously on the same plate. Thus, a pilot study of neonatal
screening for both T-cell and B-cell deficiencies could be
performed simultaneously.

We thank the patients and their families who participated in this study. We
also thank Ms Makiko Tanaka and Ms Kimiko Gasa for their skillful technical
assistance and members of the Department of Obstetrics and Gynecology at the
National Defense Medical College for collecting umbilical cord blood samples
as well as Drs Wataru and Masuko Hirose. We are also indebted to Prof J. Patrick
Barron, Chairman of the Department of International Medical Communications
of Tokyo Medical University, for his pro bono linguistic review of this article.
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TABLE E1. Characteristics of patients with XLA
Serum Ig
Patient Unique Age {mg/dL) cD19* BTK mutation Source
no. patient no. (y) Sex IgG IgA IgM % Lymph /pL Genomic DNA cDNA Amino acid Guthrie Dry spot
Pl 670 0 M 87 <6 10 021 12,99 29269G>T 1178-1G>T Splice acceptor defect  x
P2 718 0 M 215 <10 <10 0.07 7.04 11593_11594 insA 144_145insA Argd49 frameshift >
P3 722 0 M 80 <1 1 <100 NA 25644C>T 763C>T Arg255X X
P4 727 8§ M 295 59 57 0.11 3.52 29269G>T 1178-1G>T Splice acceptor defect X
P5 732 34 M 1140* <6 8 0.02 024 1163IT>A 182T>A He61Asn X
P6 811 24 M 458% 0 13 0.50  5.32 23570T>G 426T>G Tyr142X X
P7 813 18 M 628% 109 6 0.60  6.87 23570T>G 420T>G Tyrl42X X
P8 814 19 M 260 0 NA 020  3.01 16180C>T 344C>T Serl15Phe X
P9 815 13 M 600*% <10 <5 0.08 1.72 11590G>T 142-1G>T Splice acceptor defect X
P10 816 It M 12 0 5 0.00 0.00 150kb deletion of BTK, TIMMSA, TAF7L, DRFP2 X
Pl 817 10 M 10 2 24 0.80 35.78 36288C>T - 1928C>T Thr643lle X
P12 824 13 M 462 6 27 041 1449 27518C>A 895-11C>A Splice acceptor defect X
P13 834 5 M <237 <37 43 0.00  0.00 25715_26210del 776-+57_839+73del Exon 9 deletion X
P14 838 21 M <30 <5 7 0.00  0.00 31596G>C 1631+ 1G>C Splice donor defect X
P15 839 16 M 604% <1 <2 0.04  0.66 31596G>C 1631+1G>C Splice donor defect X
P16 847 It M 698% 26 11 0.08 1.86 25536delG 655delG Val219 frameshift X
P17 877 14 M 20 19 8 021  NA 32357T>C 1750+2T>C Splice donor defect X
P18 880 5 M 233 39 41 0.06 NA 10941-7_14592+7del  1-7_240+?del Exon [-3 deletion X
P19 888 8 M <212 <37 150 0.15  6.60 11023G>A 83G>A Arg28His X
P20 891 2 M 195 <6 37 002  0.09 32243C>G 1638C>G Cys502Trp X
p21 958 0 M <30 <0 9 0.80 27.14 31544 _31547 1580_1583del GTTT Cys527 frameshift X
delGTTT
P22 701 2 M 113 <2 4 0.09 1.99 16172C>A 336C>A Tyrl112X X
P23 911 0 M <0 <6 <4 0.00  0.00 29955A>C 1350-2A>C Splice acceptor defect  x
P24 937 0 M 60 <2 58 0.00  0.00 11022C>T 82C>T Arg28Cys X
P25 938 0 M <20 <4 <6 0.00  0.00 36269-?_36778+7del  1909-7_2418+7%del  Exon 19 deletion X
P26 939 0 M 60 <2 22 0.00  0.00 11022C>T 82C>T Arg28Cys X
P27 890 12 M <237 <37 <20 003 NA 36261G=A 1909-8G>A Splice acceptor defect X
P28 944 6 M 12 «l | 002 NA 36281C>T 1921C>T Arg641Cys X
P29 948 5 M <237 <37 <20 0.01 0.70 36261G>A 1909-8G>A Splice acceptor defect X
P30 1053 5 M 386 5 113 110 34.22 32259A>C 1654A>C Thr352Pro X

Age, Age at analysis of KRECs; CD19" % Lymph, CD19-positive cell percentage in lymphocytes; CDI9" /ul, CD19-positive cell number in | pL whole peripheral blood;
M, male; NA, not available; Serwm Ig, serum levels of immunoglobulins at diagnosis.

BTK mutation’s reference sequences are NCBI NC_000023.9, NM_000061.2, and NP_000052.1.

*Trough level during intravenous immunoglobulin therapy.
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TABLE E2. Characteristics of patients with non-XLA

Serum Ig (mg/dL) cD19”* Source
Unique Age

Patient no. patient no. {y) Sex 1gG IgA igivi % Lymph /L BTK mutation Guthrie Dry spot
P31 596 4 F 386 <6 6 0.42 21.27 Normal X
P32 719 0 F <50 <5 <3 0.00 0.00 Normal X

P33 835 8 M 311 323 20 0.09 1.88 Normal X
P34 915 0 M <212 <37 <20 0.00 0.00 Normal X
P35 947 0 M <21 <37 <39 0.00 0.00 Normal X

Age, Age at analysis of KRECs; CDI9" % Lymph, CD19-positive cell percentage in lymphocytes; CDI9™ /uL, CDI19-positive cell number in 1 pL. whole peripheral blood;
F. female: M, male; Serum Ig, serum levels of immunoglobulins at diagnosis.
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Genetic analysis of contiguous X-chromosome deletion
syndrome encompassing the BTK and TIMMS8A genes

Takashi Arai!, Meina Zhao?, Hirokazu Kanegane?, Menno C van Zelm?, Takeshi Futatani®?,
Masafumi Yamada®, Tadashi Arigas, Hans D Ochs?, Toshio Miyawaki2 and Tsutomu Oh-ishi®

Patients with X-linked agammaglobulinemia (XLA) can present with sensorineural deafness. This can result from a gross deletion
that not only involved the Bruton's tyrosine kinase (BTK) gene, but also TIMM8A, mutations in which underlie the Mohr-
Tranebjeerg syndrome (MTS). We analyzed the genomic break points observed in three XLA-MTS patients and compared these
with deletions break points from XLA patients. Patient 1 had a 63-kb deletion with break points in intron 15 of BTK and 4 kb
upsiream of TAF7L. Patients 2 and 3 had 149.7 and 196 kb deletions comprising BTK, TIMMS8A4, TAF7L and DRP2. The break
points in patients 1 and 3 were located in Al/u and endogenous retrovirus (ERV) repeats, whereas the break points in patient 2
did not show involvement of transposable elements. Comparison of gross deletion sizes and involvement of transposable
elements in XLA and XLA-MTS patients from the liferature showed preferential involvement of Alu elements in smaller deletions
(< 10kb). These results show further insights into the molecular mechanisms undetlying gross deletions in patients with primary

immunodeficiency.
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INTRODUCTION

X-linked agammaglobulinemia (XLA) is an inherited primary immuno-
deficiency characterized by early onset of recurrent bacterial infections,
profound hypogammaglobulinemia and markedly reduced circulating
B cells.! The gene responsible for XLA was identified in 1993,>* and
named Bruton’s tyrosine kinase (BTK). The BTK gene is mapped to
the Xq21.3-Xq22 region, encompasses 37.5kb of genomic DNA and
contains 19 exons (the initiation codon is in exon 2). Only 770 bp
centromerically of the BTK gene is the gene TIMMSA (formerly
DDPI) located; it consists of two exons and produces a 97 amino
acid polypeptide.* Mutations in TIMMSA cause the rare X-linked
neurodegenerative Mohr-Tranebjerg syndrome (MTS), which is clini-
cally characterized by a progressive neurological deficits, including
early onset of sensorineural deafness.””

A large number of BTK mutations, scattered over the entire gene,
have been reported and deposited in an international mutation
database (http://bioinf.utafi/BTKbase/). The most commonly found
mutations are missense (34%), followed by nonsense mutations
(20%). Mutations affecting splice sites were reported in 18% and
small insertions and deletions in another 18% of XLA families.
Disruption of the BTK gene by gross deletions occurs in about 3.5%
of XLA families.! As BTK and TIMMSA are positioned in close
genomic proximity, gross gene deletions can result in disruption of

both genes causing a contiguous deletion syndrome of XLA and MTS,
which has been observed previously in nine families. %10

In this study, we describe three patients with gross deletions
including the BTK and TIMMBSA genes. We characterized the deletions
and identified the genomic break points by combining comparative
genomic hybridization (CGH) array, DNA fluorescence in situ hybrid-
ization (FISH) and long accurate (LA)-PCR analyses. The results of
these investigations provide new insight into the genetic mechanisms
causing the XLA-MTS deletion syndrome and allow accurate genetic
analysis of patients and carriers.

MATERIALS AND METHODS

Patients

Patient 1 is a 15-year-old Japanese boy without a family history of immuno-
deficiency or neurological deficits. He was diagnosed with XLA at 7 years of age
when he developed recurrent bacterial infections. Deafness was noticed 1 year
earlier and gradually worsened.

Patient 2 is a 10-year-old Japanese boy, who has a history of recurrent otitis
media and sinusitis since 12 months of age. He had been diagnosed with
deafness and autism at 18 months of age. Agammaglobulinemia and lack
of circulating B cells were recognized at 8 years of age, and was diagnosed
with XLA.

Both patients are doing well on immunoglobulin replacement therapy. They
have no dystonia, but their hearing losses are severe and progressive.
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Patient 3 corresponds to patient 6 who was described in a previous report.”
He was diagnosed with XLA at 8 months of age, and was found to have
sensorineural hearing loss at 3 years of age. Genetic analysis resulted in the
identification of a gross deletion involved the entire coding regions of the BTK,
TIMMS8A, TAF7L and DRP2 genes.

Gene analysis of BTK

Informed consent for genetic analysis was obtained from the patients and their
parents under a protocol approved by the Institutional Review Board of
University of Toyama. BTK mutation analysis was performed by direct
sequencing of complementary DNA and all 19 exons and exon-intron
boundaries using genomic DNA as described previously.! 12

Fluorescence in situ hybridization

Peripheral blood mononuclear cells from patients and controls were stimulated
in culture with phytohemagglutinin for 72h, followed by treatment with a
0.075 M. KCI solution and fixation with Carnoy’s solution (3:1 methanol and
acetic acid) for metaphase preparation. A BTK-TIMMBS8A-specific genomic
probe (5231bp long) was prepared using the LA-PCR Kit (Takara, Kyoto,
Japan) with primer pairs reflecting exon 19 of BTK and exon 2 of TIMMSA
(5"-AGCATTCTGGCATGAATGTTCCCTGAAC-3" and 5-ATCTCTCCGGGT
TGCAGATAATAACTG C-3’, respectively). In addition, probes were designed
to detect the TAF7L and DRP2 genes, which are located centromerically of
TMMS8A. The TAF7L- and DRP2-specific genomic probes (5662 and 5975 bp)
were prepared similarly by LA-PCR Kit {Takara) with primers derived from
exons 2 and 5 of TAF/L (5-GCTTAGGTAGCCACCAACGTGTTGTTGA-3
and 5-GACGTCCCTGTTTCACAAGGAATTAGGA-3") and from exons 7 and
12 of DRP2 (5"-CGTGACTGTATTAAAGGGCTCAACCATG-3" and 5-GCAG
TACTTCCTGTCACAAAGCAGTTGC-3"), respectively. For FISH analysis,
denatured metaphase spreads were hybridized with probes labeled with
digoxigenin-11-deoxyuridine triphosphate using a nick translation kit (Roche
Diagnostics KK, Tokyo, Japan). The Spectrum Green-labeled X-chromosome
probe (DXZ1, Abbott Japan, Tokyo, Japan) was used as a control. The BTK~
TIMMSA-, TAF7L- and DRP2-specific probes were detected with anti-
digoxigenin rhodamine (Roche Diagnostics KK) providing a red signal,
whereas DXZ1 was detected by a green signal. Metaphases were counterstained
with 4/, 6-diamino-2-phenylindole dihydrochloride, and the images of the

BTK-TIMMB8A

Patient 1

Patient2 &

Control

hybridization captufed by fluorescence microscopy (Carl Zeiss Co., Tokyo,
Japan). At least 20 metaphases were observed in each setting.

Array CGH analysis

Array CGH analysis was performed using the Agilent kit (Agilent Technologies,
Palo Alto, CA, USA) as described.!? A total of 1 pg DNA from patients and male
controls were double-digested with Rsal and Al for 4h at 37 °C. After column
purification, each digested sample was labeled by random priming for 2 h using
Cy3-deoxywridine triphosphate for the patient DNA and Cy5-deoxyuridine
triphosphate for the control DNA, Labeled products were purified by Microcon
YM-30 filter units (Millipore, Billerica, MA, USA). After probe determination
and pre-annealing with Cot-1 DNA (Invitrogen, Carlsbad, CA, USA), hybridi-
zation was performed at 65 °C with rotation for 40h. The hybridized array was
analyzed with the Agilent scanner and the Feature Extraction software (v9.5.3.1;
Agilent). A graphical overview was obtained using the CGH analytics software
(v3.5.14; Agilent). The UCSC Genome Browser was used to retrieve the
reference genome sequence (http://www.genome.ucsc.edu}.

LA-PCR and sequencing

LA-PCR reaction was performed with the appropriate forward and reverse
primers that were used to map the gross deletion boundaries as described
previously.'* PCR products were excised from the gel, purified with the
QIAquick Gel Extraction Kit (Qiagen, Valencia, CA, USA), and sequenced on
ABI Prism 3130XL sequence detection system {Applied Biosystems, Foster City,
CA, USA).

RESULTS

BTK mutation analysis

PCR analysis of genomic DNA resulted in the amplification of BTK
exons 1-15, but not of exons 16~19 in patient 1, and amplifications of
exons 1-3, but not of exons 6-19 in patient 2.

FISH analysis

To confirm a large deletion in the BTK gene and to investigate a
possible deletion of the TIMMSA gene, we performed FISH analysis
with a BTK-TIMMS8A-specific probe. Cells from both patients 1 and 2
lacked signals of this probe (Figures la and b), indicating a contiguous

TAFTL DRP2

Figure 1 Identification of multigene detections by fluorescence in situ hybridization analysis with Bruton’s tyrosine kinase (BTK)-TIMMS8A- (a—c), TAF7L-
(d-f) and DRPZ-specific probes (g-i) and the X-chromosome-specific DXZ1 probe in patient 1 (a, d and g), patient 2 (b, e and h) and healthy male control
(c, fand i). The DZX1 probe is shown in green (arrow heads), whereas the BTK-TIMMB8A, TAF7L and DRPZ2 probes are shown in red (arrows).
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gene deletion syndrome of XLA and MTS. To study the extent of the
deletion further, we performed additional FISH experiments using
TAF7L- and DRP2-specific probes. Lymphocytes from patient 1
showed normal signals for both probes (Figures 1d and g), but cells
from patient 2 failed to give signals for either TAF7L or for DRP2
(Figures le and h). We conclude that the genomic deletion in patient 1
is restricted to the BTK and TIMMS8A genes, whereas the deletion in
patient 2 is considerably larger involving TAF7L and DRP2.

Array CGH analysis

To study the extent of the deletions in patients 1 and 2, we performed
array CGH analysis of genomic DNA. In patient 1, we found an
interstitial loss in copy number in the Xq22 region, involving the
BTK and TMMS&A genes, spanning a minimum of 63kb (Figure 2).
In patient 2, we observed a deletion of at least 138kb including the
BTK, TIMMS8A, TAF7L and DRP2 genes (Figure 2). These results
confirmed the FISH analysis of patient 1 having a deletion of BTK
and TIMMS8A, and of patient 2 having a deletion involving the
BTK, TIMMS84, TAF7L and DRP2 genes, similar to what was found
for patient 3.

Analysis of the break point junctions

On the basis of FISH and array CGH results, PCR primers were
designed to span the putative break points. Sequence analysis of the
PCR products from patient 1 revealed that recombination had
occurred between a site in intron 15 of BTK and a site 4.4 kb upstream
of TAL7L (Figure 3). It is an unequal crossover, which shares a 22-bp
stretch of 100% homology and resulted in the deletion of 63 kb. To
determine whether the break points were located in transposable
elements, we analyzed the % 1000bp genomic sequences flanking
the break point regions against reference collection repeats.'” The
results revealed that both the distal and proximal deletion break points
of patient 1 are located within short interspersed element of the Alu
subclass (Figure 4).

In patient 2, the deletion extended from a site 4.4kb upstream
of DRP2 to a site in intron 5 of BTK, encompassing 149.7 kb
(Figure 3). Break point junction analysis revealed 3bp microhomol-
ogy between the two break point regions. Neither of the break points
was located in DNA sequences derived from transposable elements
(Figure 4).

The gross deletion in patient 3 encompassed 196kb, and the
junction showed microhomology between the 5" and 3" break points
(Figure 3). The 5" break point was located upstream of the DRPZ gene

Contiguous X-chromosome deletion in XLA and MTS
T Aval ef af

in a repeat derived from an endogenous retrovirus 2 (ERV2), whereas
the 3" break point in intron 1 of BTK was not located in a transposable
element, but close to an Alu element (Figure 4).

Thus, two of the three break point regions of the XLA-MTS
patients we studied showed involvement of transposable elements.
Although six out of eight break points of BTK deletions were found to
be located in an Alu element in previous studies,'*!®!7 we observed
Alu element involvement only in patient 1.

Transposable element involvement in XLA and XLA-MTS

It was previously shown that BTK gross deletion break points were
frequently located in Alis elements. To study whether gross deletions
resulting in XLA or XLA-MTS are derived from similar deletion
mechanisms, we analyzed all reported gross deletions in XLA and
XLA-MTS patients (Figure 5).>*1817 Including our patients, we
collected data from five XLA and six XLA-MTS deletions. The
deletion size clearly differed: XLA-MTS patients, as expected, had
much larger disease-causing deletions. As BTK and TIMMSA are
in close genomic proximity, a deletion <10kb can already disrupt
both genes.

Interestingly, all deletions <10kb involved Alu elements, whereas
only two out of six deletions >>10kb had break points located in Alu
elements (Figure 5). These results imply that Alu elements are more
frequently associated with smaller deletions, whereas other elements,
such as long interspersed elements and ERV elements, seem to be more
frequently associated with larger deletions. As XLA-MTS deletions are
on average larger than XLA deletions, they show less frequently
involvement of Alu elements.

DISCUSSION

The contiguous gene deletion syndrome involving BTK and TIMMS8A
has previously been described in 12 patients from nine unrelated
families with deletion sizes ranging from 20-196 kb.8-1° Of these, only
three break point junctions have been cloned.!*'¢ In this study, we
describe three patients with 63, 150 and 196 kb large deletions at the
Xq22 region, which included BTK and TIMMSA.

Short interspersed elements of the Alu subclass are the most
frequently occurring interspersed repeat elements in the human
genome: the 280-bp sequence occurs approximately every 4kb in
the human genome.!® Mispairing between such repeats has been
shown to be frequent causes of deletions and duplications. Alu/Alu-
mediated genomic rearrangements are classical homologous recombi-
nation that result in a loss or gain in the number of nucleotide bases,

Deletion ————y
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2 & 3 5
: + . &= e o
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2 e — .
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e I
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Figure 2 Array comparative genomic hybridization analysis of the X-chromosomes of patient 1 (upper panel) and patient 2 (lower panel). Grey belts indicate
regions of continuously reduced copy number around Xg22. Upper panel discloses a deletion of at least 65.8 kb including the Bruton's tyrosine kinase (BTK)
and TIMMSA genes in patient 1, and lower panel discloses a deletion of at least 138kb including the BTK, TIMMS8A, TAF7L and DRP2 genes in patient 2.
A full color version of this figure is available at the Journal of Human Genetics journal online.
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Figure 3 Sequences of the gross deletion break point junctions of three patients compared with control sequences. The upper, middle and lower panels
indicate patient 1, patient 2 and patient 3. Microchomology regions at the junctions are boxed. BTK, Bruton's tyrosine kinase.
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Figure 4 A +1000bp flanking the gross deletion break points of patient 1 (upper panel}, patient 2 (middle panel) and patient 3 (lower panel). Besides
coding elements, four types of transposable elerents are indicated: DNA transposons, endogenous retrovirus (ERV), long interspersed element (LINE) and

short interspersed element (SINE). BTK, Bruton’s tyrosine kinase.

causing approximately 0.3% of human genetic diseases.!** Recently,

the break point junctions of eight XLA patients with a BTK gross
deletion were analyzed for the presence of transposon-derived repe-
titive elements. Most of the break points were located in Alu
elements.'* These observations have suggested a general role for Alu
sequences in promoting recombination in the BTK gene. Besides
deletions, Ali-mediated recombination may also promote genomic
duplications in BTK, depending on how the break points are joined.!®
The 5" and 3’ break points in patient 1 were located in Alu elements,

Journal of Human Genetics

similar to most XLA patients with gross deletions affecting the BTK
gene.!416:17 The break points of patients 2 and 3, however, were not
located in Alu elements, and, intriguingly, the homology regions
were very small repeat fragments of only 3 or 5bp nucleotides,
implying that the deletion was not due to an unequal homologous
recombination.

A comparison of the deletion size and the presence of transposable
elements resulting in gross deletions causing XLA and XLA-MTS
strongly suggests that Alu elements are mainly involved in < 10kb
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Figure 5 Schematic representation of all molecularly characterized gross deletions in patients with XLA and XLA-MTS. The patients are listed according
to the size of the gross deletion and for each patient, the disorder (XLA or XLA-MTS) is given as well as the involvement of transposable elements.

BTK, Bruton's tyrosine kinase;
agammaglobulinernia.

deletions. As most deletions underlying XLA-MTS are >10kb, the
involvement of Alu elements in deletions causing XLA-MTS is less
frequent than in those associated with XLA. Thus, it is likely that the
majority of the deletions underlying XLA-MTS arise from mechan-
isms that are different from those underlying XLA.

We used a combined approach of DNA FISH, array CGH and LA-
PCR to characterize the break point regions in our patients and clone
the break point regions. In doing so, we were able to establish a genetic
basis of the disease. This is important for patient care with respect to
genetic counseling and carriership analysis in family members. Wide
use of DNA FISH and array CGH analysis to establish genetic
abnormalities will support higher rates of gross lesions. This will
not contribute to patient care, but to general understanding of
complexity and frequency of these types of genetic lesions.

In patients 2 and 3, the TAF7L and DRP2 genes were deleted in
addition to BTK and TIMMS8A. TAF7L encodes an RNA polymerase 11
TATA-box-binding protein-associated factor II protein, which is
expressed only in male spermatogonia and may have a role in pre-
meiotic stages of mammalian spermatogenesi.’! The DRP2 gene
encodes the dystrophin-related protein 2, which is a member of the
dystrophin family of proteins performing a critical role in the
maintenance of membrane-associated complexes at points of inter-
cellular contact in vertebrate cells.?® It is expressed principally in the
brain and spinal cord. Disruption of the DRP2-dystroglycan complex
is followed by hypermyelination and destabilization of the Schwann
cell-axon unit in Prx (—/—) mice.” However, no human pathology
has been reported due to any mutation in these genes. Both patients
presented with recurrent infections and hearing loss as typical symp-
toms of contiguous gene deletion syndrome of XLA and MTS, and
showed no pathological findings which might be associated with the
deletion of TAF7L and DRP2 genes. Therefore, these genes might not
have a critical function in humans or other proteins might compen-
sate for their loss.

In conclusion, sensorineural hearing loss in XLA should raise
concerns about a possible contiguous gene deletion syndrome. ‘Array
CGH analysis combined with FISH analysis can provide a more
accurate diagnosis of large deletions. Not only transposable elements
and microhomology, but also other mechanisms may contribute to
gross rearrangements involving the BTK gene.

ERV, endogenous retrovirus; LINE, long interspersed element;

MTS, Mohr-Tranebjaerg syndrome; XLA, X-linked
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Atypical case of X-linked agammaglobulinemia diagnosed at 45 years

of age
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X-linked agammaglobulinemia (XLA) is a humoral inherited 45 years of age. We think that it is the oldest case in Japan
immunodeficiency, and mutations in Bruron’s tyrosine kinase so far.
(BTK) gene have been identified to be responsible for XLA. We A 45-year-old man was referred to our hospital because of
describe an  atypical Japanese case of XLA diagnosed at recurrent bacterial infections. His family history demonstrated no
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Fig. 1 (@) Flow cytometric detection of BTK in monocytes from a normal donor and the patient. The closed and dashed lines indicate staining
with anti-BTK (48-2H) and control immunoglobulin (Ig) G1 monoclonal antibodies in CD14-gated monocytes, respectively. (b) The alignment
of the BTK family of tyrosine kinases (human ITK, TEC, BTK and BMX). Amino acids conserved in all four proteins are shown in colored
boxes. Arrows indicate 132, T33, R325 and Y598, which are mutated in the adult-onset X-linked agammaglobulinemia patient.
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Table 1  Serum lg levels and mutations of BTX

Patient No. Age at diagnosis

Serum g levels (mg/dL)

BTK mutations

igG IgA IgM Nucleotide change Consequence Severity
P1[P65 in ] 24 NA 0 1 1942-1943delAG Frameshift S
P2 1Y 27 635 <5 11 605-606del AG Frameshift S
P3 [P40 in *] 27 346 16 8 1705C>T R525X S
P4 [7] 27 132 7 17 230C>T T331 S
P5[P23-2in 7 28 454 95 38 19247>CG Y598D LS
P6 [P67-2 in 7} 31 527 8 30 2008-2040del (33 nt) Inframe S
P7 [P14 in ¥ 32 702 185 <25 1706G>A R525Q S
P8 [P2in ¥ 32 462 <8 <7 227T>C 1.325 S
P9 [Present case] 45 679 570 17 637G>T E169X S

episodes of recurrent infections. He had become febrile once a
month in his childhood. He was hospitalized at 8 years of age for
about | year to investigate, however a clear diagnosis was not
determined. The frequency of fever decreased to once a year after
he turned 15 years old.

At the age of 42 years, he was admitted because of fever and
headache, and was diagnosed as having bacterial meningitis.
Streptococcus anginosus was detected by blood and cerebrospi-
nal fluid culture examination. After he was discharged he suffered
from bacterial meningitis. coxitis and spondylitis. Because of
recurrent serious bacterial infections. immunological studies
were done atb the age of 43 years. Laboratory tests were as
follows: white blood cells, 4800/1LL. (neutrophils 62.6%. cosino-
phils 3.3%, basophils 0.6%, monocytes 12.4%, and lymphocytes
21.1%): hemoglobulin, 14.7 g/dL; platelets, 239 x 10%/uL; serum
immunoglobulin (Ig) G, IgA and 1gM levels, 679 (normal range:
8701700y, 570 (110-410), and 17 (35-220) mg/dL, respectively.
Serum [gl and allergen-specific 1gE for cedar pollen and alter-
naria was detected. The percentage of T cells and B cells in
peripheral blood were 85% and 1%. respectively. Flow cytomet-
ric analysis of the peripheral monocytes using the anti-BTK
antibody showed BTK deficiency (Fig. la). The patient’s BTK
gene was sequenced and disclosed a nonsense mutation
(037G>T. E169X) in exon 6, which has not becn reported in the
BTK database (httpi/bioinf.uta.fi/BTKbase/).

There have been several reports of atypical cases of XLA
that were diagnosed in adulthood.™ In those cases, Ig levels
were moderately low and the patients did not suffer from any
severe infection during their childhood. Kanegane etral’
reported that higher concentrations (>300 mg/dL) of serum 1gG
were evident in the cases diagnosed among adults. Genotype—
phenotype correlations in XLA have been studied,™ but have
not been established clearly. Lopez-Grandos et al? classified
the mutations of Spanish XILA patients according to their sever-
ity on the basis of the proposal by Conley and Howard® to
analyze a genotype-phenotype correlation. The severe catego-
ries include: (i) amino acid substitutions at sites that are con-
served in other members of the BTK family of tyrosine kinases;

© 2011 The Authors -
Pediatrics International © 2011 Japan Pediatric Society-

(i) frameshift mutations; (iii) splice-site alterations that occur
at the invariant two base pairs at the beginning and end of an
intron: (iv) premature stop codons; and {v) in-frame deletions.
They reported that less severe mutations or minimal detection
of protein by means of flow cytometry were associated with
less severity in clinical data and mild hypogammaglobulinemia,
although there were some exceptions. We reviewed nine Japa-
nese patients with adult-onset XLA, including our case (PY9)

{Table 1.7 We classified these patients into the severe and the

less severe group. The alignment of BTK families discloses that
1,32, T33 and R525 are highly conserved, but Y598 is not con-
served (Fig. Ib). Therefore, only the patient with Y598 muta-
tion belongs to the less severe group. In spite of severity, serum
lgG levels were relatively high except P4, Those results may
suggest that severity in mutations is not associated with severity
in clinical data in Japanese cases. However, the nwmber of
patients was too small, so further studies are required.
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Abstract To determine the prevalence and clinical character-
istics of patients with in Japan, we conducted a nationwide
survey of primary immunodeficiency disease (PID) patients
for the first time in 30 years. Questionnaires were sent to 1,224
pediatric departments and 1,670 internal medicine depart-
ments of Japanese hospitals. A total of 1,240 patients were
registered. The estimated number of patients with PID was
2,900 with a prevalence of 2.3 per 100,000 people and
homogenous regional distribution in Japan. The male-to-
female ratio was 2.3:1 with a median age of 12.8 years.
Adolescents or adults constituted 42.8% of the patients. A
number of 23 (2.7%) and 78 (8.5%) patients developed
malignant disorders and immune-related diseases, respective-
ly, as complications of primary immunodeficiency disease.
Close monitoring and appropriate management for these
complications in addition to prevention of infectious discases

is important for improving the quality of life of PID patients.
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TRAPS Tumor necrosis factor receptor-associated
periodic syndrome

WAS Wiskott—Aldrich syndrome

WHIM Warts hypogammaglobulinemia, infections,
and myelokathexis

Introduction

Patients with primary immunodeficiency disease (P1D)
show susceptibility to infections due to congenital immune
system defects. These patients are also associated with
noninfectious complications including autoimmune dis-
cases and malignant disorders. Recent studies have revealed
the causes of many PIDs to be mutations in various genes
encoding molecules involved in the host defense mecha-
nisms [1]. In addition, various new PIDs including defects
in innate immunity and autoinflammatory disorders were
identified under the recent progress in immunology and
molecular genetics [2]. PID classification has been revised
according to the identification of new PIDs and on the basis
of new findings in P1D pathophysiology. For a more precise
clinical analysis, data should be obtained in accordance
with the latest PID classifications.

The first nationwide survey of patients with PID in Japan
was conducted between 1974 and 1979, which included
497 registered cases [3]. By 2007, a total of 1,297 patients
were cataloged by a small number of PID specialists into a
registration system [4]. The approximate prevalence of PTD
patients in Japan in the first nationwide survey was 1.0 in
100,000 people, which was much lower than that in other
countries [5-7]. This difference in PID prevalence between
Japan and other countries suggested that some PID patients
in Japan remained unregistered. To determine the preva-
lence and clinical characteristics of patients with PID in
Japan on the basis of the recent international classification
system for PID, we conducted a nationwide survey of P1D
for the first time in 30 years.

Methods

This study was performed according to the nationwide
epidemiological survey manual of patients with intractable
diseases (2nd edition 2006, Ministry of Health, Labour, and
Welfare of Japan) as described previously [8]. PID
classification was based on the International Union of
Immunological Societies Primary Immunodeficiency Dis-
eases Classification Committee in 2007 [2]. Patients with
chronic benign neutropenia and syndrome of periodic fever,
aphthous stomatitis, pharyngitis, and cervical adenitis were
excluded because these were considered to be acquired
diseases. The survey was conducted on PID patients who

were alive on December 1, 2008 and those who were newly
diagnosed and dead between December 1, 2007 and
November 30, 2008 in Japan. Among the 2,291 pediatric
departments and 8,026 internal medicine departments in Japan,
hospitals participating in the survey were randomly selected
after setting the selection ratio according to the number of beds
(overall selection rate: 53.4% for pediatric departments, 20.8%
for internal medicine departments; Table 1). University
hospitals and pediatric training hospitals, where many PID
patients were considered to be treated, were stratitied
separately (Table 1). Primary questionnaires regarding the
number of patients and disease names based on PID
classification were sent to the selected hospitals. Secondary
questionnaires regarding age, gender, clinical manifes-
tations, and complications of individual PID patients
were sent to respondents who answered that they
observed at least one PID patient with characteristics hsted
in the primary questionnaires.

Results

Questionnaires were distributed to 1,224 pediatric depart-
ments and 1,670 intermal medicine departments of hospitals
in Japan, and the response rate was 55.0% and 20.1%,
respectively (Table [). A total of 1,240 patients (1,146
patients from pediatric departments and 94 patients from
internal medicine departments) were registered (Table 1).
The estimated number of patients with PIDs in Japan
was 2,900 (95% confidence interval: 2,300-3,500), and
the prevalence was 2.3 per 100.000 inhabitants. We also
determined the regional distribution on the basis of the
patients” addresses. The estimated regional prevalence
ranged from 1.7 to 4.0 per 100,000 inhabitants, and no
significant differences were observed between different
regions in Japan (Fig. 1). The most common form of PID
was predominantly antibody deficiencies (40%). followed
by congenital defects of phagocyte number, function, or
both (19%) and other well-defined immunodeficiency
syndromes (16%: Table II). Autoinflammatory disorders
were observed in 108 cases (9%). The most common PID
was Bruton’s tyrosine kinase (BTK) deficiency (182 cases,
14.7%), followed by chronic granulomatous disease
(CGD; 147 cases, 11.9%). However, common variable
immunodeficiency disease (CVID) and selective IgA
deficiency (SIgAD) were observed only in 136 (11.0%)
and 49 cases (4.0%), respectively. Among patients
registered from internal medicine departinents, antibody
deficiencies were the most common disorder (71%).

In the secondary survey, 923 cases were registered. The
male-to-female ratio was 2.3:1 (#=914, unanswered: 9 cases)
with a median age of 12.8 years (range: 0 to 75 years; n=
897, unanswered: 26 cases). The number of adolescent or

@ Springer
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Table 1 Swatification and selection of hospitals and the survey results

Stratification Departments  Departments  Selection  Return®  Response  Response  PID Patient  Patients per  Patients
in Japan selected rate (%) rate (%) department estimated
Pediatrics University hospital 118 118 100 0 80 67.8 661 8.3 975
Training hospital 402 402 100 4 242 60.8 376 1.6 618
2500 beds 92 92 100 5 48 53.2 24 0.5 44
400--499 beds 118 HE 100 3 63 548 42 0.7 77
300-399 beds 287 230 80.1 4 122 54.0 31 0.3 72
200-299 beds 289 e 40.1 4 53 473 6 0.1 32
100--199 beds 486 98 20.2 0 44 44.9 4 0.1 44
<99 beds 499 50 10.0 1 10 20.4 2 0.2 100
Subtotal 2,291 1,224 53.4 21 662 53.0 [.146 17 1.961
[nternal University hospital 156 156 100 | 47 303 37 0.8 122
medicine 2500 peds 374 374 100 t 86 23.1 35 0.4 152
400-499 beds 328 263 80 1 54 20.6 6 0.1 36
300-399 beds 692 278 40.2 6 49 18.0 10 0.2 140
200--299 beds 1,008 202 20.0 0 36 17.8 2 0.1 56
100199 beds 2.460 246 o 1 36 14.7 | 0.0 68
<99 beds - 3.008 151 5.0 G 24 16.6 3 0.1 375
Subtotal 8,026 1,670 20.8 16 332 201 94 0.3 950
Total 10317 2.894 281 37 994 34.8 240 2,911

*Due to the closure of departments

adult cases (215 years) was 384 (42.8%:; Fig. 2a). The male- 2.0:1. Combined T and B cell immunodeficiencies (CIDs)
to-female ratio of the younger generation (<15 years) was  were predominantly observed in the younger generation,
2.7:1, while that of the older generation (=15 years) was  while antibody deficiencies were more common with

Region ch.ur?cd PID P(muh\gan !{:‘;Lim;\u:‘;d ‘prc.t'\'a{mn:x.‘
N Patients (x10M per 107 (95% C.1)

[okkaido 73 554 4.010.2-78)
Tohoku &l Q.3 2110.9-3.3)
Kanto 387 4198 1.8 (1.2-2.5)
Chubu 236 2369 2300430
Kinki 158 208.4 2.0(1.2-2.8)
Chugoku/Shikoku 103 tio.d 17 (10-2.3)
Kyushu/Okinawa 200 16,0 2501735
Total 1276.9 231827

Fig. 1 Regional distribution of PID patients. €7 Confidence interval
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Table 11 Reported number of PID

Category

Total number

Pediatric department

Internal medicine department

[. Combined T and B cell immunodeficiencies

ye deficiency

Adenosine deaminase deficiency

Omenn syndrome

Others

Untested or undetermined

I Predominantly antibody deficiencies

BTK deficiency

Common variable immunodeficiency disorders
Selective [gG subclass deficiency

Selective IgA deficiency

Hyper 1gM syndrome

Transient hypogammaglobulinemia of infancy
Others

Untested or undetermined

[11. Other well-defined immunedeficiency syndromes
Wiskott-Aldrich syndrome

DNA repair defects (other than those in category 1)
DiGeorge anomaly

Hyper-lgE syndrome

Chronic mucocutancous candidiasis

Others

Untested or undetermined

IV. Discases of immune dysregulation
Chediak-Higashi syndrome

Familial hemophagocytic tymphohistiocytosis syndrome
X-linked tymphoproliferative syndrome
Autotramune lymphoproliferative syndrome
APECED

IPEX syndrome

Others

Untested or undetermined

V. Congenital defects of phagocyte number, function, or both
Severe congenital neutropenia

Cyclic neutropenia

Chronic granulomatous discase

Mendelian susceptibility to mycobacterial discase
Others

Untested or undetermined
V1. Defects in innate immunity

Anhidrotic ectodermal dysplasia with immunodeficiency
[nterleukin-1 receptor-associated kinase 4 deficiency
Others

Untested or undetermined
VIL Autoinflammatory disorders

Familial Mediterranean fever

TNF receptor-associated periodic syndrome

Hyper IgD syndrome

Cryopyrin-associated periodic syndrome

93 (7%)
47
9

23

501 (40%)

16

194 {16%)
60

15
38
56
17

()

e

49 (49%)

—174—

93 (8%)
47

9

23

10

434 (38%)
173

107

60

[ Y
o

48 (4%)

(ol v BV v

[T R N

>

223 (19%)

15 (%)

— b

101 (9%)
40

0 (0%

0

0

0

0

0

67 (71%)
9

29

(8%0)
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