21

XGHGHPEIE A V=7 a7 ) Ve Mk %
EOFLIMER el 2 X 7-1L 7= 141

X linked agammaglobulinemia presenting with Kikuchi-Fujimoto disease and hemophagocytic syndrome

AN SRR NERE ) Rl AL AR RS AR KA, pli 1&/\ Eﬁl"ﬁ e,

FUNK R I A R A 5>

AT v a 7)) CiiE (XLA) & Bruton's tyrosine kinase (BTK) sz 0728812 kL -
RYED IERGRET B %o BHMIIL O 510 53 AL BT A IETIA T A B AN 37, i Sz
REEE L L05, Y 7~ TR EOHCHRIERBEZ G2 2 L2MH N TWh, —J, 45H- A
(KED) i, F5fed 2 588, AT Y o/ SEiME L K & L. 8904 &0 7R i i S
LD BPEDBIAWORETH L, BRI 2 BIERETH ) . CDST G & MHRER A TR B
45 L3N Tnbh, XLAIKKFED Z 4 0F Lo E N E Tz v, SlbIthIUEXLAICKEFD & &
PF U MLERTE SRR LS 2 o 70 & TR L 72 0 TS 3 % 6
GiEl] 2839 XLA @7z STAEHIMNIR & 3B 1 EESE 7 1 7)) YfiFefeil & 2 Tz 1A
A& D AN g MK CABEMIFR R 72 o 720 Bl SA3 3 2 1283% L O 7e s, s, &5 Eo) oSl
B MEREA I KON, LDH, 7 =) F > WA IL2 2 BAR 0 S il & R 720 590 E O A1)
ZoXERA Ty MEATTHEEAL TR ORIIAYS 1 | SR ClmEk e f e f0 . Mk freedt &

BT L7z D, DICHEIIIEAT L2720, 6 E ICBER ) Y /SEIEMZ ATV 2710 A4 R3O0 AfR
E & CSABG- 2B L7z WHHERGHEH X 0 L 23 L, AxBIRRBIEEE L 7ce B v/ 0] fE

P ERE L, 99 HICFDG-PET/CTHAE R 1T » 720, BwERZ RO, 72 VB o & T &
Do Tz, MIFFNHAE L ) EBV, CMV ST E S, Sl mBELARHRTT 2> & KFD & 21
L7ze CSAEAT A FEEK L. 357 HICEBRE LA,

(4] KFD I THIE & MERIERASZ DOIRRRICEE- L T & SITw 205, L »RERIZb» o> Tni
o WM TIEBMIE, NKARIZIZE A LRONT, THIISKEZHE 505, XLA B {LREEIZ

£ % BHIEFERER & T O RHEFTRAYRT X 9 ICKFD OIFEE I BHUEASEES- L 2\ 2 & A9RIE S 7z,
KFDI3BH BRIGB A 72 &5 2 ENE WS, RIEFO L ) Ik EEEER> T2 b Thich
o = XLAWIMERE LRGS0 L2RERD R L 77/ 74 VAHPER & S mE» &
LDHTH D, BTKIZBMIBDBIAD A7 ¢ BERRLIFHIRZG &0 L) 2 ERERIZBNTHLER
RER LTI EPMESNTBY , AEFIOIFEICD BTKEET OZEESEAR L COATREERD 5.
[#558] KFD % AP L7 XLABEZ WO T L7z, MERE EEFEROREICBTK BT ERIHESE L
7oA REMEDS D B o
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%ﬁ&ﬁﬁ?&ﬁfﬂ?f K25 NFKB2 #1z5 T
R lE Lz 72R 588 CVID D 141

A case of earlyv-onser CVID with alopecia totalis and trachonicyhia caused by NFKB2 mutation

REAFESHIRM Y AR T K BRI Ty T AN i, P 2,
_________________________________________________________________________________________________ e B, A A, PR BER, PR RS
4 SDNARFEH > JINEL IR

UiEfl] 8retcle

(BUmIE] 242 A - 670 A BRI RIS IRGLAE % SO L AIsE S EEE RIRE L . £5 970 A IR

WAREW 2 2172, TR KBERGER EICL 55 (F8-9H) BLUARERML ., 4TI LD

TIET <~ ru7) YiE (IgG/A/M 309/9/39 mg/dL) #4684 S L7z TR 2D H B TR FE#E. 75

1A HECHEREE (£8EE) - BIOUEZ 2072700, BERSEOHE I SREM 22 L,

(BEAE] & 8,

[ (k085HE)] WBC 11000 /uL (Neu 56%, Lym 35.7% = 3900 /uL, Mono 4.8%, Eo 3.2%, Baso

03%) —MxAEALZZHR TR EBE % L. 1gG/A/M 272/5/15 mg/dL, C3/C4 147.4/40.9 mg/dL, CH50

60 U/mLikZ (HD8f&Ai, Mz (HI) 1665, Con-A /PHAIC X 51 ¥ /SERLFEALEUS 51900 cpm (control

125 cpm) /60400 cpm (control 125 cpm)

R MY > 8k<w—9 — (W@EZEE)] Total lymphocyte count 5 3900 /uLCD3 + 73.8%, CD4 + 47.2%,

CD8 + 25.1%, CD3-CD16 + 24.2%, CDI19 + 2.1% CD4 + naive T cells (CD45RA + /RO-) 78% (of

total CD4 +) CD4 + total memory T cells (CD45RA-/RO +) 115% (of total CD4 +) CDS8 + naive T

cells (CD45RA + /RO-) 90% (of total CD8 +)CD8 + total memory T cells (CD45RA-/RO +) 15% (of

total CD8 +) CD27-IgD + naive B cells 86% (of total CD19 +) CD27 + IgD + nonswitched memory B

cells 8% (of total CD19 +) CD27 + IgD- switched memory B cells 0.6% (of total CD19 +)

[E{ZTHE] NFKB2 BnTE2EEICBMONT OfEEMER (p. Arg853X) # o7,

[£%¢] NFKB2i&Noncanonical NF- B signaling pathway (254 5, FEEFEREIZEI D, HERTE

HEOBCRERS - WE - BIEA &2 M) BREMCVIDYHEIET 5 2 & 252013 123 S iz, REH
EONBIOHENH Y, FHEATELERERKO LB E GOWET 5,
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Btk R, 20 S, R A L activated
phosphoinositide 3-kinaze ¢ syndrome (APDS) AL 5 4K IEH

A d-year-old female patient with suspected activated PIZK delta syndromel APDS).

giksmpeE o AEA TR VEET 96, N R 4 /if/f\ IBM& %L JBZ liU %‘Uff

________ rﬁmﬁmmﬁ—wﬂm«ﬁ'?
B ETE R KU NEE ) SEFH =L, el e

i) 47 20 A2,

[ ?JF) S - MgiEs - BRAEEPIR
(A - s&eElE] 390Gtk A1
[Eﬂiﬁzﬂﬁl IR I 3 D) T
(FIEIE] SRR ORI EE L Lo FIPHIZHEOT M 2 Lo HHLEE BB G APRMENES % BT iz,
(BLRIEE] 270 F e & v B 98 7% O3 LB L U7z F oM BPEAUE LR M) K L Tz, 310 [
APHHETT . BIEIO ) v 8FHiliE A 7RO BT 2 70 5 £ 9127 » 72 - OmE IR Lz,
QET3GFm AN L 4 Bzl

[ Bt Lp ki 5] & 55-3, 0SD. 4K -1, 7SDo /34 & W22 Lo LIEUFHUMC crackle I, FESEHRHHF .

H2i0h H &

TG BUE Tl Rdem RO FRAE) > /3EEIR % fRe0 720 AT OBUEZ Lo
(Wi HL] CT CHERE ) > /SEIER, SESZBEDNEE . KR § 0 75T ARG, BRI & 5260 72,

[#AcpT i) WBC17800 (Neub8% Ly38%) CRP0.32. #Rik14mm/1h —fk A fbaa 55 2 Lo A5A% Bk 1 2K
TOHOT-SPOT Ktk B il PCRIGAS 3R, Mades, 1) >/ S A T b PCREE M, BE) >~/ Hitk
T CRERKIBEACIE 7 Lo — MR AT 28 L TR LIS B 1k, SR8 AN 42 B C 13 TgGh79 (1gG2 28) 1gA 181 1gMb42
IgD 81.7mg/dL IgE021U/mL. ¥ B2 FE {?‘?@ﬁﬁiﬂ?ﬂfﬁzﬁﬁﬁiﬁ e [RIFR I ER GE4E UG B, PHA. ConAlE
o CD4/8H031 IFrPERE BAE - AW HEILHE . PR TOME TCD3 + THllla792% (431) > 738kd) &
PR7zIT 7223, CD45RA + CD31 + thymic T : 29.3%. CD45RO +56.6% (CD3 + CD4 +£[fF), TH I,
CD4SROND skew & #8720 F 7z, Follicular TA%199% (CD3 +CD4 + &£/ ) & £ 72> 72, CDI9 +B
HMNIE 2.15% (41) »/8BRkep) F24E L 7225, CD27 + @ memory B4rHiA$23% (CD19 + #£[) &40 o7z,
F 72 CD24highCD38high @ k34 7 transitional B4 M 2386.06% (CD19 + S ) & BEidn% il 72, FRIR
FEIROKEME & AT A S . APDS % SRV B nF B,

(Bl ] SRIEAR ARG A 5 B N7z 720 A L Tid 4% (SMLINH.RFP.PZA) % BlfE L 720
SMi& 2720 B THOE LALEFN6 20 Ak o8, BIER y 770 7)) v eIk % BE 752,

(&) EREA 7Y -2 7L, Tﬁ'xlﬂﬂ’@ffﬁ & BRINRRUG 124 T B LA & A%00 S 7z, APDS
WS AR AR & R E A & /9 SRIEANEE & L C 2013 12y S du, AUEBNIELAF O & BiR i E

IS %, APDSIEpll0 6 DERAYBAERIC L ) UEEST AWEREAR SN TB Y, BIIYlifEL E V.
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% %&ng(% n‘u\&bf"
HHALPI3K 6 SEfRAE D —F1

A case of activated PIBK & syndrome with massive ascites

B REESERE Y a—aER )y R . NI . EE R WS BN, ADESE HER

EuREEAHA sonEaEmRg ) Wl L, BUE R BT ST
BIMEESFRE S-—mERES) I

EYmEEERL e SRRy Tk S, PR BT
EUMEEEFA > s-gwapa®y o By B EDI R
WORBESE ) R ik
[ 2] 1514 L PI3K 6 fiEffE (APDS) & MRS ABTE S 779 L T 5 PISK IR OIFHEL 2R L LT, 5

BRGePE &) o NBETA R SRR A EIRE BT A RBMRIEASETH S, S0 FHELEKEFFERIZTRE
fEL. APDSOBWIZE - 7- 2B A BER L 720 THIET 5,

GEGI] 2B R, 1REL D EHEEL FHRICEELZH Lz, CTHE LFH KO & FEXS
L OWER) » B ONEIR % 0. £ TENESHAE CIR B 0 6 KB TEEOMILE ) v o3l
RO RENEH SRR S oo BREROMERAETILY) ¥ /8B EoRd, 16628
L OVIgGA DT, IgM & FIEEEDIRTA RO SNz 7u—H A b A b —CTIEFEE LRI =7 =
74—, A€ — CD8T ML, Class switch BMMiFE DT & Transitional BMIlE OB % fLH 720 F
72. Recent thymic emigrants (RTE) O FIZ—% L CTREC b &M (130 2 ¥' — /ugDNA) T&H - 72
CDSTHINAD BEHIER BB D 7 5 AR A v FOBEN S, APDSEEINIZETF, 7/ Ly —2s TV A
ATo72E 2 A, . 3061G > ABRIZL B EIQIKDANT OER D2, FEOERIIWEBIILRD T,
de novoBHE L EZ bz, 7o, HILEMB CIZEBERDBETH O | FIROEFTICH T 5 % 1 L 2B
ZORGHE R bNTze Uy SHRORFEFELOWHZ HivL LTAF VT L F=vn v iZ X K%
I L7-& 2 A, CDSTHIFLOIEHALDE T IS, JEAKRD A2 & sz,

[#%2] APDSIZPI3K 6§ ®EH 12X - T, PIBK-Akt-mTORBHEDIEMHALF I & S, EHFELY »
JSHEA BT A REARAEZETH ) WFRMIZ) YNERED) A7 289 o REBICNEKIFE OHE X
Vs, CDSTHIIOIEHAL TN E L 22 2o, U VSR BEEEALAMT S 0B 5% L Tw
BRSNS, F72, Kﬁﬁﬁ iL$4k’c FENTTEMD, fﬁ‘ﬁﬂ@%*ﬁﬁi&&(%Eﬁ&?ﬁ%ﬂ?‘fﬁ%ﬁ%ﬁ LT

6, mTORGEDIFAEROBRII LD EER LND,
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Activated PI3K 6 syndrome 2 D3 FKR:
7U~——4ﬂvf FA R —IZ L B35 Wr

)

Jow Cytometric diagnosis of Activated PIK3 0 syndronie 2

TEBASNER ) PR e 5t o 3 W L T IR L O A Y N1 B

BEILARZR TR 00

REEFEPAZNEF )

Activated PI3K ¢ syndrome (APDS) (& class I PI3 & F— V254 A il 7' o= » s pll0 6 (T
- PIK3CD) OREREMEFIPEZS S0 & L BUBPEAGE &S, 1) w7 SETdIE I, Dok A4 (IgM ot 1gG2
W) . EBV/CMV X9 2 5 G E % BRI AER & 2 BEFE R RN 4 T B o 20144F, pl10 6 &2

RTINS AT 7=y Fp8 a (EATdf5T-PIK3RL) O~ 7 A2 S, APDSIZHIML L 72
FEIR A S 2 B CHlE S, APDS2 & AT B A7z, pll0 6 & p85 a d~F w1 2aHkid, AKT DY »
WAbx A LT 7P IR E 1T o APDS/APDS2 L Tl 26 Ol {a T OFEREMEA A S A & . AKT
D) IEALATLAE Ly 2] 2 PI3 % - — B I EEASRIE IS 59 5 L Z 2 b v Tn b, 413 APDSERO
K& pl10 6 1L O BB DN T, 3HCPIK3RI O\ T TFEAMEZE % W% L7z, e SN2 8T
exon 10 skipping\ZH A5 AT T4 L v FERTH 72, AKT O Y ALTTHEL CD3 B THIL & CD19 By
HEBMNEE VT 70— A b X M) — TR L7zo B BRI BN &R IRE I B TR b L
TAKT D) ¥ EEALAMEAIZTOHE LT 7ehs, AKT B SALER £ T S W BB w»Tid ) Y iRfbo
WEERD BN dp o 7o COIBEMEMINE TIEFIREETD ) Y HLIZH LN T o7 INHED2L, B
MifazFIH L7270 =Y A b XA M) —TOAKT D) Y FALOME AW EH & Z 2 b/, RHETHE
FTTIC206ILL L APDSEE 2SS SN TB Y APDS24 &8 % & APDS/APDS2 % 1L H 5 FEFE
THIENHESND, RIBTHE L7z APDS2 D 3REIOREER Z AT 5L 01T, 70 —F A b X

81— % v 72 APDS/APDS/2 DBl B B 2V TR 9 50 REEFRED DT HMED S mTORMHE
FER pl10 6 BAEIE 2 H W72k SN B TR S O . @) 2B EETH Lo
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KAMACS =7 29— (MiSeq) 272
JESE PRI AERED; 11:?@1??

Genetic analysis of the primary immunodeficiency diseases by using a NGS platform, MiSeq

PEEONABRERREMBARMAES )y I
TEAFAFRESFRNEIENE )y /DM SR, U S PR R PR RS
P EDNAMRR: - BALEBEA A ESEREHR L 5—>y N
T S DNARFIERT & B - e EGEREMEE Ly ¥ — 2 &0 A A0 7V — 713, ERERERNESIE
DEERBIRD D FEEEIRED/-OIC, BEREBRFOEL IV O —4 0 0 2L BN — 1

ADRPEFITCTE TV Do TEORIA Y — 7 T —HiFOEE I, fEROF Y ET ) -2 =7
YH=FR (=) pHRER Y = v OBITEED T B, RIFFETILA VI FOREAR
=4 v — MiSeq & F\ CHEEEOERRBE % PATLIE T 5 Z LI X VAT o 7oA A —"T" b R
VAT LACELTHET S, HOREORRKBEE T TH 5 9:#EET (ILIRN, MEFV, MVK, NLRP12,
NLRP3, NOD2, PSMBS, PSTPIP1, TNFRSF1A) D§_XTDILY VY V3 WRT/00T 54 < —%iRka
L. 7vFa—TTINVFTLy 7 APCREIT- 72, 20 NGO TNVERXBIT L2004 ¥ 7
A TEMNINT 57200 2BBEDOPCRE T 5720 T4 77 =W TVEEEVETRAL, Kilt
== MiseqD ¥ =7 Y ADT V& {To720 WD L Z A MiseqDV) — FEIZ3004 1 7 VA%
KTHEDT, 74T —FESEVN—-ABMEOWMFHEE P LTI EIL > TEWHE LB L0121
300bpEDT 7)) aA DA X Db, FEHEMEFIZEIVZ 2V Vv HET 7V A RFRELERS
AOEIEFTI607 v 7 I Y BEOPCREIEY v VF 7L v 7 APCRE LTI v F 2 — T TioTnh,
KT 73 OIFINA T AR VR LT E720DFMEREF %1772 E1EMOPCRIZI0Y A 7,
%2&%@Mﬂ@5%47»fﬁ5%#r%%iL#otoﬁk@%#@%kﬁ%Tyfunymu—F
BOEIS0ELINICBEEN, FEALETOT 7)) 3 H%400) — FULE% 5t de 5 CLEMITRE
LTWwh, 2D L9220~ 25 ANFDEEERY » 7V ERER Y —7 4 — Miseq® 1D 5 » TIT ) AT
VAT LAEBEL, BRICEEPEFEOMIZKHI0 AT ORRE B L TETNE, IAL Y AERLF Y
ABEPZT TR, AT IAL T A POER, RIEBIZLDZT7 V-7 FRRKELRRBOBRBLTE
7o WROEREZEZONBERICEL L. FY T — Y —Fr v —3F (o #—ik) CHERYT-
TWBY, TNTORENPME T L Tz, T2, IO/ SRV & U CFHL (FRiRMEMEREEY ~
ISR SRR RE) O TBIET. A Y FUBEE~ A a7 71) 7B (MSMD) © 9# 5. 44
AR I A 4E (common variable immunodeficiency ; CVID) @ 9&E(RFD Y v MOy A7 4 b H
Rl oTWD, KR =7 v —DRERT 7 A VORFTLED T, BT Y X7 ADBUIR & Bk 7
LEEDEZTREROBHICAT 2 EEFHEICEL T THHSE TV FETH 5,
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KMA S — 7 o — T 72 TS 1 o s
AN E O R S @%%%&®%j

Identification of responsible genes {or primary immunode ncies by next generation sequencing,

BEERRERER ) 1Y N AN N gL
FEREFEBASNER ) ZrIE D
9 S DNAFFZE AR T BRI o)) JINEL IR

(12 CwiZ] TRECs & v 7z, BEMA SRR AE (SCID) OB~ A A 7 ) — = o 7 kD R 125t
D BTV Do SCID DA R T 1 201 LA L dh 1) o W DO BIEE D s il (-1 DAL o0 ) 5 1 R C
%o WYIBIEZTEO R G & £ N5 72 SEIEH AL O T L 2 o9 5 1T s JEIA
IR iiEd A2 ENBATH D, £72. TRECs M N Z D HDFACSEHT O A Clid. SCID 2> — ko>
TR AE DO TSR CTdy 5 Z & b Zvy, Fea ik, TRECsEEPEDH AL, 3L 2B LGN &
¥E YD) B 729, Guthrie A#UMTT O gDNA O A28 SCID & DR 29 O I A it {24 F 2 A 2 —
IrH— (NGS) % JHCsequence ¥ 5 S L7z
U] i . SCIDI8HERY (5t i {728 B2 i) 52 35 A 0 16 0 IS IR (TN W 00 2 0) Je OV v 1)
T2EMIZD &, 2905 T (ADA. AK2, ATM, CD247, CD3 6. CD3 ¢, CD3 y ., CD8 a . COROIA,
CRACMI1. DCLRE1C, FOXNI, IL2R y. IL7R a . JAK3. LCK. LIG4. MAGTI1. NHEJ1. PNP,
PRKDC. PTPRC. RAC2. RAGIL. RAG2. RMRP, STAT5B. STIM1. ZAP70. #66, 261bp. it
624amplicon) % &50ng ?d gDNA »* & multiplex PCR TR & A IZ1F 2— 7N CH#IE %, Ion PGM T

sequence & 17 726
[ 5] fH A C L B{EFT20 X depth£¥99. 8% DRFEE & R L 720 580 00.2%1378bp T1 ~ 20 X O
depthz/r L. THLHIZCRACMIL, PTPRC TIUISZMH THi & & /- BfEFTh o720 A#UMHKD DNA
TOFENT S TTHE T dd o 72 SCIDISKEGI KL OV F v 1) 7 2HEHI Cld . & REUL HEB & 72 b 357010 (49-921H)
T.not dbSNP, produce nonsynonymous codon changes or alter splice site.biallelic? 4&f4 Chilter & 717 7=,
ZDFER FRHEBERF D E ST D MIER R OF v 1) 7 2HEOIN DOV TERDSFETE, Y 24
BICid. FREEF A AbSNPICEFH S T\ 7225, MAF % FHw 7z hlter“(ﬂ*’“( & 720 FEAHD 2KEH
TUEHEBEH OB BT ERERRD Do 720 Plbk. SCID DEEMBIE TR D TIENGS TaplEEF 2 I
Rz GRITHGVB Z W2/ D AR b MEIHTh 5,
(Z% ]7%0ﬁf@ﬂm%?xx V=2V T OFERD B HARENCERF 706 BLE O T MALRAE
WFERIND LE 2 5. Guthrie AL 5 QN b TTHE % AR J7ik1x. SCID 0@k 7 3 Wik 2 & T 2oL
BB L MES D, |
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FAL VAL CORRVER AR v =0 718 B8 /T B
WS I A =T ORI 703 2k v AB R ADIL

Structure-function landscape analysis of a disease protein by saturation mutation scanning

»YEONABRFE MBSy o MR
PEEONABREA ) A ek
BRACARSSAAYATLRRE ) 15 #H
e S . Lo 0 o v 15 S
= vy THRORBO LM EICLD ., ZOBBEEOBEFLEIRINTREE 20, RAe EH LW
EREEEOD LEETEENREENTWE, L L, BWIEENTEEBRY 7 BHEBICEGZ 55
BAEENICET 2 2O UL, 2 ORI BAZEHIANEE % secondary findings 25% ST
W EWIEBREEZIEISATYS, (BRI LBEMEEOFINZIE, E0i 2 —REERTESR &I
EIin silicoPHIDTHSINTE 7205, FNODPRETHEWVWI EZEHOEETH L, F2 T, K%

TIFSTATI EEF 2O . B LERA Xy v 72X ) 73/ BRBROBEHEZELEHIIL.
FRICE o THEE-BEES v N Ay — T2 B THL W) 7 70— FOMSETERLIT - 720 BRI
(&, STAT1H%EEIZEEE % Coiled-Coil F £ 1 > (CCD). DNA#A FAA » (DBD) IZEAERKD ., b
2D T I VRIS AT T2 AF v v LI ERME Y ) — X (STATL AlaScan7 1 7771 —) Lk
{7 A 287 N Dd D 2T OMBEOFRIEZ 0EOT I /IBICERLAEREL ) -2 EH L, o
NOHEBRBRENY 727XV R—F =T v L, LR—=F —FEE2ER) - F77 e LTER
END KA AL Y DES m&%“%&%?‘%x# TR L7 :attsmnﬂwcmllmDmﬁﬁ-

¥eRET o~ N A — 7 hjERE HILWZEoT, 0L BMEBEOED L ) BEREI LR — & — ML
DEHBREELEGZEHDID R m#mme%taotoEL\%E%M#@%mmwﬁuT/7\u—m

BT E TONZ ORBIBEHRPSTHETH L 2 L 2 RBTIMREE . TEDNAAN—Ty bF
VIR LA F FERFMOERIZL) ., F AL VR TOUREW 2 EMNEREAIBRICBEED D L
2o TCwb (Agilenttl. QuickChange HT Protein Engineering System 7 &) o S HIOFERIL, 9 L7z
L AR DLELZ LT, BIEFEREEEMAEE L O CoOOBERERERSZ ) LT Tu—
FILL > TRIETERLZLERTLDTH 5,
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Analysis of somatic hypermutations in the IgM switch

region in human B cells

Katsuyuki Horiuchi, MD, PhD,? Kohsuke Imai, MD, PhD,*P Kanako Mitsui-Sekinaka, MD,? Tzu-Wen Yeh, BS¢,’
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Background: The molecular mechanism of class-switch
recombination (CSR) in human subjects has not been fully
elucidated. The CSR-induced mutations occurring in the switch
region of the IgM gene (Smu-SHMs5) in in vitro CSR-activated
and in vivo switched B cells have been analyzed in mice but not
in human subjects.

Objective: We sought to better characterize the molecular
mechanism of CSR in human subjects.

Methods: Smu-SHMs were analyzed in vitro and in vivo by using
healthy control subjects and patients with molecularly defined
CSR defects.

Results: We found that Smu-SHMs can be induced ir vitro by
means of CSR activation in human subjects. We also found large
amounts of Smu-SHMs in in vivo class-switched memory B cells,
smaller (although significant) amounts in unswitched memory B
cells, and very low amounts in naive B cells. In class-switched
memory B cells a high frequency of Smu-SHMs was found
throughout the Smu. In unswitched memory B cells, the Smu-
SHM frequency was significantly decreased in the 5’ part of the
Smu. The difference between switched and unswitched B cells
suggests that the extension of somatic hypermutation (SHM) to
the 5’ upstream region of the Smu might be associated with the
effective induction of CSR. The analysis of the pattern of
mutations within and outside the WRCY/RGYW (W, A/T; R,
A/G; and Y, C/T) motifs, as well as the Smu-SHM:s, in CD27* B
cells from CD40 ligand (CD40L)-, activation-induced cytidine
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deaminase (AID)-, and uracil-DNA glycosylase (UNG)-deficient
patients revealed the dependence of Smu-SHM on CD40L, AID,
UNG, and the mismatch repair system in human subjects.
Conclusion: CD40L-, AID-, UNG-, and mismatch repair
system—dependent Smu-SHMs and extension to the 5’ region of
Smu are necessary to accomplish effective CSR in human
subjects. (J Allergy Clin Immunol 2014;134:411-9.)

Key words: Activation-induced cytidine deaminase, somatic
hypermutation, antibody maturation, uracil-DNA glycosylase,
class-switch recombination, immunoglobulin switch region

Several single gene defects are known to cause immuanoglob-

“ulin class-switch recombination (CSR) defects, resulting in
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hyper-IgM syndromes. The affected patients have severely
impaired IgG, IgA, and IgE production but normal-to-high serum
IgM levels associated with recurrent bacterial infections. Of
these, 2 gene defects, namely CDA40 ligand (CD40L) deficiency
and CD40 deficiency, are associated with bacterial and opportu-
nistic infections and unfavorable prognosis. In contrast, patients
with B cell-intrinsic CSR defects, including activation-induced
cytidine deaminase (AID) deficiency' and uracil-DNA glycosy-
lase (UNG) deficiency,” have a milder clinical course, particularly
when treated with prophylactic immunoglobulin infusions, but
frequently have autoimmune diseases.”

CSR is the mechanism that induces functional diversity into
immunoglobulin molecules. The first step of CSR is the germline
transcription of and R-loop formation in the immunoglobulin
switch (S) region. In the second step DNA lesions and single-
strand DNA breaks are introduced. In the third step the single-
strand DNA break leads to double-strand DNA breaks through
mechanisms that are not yet fully understood. In the fourth step
double-strand DNA breaks are joined by nonhomologous end-
joining enzymes, most likely through alternative end-joining
using microhomology” and not homologous recombination.’

In the second step uracil is introduced through the deoxycy-
tidine deamination induced by AID and is then removed by base
excision repair molecules to form single-strand DNA breaks. This
process requires uracil DNA glycosylase (UNG) and
AP-endonuclease, as well as several mismatch repair (MMR)
proteins, including PMS2, MSH2, MSH6, and EXO1.° During
this process, a somatic hypermutation (SHM) is introduced into
the S region (S-SHM).®” This S-SHM is likely to be closely asso-
ciated with CSR but has not been well investigated, particularly in
human B cells.

An SHM is also introduced into the variable (V) region of the
immunoglobulin gene (V-SHM), which results in production of
high-affinity immunoglobulin.” Several molecules are known to
be used by both V-SHM and S-SHM, but the molecular mecha-
nisms are different and need to be clarified. In AID-deficient
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Abbreviations used
AID: Activation-induced cytidine deaminase
CD40L: CD40 ligand
CSR: Class-switch recombination
MMR: Mismatch repair
SHM: Somatic hypermutation
Smu: Switch region of IgM
UNG: Uracil-DNA glycosylase

human subjects and mice, the frequency of V-SHM is extremely
decreased."” In UNG deficiency the frequency of V-SHM is
normal, but the introduced DNA sequences are severely skewed.”
However, although data on S-SHM in dominant-negative AID
and UNG-deficient human B cells have been reported,'”’ no data
are available on purified B-cell populations. After CSR activation
in mice, an SHM has also been found in the S region not only near
the recombination site but also in the far upstream 5’ region of the
highly repetitive S-core region. S-SHMs are induced in vitro on
CSR activation in Smu regions, as well as in Sgamma, Salpha,
and Sepsilon regions, in mice.*""'

In this study we analyzed SHMs in the Smu region (Smu-SHM,
FFig 1) in purified human B cells. We found that an Smu-SHM can
be induced by CD40 and IL-4 stimulation, which vigorously
induces CSR in vitro. The Smu-SHM frequency was different
depending on the B-cell maturation stage and was defective in
cases of CD40L, AID, and UNG deficiency. The analysis of the
mutation pattern of the nucleotides suggests the involvement of

“a MMR in CSR.

METHODS

Patients and control subjects

Peripheral blood samples were obtained from 4 healthy adults between 32
and 36 years of age (C1-C4) and 3 age-matched healthy children (1, 8, and 11
years old [C5-C7]). P1 was a patient with newly diagnosed AlD deficiency
(homozygous nonsense mutation leading to W80X) with typical hyper-IgM
syndrome (IgM, 386 mg/dL; IgA, <6 mg/dL; and IgG, <10 mg/dL). The other
4 AID-deficient patients (P2-P5) and the 2 UNG-deficient patients (P6 and P7)
have been previously reported: P2 and P3 were P5 and P4, respectively, in the
study conducted by Revy et al '; P4 was the younger brother of P10 and PS5 was
P12 in the study conducted by Zhu et al ”; and P6 and P7 were P2 and P3 in the
study conducted by Imai et al.” P8 to P11 were CD40L~deficient patients. The
study was approved by the Institutional Review Board of the National Defense
Medical College. Informed consent from each participant or their parents was
obtained in accordance with the Declaration of Helsinki.

Detection of SHM in the Smu region of the

immunoglobulin gene

The genomic DNA from PBMCs was extracted by using the QlAamp DNA
Micro Kit (Qiagen, Hilden, Germany). The upstream flanking region to the
highly repetitive Smu core region was amplified with PfuTurbo DNA
polymerase (Stratagene, La Jolla, Calif) and the following primers (Fig 1):
Imu-15, 5'-AGATTCTGTTCCGAATCACCGATG-3’; and Smu-lAS,
5'-CCATCTGAGTCCATTTCTGA-3'. A 1128-bp fragment was sequenced
from position 12,880 to position 13,794 of NT_010168.8. Within this region,
the G/C content and the RGYW/WRCY (W, A/T; R, A/G; and Y, C/T) motifs
are equally distributed, as shown in Fig .

The GeneAmp PCR System 9700 (Applied Biosystems, Foster City, Calif)
was used for the PCR reaction by using the following temperature program: 40
cycles of 95°C for 30 seconds, 60°C for 30 seconds, and 72°C for 2 minutes.
After the PCR products were subcloned with the Topo TA cloning kit for
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Sequencing (Invitrogen, Carlsbad, Calif), the plasmid was extracted by using
Perfectprep Plasmid 96Vac Direct Bind (Eppendorf AG, Hamburg, Germany).
The sequencing reaction of the obtained plasmid was conducted by using the
BigDye Terminator VI.1 cycle sequencing kit (Applied Biosystems) and
analyzed with Genetic analyzer 3130XL (Applied Biosystems). More than 18
unique clones (20,304 bases) were analyzed for each control.

In vitro induction of SHM in Smu-SHM in control B

cells after CSR activation

PBMCs were separated by means of Ficoll-Hypaque density centrifugation
with Lymphoprep (Axis-Shied PoC) and were cultured at a final concentration
0f 2.0 % 10° cells per milliliter under standard conditions (37°C and 5% CO,)
in RPMI 1640 medium (Invitrogen) containing 10% heat-inactivated FCS
(Invitrogen), penicillin (100 U/mL), streptomycin (100 pg/mL; Cellgro, Man-
assas, Va), anti-CD40-stimulating mAb (anti-CD40 mAb; G28-5, | pg/mlL),
and recombinant IL-4 (100 U/mL; R&D Systems, Minneapolis, Minn). The
induction of AID expression was confirmed by means of relative quantifica-
tion with TagMan Gene Expression Assays (Applied Biosystems) with a
7300 Fast Real Time PCR System (Applied Biosystems, data not shown).
The genomic DNA from B cells was extracted, and the presence of
Smu-SHM was analyzed as described above.

In vivo detection of SHM in the switch region of IgM
in control subjects and CD40L-, AID-, and UNG-

deficient patients

B cells were purified from the peripheral blood of 4 control subjects (Cl1-
C4) by using the RosetteSep Human B Cell Enrichment Cocktail (StemCell
Technologies, Vancouver, British Columbia, Canada). The enriched B cells
(>90% purity) were stained with anti-IgM-phycoerythrin-Cy5 (BD Bio-
sciences, San Jose, Calif), anti-CD [9-allophycocyanin, anti-CD27-phycoer-
ythrin, and anti-IgD-fluorescein isothiocyanate (Beckman Coulter, Fullerton,
Calif), according to the manufacturer’s suggestions. The CD19" cells were
gated, and the IgD " [gM " CD27 ", gD " [gM " CD27 ", and 1gD " IgM ™ CD27"*
cells were sorted by using FACS Vantage (BD Biosciences). The mean purities
of these fractions were 95.6%, 86.9%, and 94.8%, respectively. Because of the
absence of class-switched B cells (IgD " IgM™CD27*CD19%) in immuno-
globulin CSR-deficient patients (P1-P11), we purified only the CD27* and
CD27" fractions from the B cells of these patients and their age-matched con-
trol subjects (C5-C7, >90% purity). The genomic DNA from the B cells was
extracted, and the presence of the switch region of IgM (Smu-SHM) was
analyzed, as described above.

RESULTS
In vitro induction of SHM in Smu-SHM in human
B cells following CSR activation

To examine whether Smu-SHMs are indeed linked to the
induction of CSR in human B cells, we stimulated the PBMCs of
control subjects (C1-C4) with anti-CD40 mAb and IL-4, which is
a combination that powerfully stimulates the induction of in vitro
CSR, but not V-SHM, ™" in human B cells. This stimulation, as
reported previously, induced AID expression, functional tran-
scripts of IgE (as determined by using RT-PCR), and IgE produc-
tion (as determined by using ELISA) in the supernatants of all
(C1-C4) human B-cell cultures (data not shown).

The unstimulated PBMCs presented very few Smu-SHMs
(0.006% = 0.004% bp, mean % SD; Fig 2, A). On CSR-inducing
anti-CD40 mAb and IL-4 stimulation, the Smu-SHM frequency
significantly increased (0.045% = 0.002% bp, P = .0361). The
induced Smu-SHMs were equally targeted to GC and AT (the
GC target was 47.4%). The transition type of the mutations was
increased at the G and C nucleotides (GC transition, 72.2%) but
was not altered at the A and T nucleotides (AT transition,
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FIG 1. Sequence region for the analysis of mutations in Smu-SHM. A, We amplified, subcloned, and
sequenced the 5’ region of the highly repetitive GC-rich region of the IgM gene {Smu core) using Pfu poly-
merase. B, Percentages of G and C nucleotides (G/C contents) are equally distributed throughout the
sequence region. G, Percentages of RGYW/WRCY motifs in each 100-bp fragment are not significantly
different throughout the sequence region. CHmu1-4, Exons of the constant region of IgM; Imu, enhancer
exon of the IgM gene; R, purines (A/G); W, A/T; Y, pyrimidines (C/T).

50.0%; Fig 2, B). In contrast, the VH-SHMs at the JH4-JHS region
were not changed because of stimulation (Fig 2, A). These results
indicate that Smu-SHMs can be induced in vitro by means of CSR
activation.

In vivo induction of Smu-SHM in human B cells

We separated human B cells into 3 subpopulations (naive B
cells, unswitched memory B cells, and switched memory B cells)
using fluorescence-activated cell sorting based on the expression
of IgM, IgD, CD27, and CDI19'"" from the PBMCs of healthy
adults (n = 4; Fig 3, A). We purified the genomic DNA from
each purified B-cell subpopulation and amplified the Smu region
(5' to the Smu core region containing repetitive sequences) with
the high-fidelity Pfu DNA polymerase and Smu-specific primers
(Fig 1, A).

We found that the frequency of Smu-SHMs in the
IgD IgM~CD27" switched memory B cells was 20-fold higher
(0.21% + 0.014% bp) than that found in the IgD "IgM*CD27~
naive B cells (0.008% = 0.003% bp, P <.001). The frequency
of Smu-SHMs in the IgD IgM™CD27* unswitched memory B
cells (0.13% = 0.023% bp) was also significantly higher than
that found in naive B cells (P < .001) and significantly lower
than that found in switched memory B cells (P <.001; Fig 3, B).
The mutations were mainly point mutations (Fig 3, C), but
some small deletions were also observed in each fraction (Table ).

I

Distribution of Smu-SHMs within the 5’ upstream
region of Smu core

We then compared the frequency of SHMs among the 1- to 400-
bp, 401- to 800-bp, and 801- to 1128-bp regions of the 5" upstream
region of the Smu core region.
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In all 5" regions (1-400 bp, 401-800 bp, and 801-1128 bp), the
switched memory B-cell subpopulation exhibited a significantly
higher frequency of SHMs than the unswitched memory and
naive B cells (Fig 4).

In the 1- to 400-bp region (Fig 4, A), which is the most distant
from the Smu core region, the SHM frequencies found in the un-
switched memory and naive B cells were not significantly
different. However, the switched memory B cells (0.15% =
0.05% bp) presented a higher frequency of SHMs than the
unswitched memory B cells (0.06% = 0.04% bp, P <.05) and
naive B cells (0.00% = 0.00% bp, P <.001).

In the 401- to 800-bp region (Fig 4, B) the switched memory B
cells (0.19% = 0.02% bp) exhibited a significantly higher fre-
quency of SHMs than the unswitched memory B cells
0.07% = 0.03% bp, P <.001) and naive B cells (0.01% =
0.01% bp), and the unswitched memory B cells presented a higher
frequency of SHMs than the naive B cells (P <.01).

In the 801- to 1128-bp region (Fig 4, C), which is the closest to
the Smu core region, both switched (0.29% = 0.02% bp) and
unswitched (0.27% = 0.05% bp) memory B-cell subpopulations
exhibited significantly higher SHM frequencies than naive B cells
(0.02% = 0.02% bp, P <.001). The SHM frequencies obtained for
the switched and unswitched memory B cells were not signifi-
cantly different.

These differences were independent of the distributions of G
and C nucleotides (Fig 1, B) and WRCY/RGYW motifs (Fig I, C)
because these motifs are equally distributed in these regions.

Sequence analysis of Smu-SHMs in memory B cells
The Smu region analyzed in this study (1128 bp) contains 40
WRCY motifs (160 bp, 14.2% of the length of the Smu region)



