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L& 2 A, MEOKIEIZIE, ERIT < THERMEICRIE & WV O RENKIEICAT
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ﬁ>Tf®$%kaW%Hk LR OAE LSRR ERE LTHEEL, &L
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H72 7 — 2 DA FRETH D,

1) MR OFRESR
AN S ORI, R HIk O /N A b G B I 70 E SBLEL S AT RE
0. BRAEMNR b E KL TW5, Bl 2 @M TOMmETIE, 1981-1983 4
DN 5.7%IZx%E LT 1993-1995 4F1T 7.7% L A EREME R LT\ b, —F., AR
Eﬁﬁ\iﬁéﬁﬁfw—°’ié%%ﬁf®$@ﬁ§®ﬁ%ﬂﬁ%éhfw
FORERE LD & MEOFERIZ, 1960 FRIEL 1~1.2%. 1970 FRBF0 5
1%0$ﬁﬁ¥@kﬂ%kﬁofk@J%&$®ﬁﬂ%%&m@%ﬁ%ﬁﬁ&M%
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M TITo T ERICHT DT U — FRENDHIER 4.14% 0315510, EEORER
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b, LT, BlziX, EEREE U THBOMA, BERE, SR & EE
DEME, Ny FOFMEEEE, REROBEE, HHEMSS MR E . FiREE LT
M ESLT LIV —REBOF R 2 Gk — L8R E WA 21T L,
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B ELOEEROHE L LT JGL2012 Z fHWAHIZH -0 | b EIEE o /EER O FRAE A
EDHT-DIZ, L ITHRAMEIZOWTEFDONEDOE S &2 EiT 5,

1)

FEAEHIREE S UL, W EOZWHI RS Th 275, FEFEAERECMh 0 R
R, L <ITEMERHZEMNIR B (COPD) #A&0FT 258101%. 2B K72
ZEbLd Db,

s B O HERE L, AT STV, JGL2012 @ [ AN B TD
ZWro %) 1%, hr~ofEgtE LCificaAThHD (F2),

72 BRAMETOZEHORARE (1)
1. REMOEREREE, e, % (EE, FEicHBE LS

T
D
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Yol oxtd A KOE R GO TLE
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4. T hE—FEH : BET LAAF T 5 1eEHEO ETE
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i, 7 VA FEOIEH, FEXPNORE LR

6. ERIZETREORS R OLRRERIC L SRy

-20 -



ZOXRDOHEHE 1, 2, 5 Zilid T IULmE DB V8 < TR S, F T FERAERE
DA T1HE (FEV) t™—72 71— (PEF; peak expiratory flow) 723IE# T
AP SGEPAZEDS R CTE 72 WEEIE, 1, 3. 5 e L Chazlia X5 L%
2 HiLD, 7272 LKGBEMBIERERDY . WE THISN 2 SBBE L ITR b 22 & &
T EZDMEE TH TELHMETILIRWVWAT, S OICHIOIEEZRT 5 Rz 5%
LTW5h,

a) JER (Z20HHE1)

BRI & Ly Wi, B2, PERINEE (E8)40) . Hiw L = (chest tightness) |
R ENHBEND, o, LIZLIEAEZK, RlakEk, fEST ME—MHEEX
DEPEZ I+ D, Wi B OFEREHERITIIFAEEDOTE R A A B, KRS BT h
JTHIT L Z LR,

b) PFERMERERRA (K20HEHE 2 & 3)
ANRA B AN —IZX D1 WE, ZHEMIEE (FVC; forced vital capacity) .
7r—RY 2—2 (FV; flow-volume) HIERBAH TH 5,
1) AL A ) R
1 BEIX, KEAZELZTHMET S5 — /L FRAZ X — RTHY ., FV I, R
HREDOREZHEET HSRWEIE LS 05, £/ PEFIX, 1 BEE & HIZEGEN
EremiT 22N TE, WEOAFEHRIIAMNTH D,
1) OB T
OB OWBEMEDFHIICIE, TEF ALY REOFEERDOA YAV L HD
WEE AKX W o T RGEIGIESRIC & 2 50 IBEERER 2 1T 5. 7RI,
SOENAEEOWANIZ LY | 1 EOIK T 2R & T 21L& RO |
AEERELTHT AN 7 7EPRHAVLRTWD, FEETIE. 1 HED 20%
VL EOARF 2 - 5GBSR D e AR EE (BAfE) 7>, BOSHIFE S 1 B &4 20%
KNS HEDIETH D PC20 & RO TRHM¥ 5, Wi BB Tl GE BB R <
I VIKIBREORE., H25 WX PC20 2R Z &1272 5, FRITHED BCHdm D A %
F#F & 7% cough variant asthma < chest pain variant asthma OZKTIZIE,
VIHDRETH 5,

c) TOfoOmENR (R20DHEHE4, 5, 6)
i) 7 hE—FERK
7 b eI, miER IgEEO EAAA S, RRHIHURRER IgE fiik
LG TH D, FURKFRR IgE Huikix, EROGHRER (7Y v 77 A KN
T AR E) H, MmiEKGSRER (RAST; radioallergosorbent test <> CAP 14,
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MAST 572 E) Ik v ans, EZTE@%“G&?L&J’E‘&FE%Q%%VEM“@\%753‘
BT, KV fERMmEEZ AR ENFENAHERICH D, MZIcB W TIL,
T LX —RBOFIEECEELIE, ATEREE & L CHEFRE. KA%HE%@
W2 SEINEREE (ZE9H. bR, I —Sy b BEAER MV SH Y0 7 ),
Ny NOFAE, BELBGRERENEETH L, KbHEEOEWIURIZ, %
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HPRTF VU # = (house dust mite) T 5, £ MM B8O 5551
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d) R E ORI
WA O R EIRD DT IRNT, ERIBM 2 T80 ZENHEETHD (F3),

# 3 ERHIT~ZHEE (JAGL2013)

1. ESEAES : WREHs:. MREEE 2. vocal cord dysfunction (VCD)

2, PHAEES  SERES. JERY. AERLE. AETHEE.
Hiaq F—L A

3. AEX~MREEOES : COPD, UFAMAMAREL L. M
fiE. B ETER 2

4 @EWRBES: S5-I OFL. MmeERE

5. PuxATULUERBEFBERGCLEOEMIC LS
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50 4 O
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Tebb, JGL2012 & & LT, £ TR EICH EOTIEL 2 HE L (R4,
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i AR
SEARE RN, | e
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EEAFEEDBE
WMME L Aic 2 @M AzELE 1 ELE L L
PEF S5FEV:, %PEF | B0kl E Bodskl E c0MgL! Faodsshd | s0%skE
FEV:™ TH 209G 20~30% WHKEML S MWHEEL D

M wFhe SFESShNEFTOERER ST S,
22 EFFcOPEEEEMCEUNRATEERE & ITET SWE S S, IF00MEEE 2 N IO E R
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FH.TReT7T T AOEWEE T, HYEN CS RO (flz X7 F=)
ZELTHE,30mg # BLIZHETAHIRL T2 T 5L 58T 52 & HHESE
ST,

ii)

-25-



=8 WmMEREORE BT ERDIFIEEBEATVT
REE" WRTS
Recgmy | FRREM [ ST
PEF | Sp0: | Pal: | Paco. | BfEE@AF .7
WE/ |BCEELuv|EsE
BE Ly (W EF LY BO% | 96% | . |45mmHg| RYEERAF S
HE  |EFLwF A Bk BE S 1
(VR (Mo h S
ik i;;:?“ E’g” ?if B0~ | 91~ |&0mmHg|45mmHg | RfEREAT o7
(hS21%) . 2V mow | esw & M 2
TS
EE O|®LLT  |HESEE | 60% | 90% |60mmHg|45mmHg | RAeEERAF 0T
(KEfE) |(®iday | SIEEE #=H | LT LIF LIE 3
WRME | SETE
o ;;,;;E igﬂﬁ aE | 90% |6OmmHg|45mmHe | REEEAF T
o TE | MTF BT Bk 4
HeI
AR RRRESROMEE ST T A,
o) BEEEG T CRERORETHE TS (RORELEESERL T3). RE s RABEOERYEE

TEREURERENMEVES R LS,

FEARMICIE, @ OBEICHTHEETORREZ L THRIENIE LRV E
X, EEEEEZZ L. Lo LFEMITHIMED EWIREZ 1T L2 T X
BN E W) R A BEICR D Lo EET 5,

[RAIEICK T 2FETORNE, ETHRIEOBMIZHET L2 L0DIFED F
T # L THRICRNAVUTRE OFRIET, FIREDLS LIZW A B, HIHIED
AN DUVIRE D DOFEILD EZER LT FSW, BZE LT, WAT 1 EET
15~20 53\ Z B 2 Jik U722 BR 0 fikee  # 1 3E1E 80 701212 1 BN Al | Tf
ZTNTHIRE L Z2WNE ECHONCEAT S L XTI 1K ZEDb BT, %3
ﬁ‘é*k%i@‘%ﬂéf)biﬁ‘ F 72 L TRIC v 7o Vs f”’?a%@%ﬁiﬁm&
DIAETIX, T2 BICRESIEREEZIRA L T2 LT RS, FEETHR

ﬁmﬁﬁf%lhfﬂ%éﬁA BHEWMAAT B A RECREORT 1A N3
KGR S5 SN TWAEEICIE, FETROAT oA REE2 FIREOFRRICHE

WAIRL ., B Ex%mxtTéb\ka\oWﬁﬂ}%%Lﬂ?&%Té Ll b,

COXOBNREOBETIREST 7200 TR, il LfTEEEE (77 v
a7 Ty) BERLFETZ &L, JGL2012 OFFETOXMNINEFITT D I 2
THRETHD,

BEOZDHR, TOTVRELEAT D ETEERONEREE COXIRT, 3
TEREAT v 77 LTCRRIBRLTWA (£ 9), &ICHEE LY bHEIED EE (G
f@ﬁﬁ%@%f&w)%ﬁﬁ-xv—ymyv—(iﬁﬁi\Wﬁ@m)
YT 25E 1, BaBR. AR O & 2 bt d 2 WIZBEN TORmE

-26 -



DOEEENME L I D, £ L CHYRIBEOFATITIR, K BH DOEROIRFENE,
FEAERFIZHEIT9 D IRIENECIB I Y 72 > COIEE M EFL L2 — ROfE
R ERTHLEEZOND, DT—RIZEENIRAREE L TUL, LT
DI HELE S D RAIERFOMISITIN 2 T, M B ORIERH, 1R, ARt
i, 72 Ul BOFE, FEHT VLR —DOFELRETH D,

F9  WESIEOMEIZHE LEEE (A

F-i EEHfmE], SEsEAfk ICURHE"
: = AAIREW A, A o o)
ki 5474 1) XIEH
AHIBES T 5 A H—RAREY R R
FLSD 1 ViR -1 BETERUEETLIRE
atamas o |20 01 G bR ~2~4ﬂ#lﬂ?ﬁﬁs$+ﬂ}lﬁm

EEEL (RH=—LEET ~ 20 | - 1 ~2ERTREEE L
FEZEIA0ART FLFUS) BETFEY | AREM  SERAERE L TEMRS

=R 1 ATy 7T 3thR
T2/ 21 VR HT HaNE
Z70O4 FRESERTRES 1 BEMEIPY I R o b A R

S{EEM -7 o 73 | EFREA (PaD: BOmmHeRTE € BEC) | Bk B R o im -~
FRZW0NRT FLFUIHTFRES
B S TS A g i

s HsIC AR ICUEHE
EA, R L T
BEFEIR A (Z 6 b & TPa0: S0mmHg
HFEEtE-tBBEE #5280
FPal0:D LR

A THEY, WIS

SENE (LY ILT - EFFNT -
TNl La)aER

EFEMZT T 4

b) WART oA REDZEME

ORETIE, BIBEEAT oA FHE (CS) 1MV E L CALEM T B, WA
FIZHOWNWTH ZIVE TORMGEA, FEA & BE O IR Ko Tnd, 772
bbb, CSIE, FFRAOIIEH N2 OB THEH I, WAWAZREIERN
HET 22 LD RIS KEMHNEE VNI FREENESE L TLE- TN D, HHE
DOIRFETHEAINDOWART a1 R (ICS) X, CS O Tidfktkics g L7-Al
ETH DD, T TIZ 20 FLL RITHT2 0 g EOTEEICHW BV, £ OR & 22ttt
DHMEEDOIRFICEMEZEZ LI e - Thils Ty (X 12), MEIE, KE
DRIEZFFH L T HEMERETHY . ICS ZEWICKEGT 5 Z ENBRROIEAR L
RAHBFERTH D, BIERHICOWTH Lo ifsEsi, ICS o A& TiX, CS D
BH G TH LN EIBREOIS], BHERE, R, HILHEEE, REAR4E,
HENEHILAE e EixA T, FRBEINT/NEORERE, BIEOFE D3
AL RGE BRI~ ORERE B B 5T ey, JGL2012 THEE I LT 5
FHECTHLIRY . WEEHO N > PHRESCHEF DN RRIER T, EERb DX
FHILTUNRUY,

-27-



E12 WMAAT oA FEIZHOWT

ERBATF0AMFE BAATOA FR

E% lﬂmmﬂﬁim!

N

\ | II‘HEFH :
\ TIBHFER (Fhth,

51 i
28IZ{ER
BIfEM :

WEENDS, fEL -
3. amlTE (EM.
AEHRER)

OEeh 5 5E)

EFEEfERANEH, ERBCHAITRECRFERRZEEASRSH
L, BAROATOLS FRAERE, #O0FICHVBLTI/1000THS.
FFRI-E LT In:EES ke Eh s,

EFRBEfEAL LT, EE, BEHEOREE. OEOH Y SFETELNHD
HAIHNIZE2TE L DBENHTS.

PMROFFIZEVWTH, RUIOENERCERECTYLORT (4R)
EE:HL,

A
1) Wi B ORRKRIZEET 5 5E0E

DRETONEOIREHAE L LT, EEMICIEOERERZHW-ERHEIC XL
L FIRA N, 2000 4 (AIRJ2000) & 2005 4 (AIRJ2005) (2%t S 7,
ZOFERIZL D &L BRAICEBIT 5 ICS O B X, 2000 4£1% 12%., 2005 4F
1% 18% T, Z4LiX 2000 F-DE[E (27%) . 4T & (26%), AU =—F  (35%)
EHRTWTNHIRETH 72 (X13),

({13 W ART 0 A FIEDMEHEE

% N %) IMNR
45 45
40 40
KLY S 35% 35
0 30
2Th
25| 20 25
20 18% 20
155 1o 15
10k 10
51 5
200 2006 UK Folland Sweden  © 2000 2006 UK  Holland Sweden
H#% B*

B WED : FLL¥— 002:51:411-420 (s

-08 -



T7ebb, ICS ZH —RYGEL L THEIR L TV AMEIRIEO T A R7 4 VN
FCFAT SN TWRWNWT L Z2RBT AR CThoTo, Eio/hdCid— B
EThHZ LbrRalc, SHICHER IS Z LIk, ICS Offi FAEEE A 2000 4
25 2005 FIZHNT T 6%HM L7 fb R, REIsE, TiEsh<iz. KRE - XD
W%%ﬁﬁf’ﬁ&t&ﬂ1@ WAAT A RERWDZ L ORI EEZERL
TEY ., JGL2012 2> 7= ICS IZ X 2 EMIEHOAIMEE R FREL T 5,

é%_WMREWO®%%ﬂ%\%%@EE%@%@@?%LTE@%MTV
HE—7 T7a—A—2OFERN, HAL FEELS, B 1R E#EHLTWSAk
NBENDT) 6%ImE 202 &ﬂ%%#&@oﬁ(.S)‘f@b%\”E
DOIRBEZ BB T 57012, K0 fEER FIEEE 25 2 & OMEENR
S,

A
X14 FL 14RO
ABe, BEWEHE, TENTDZ, K8 - KEOBRBRE

AIRJ2000
—_ WAIRJ2006

F<0. 06

36%

oo ik

A HRan ’FEHE# R -
AIRJZO0S OB IBIRAIR2000 & DRE W ROEE X WL THBL - Ml

p0. 0001

s§§§|§§§

i) DX

Wi S IE DR AT % B D LW B SED 90%T < A 65 mlh EOEiE Th D 2
ERRBNERSoTND (K2), ZOFRENL, JGL2012 ZHTT LHICHT
D ~OxEE EICERT DI ENRRETH D,

A ClE, BEE THIIL COPD 24 0F L TWD Z &M TikZe <, Wik
COPD #—"\—7 v it (asthma-COPD overlap syndrome, ACOS) & I
N TW5,Z L TACOS Tl M E & & HICCOPDIZxT HIRE L EET 5,
ﬁiﬁ I 2 TIL ICS OZRENREIZ L vl s d Z & 29252, COPD

ITBFIZB W T 6 EET%U INETOEZARBOEITEZIEIT 5
% DHEE VS THIME TRV, LR TEMOIITR—BEHEEL 2D,
-29.



HMRE T, Pia ) A ETEOKE ZILEROM 2y COPD d %
PHEHREEICAN TH 5, FIERFZITE 3 ORI XEZWc—EOER Z A
W, FREEEICMA TINOORBZFE L TV DL AL H L Z L2 5T
ICXIRT D Z BB LD, I 6T, KOS MO IR X v &1k
THDT, ZORIZONWTHIEBENLETH D, WEILE aEkIZI VT,
WS EIRE O EBA~ORIS 2 WYNAT R 2 D X HICT 20BN EERRELE L
THEMTOND EEZ LD,

i) JGL2012 O K& & FEATICRET 2 3K

JGL2012 DE R Z#WIFHZ & LT, WA RTA UPEMET DT Enzsls
BNTWVWD, £2~9ICFLOOLNT-NELEZRICEE L CHEORK THIT
THOIX, FEEMEICRS T EXAEMETHTHLRETHLEBZZHND,
Fio, ICS AL L THWL RMIEHAFATT 51213, £ T MmEDOREIC
FEHWEHEZVE LT HKREORERENEE KB ZEH L TWD I L OREEY
R, RIEIZXF L TICS B b AZI T, Lo ICS IZRAFIT O DRI 72 R
FOFRER., BEMEPBD TEWI EOBEEINDH I ENNEATHDHEEZD
s,

Lo T, BefEioORIKIZIT. WMEOHMEZIRO DBHM. A RTA4
DFEITEFREICT D71 77 A IRERE L TREEOREZZEBINIC
IOFEEICRl T 572D D F k7R EOBEEN TRMNELEZ HRD,

-30 -






A VB2 3 O S AE - T E RO I TIC BT B 158

P2 7THE3H3 1 H

et AT RAUEREIETTT Rl — 1 — 1
LA TBGE N E LR A

HHUH

K% KHE @

MAATEBEEN  BRETAE R




AR %Em% ZROS=NLATYEIR

NEXmEEROS N LTV I ZERT=F DI T1V—T 1R

FEF. FEHIFEEREH BRI ZMRERPE CHARSEYREZSEDI N AT vEY ER D —F 00 )L—T (BFB8HR)
PMERUTEDDETTIC. ZDRETISNEHRE T - HARSA>201 27 UILF—BREHARSA2201 3 (—REEEABZRY
UILF—2210) ORNBERFEZ CHIRLIES Y AT YEY R T,

[
SZ2WTIE OFREEOMEIR R EE, HE, %, WEUSEEDIEIRDRE. @B mt DS RHEIBR. @D IDEEFRE DR

HMC KD BEDHMBNRRZER. MSARERCIDIERDILEIFZIDESE(CE D, RIS PIFIRR#ZERH T, 52
WiCER T 255 SBEHMEBRZMFE T DD\ IRARXT OA NE® BRI HEIC K DAENZMZEER T .

®R1. RARBEZHOER

—RREHE 5P

52 | WE. FHICHIRELP T,

1. AFIEOIFIRER. IS, XORE B85 RIS (. TSRS CIEE R L T L,

2. AEEDSTTHIR 52 | AEREIZ (F S AT RIEDRIE SUBEANE AR

3. FEERDHthDIDFHRRIC R 57EL) (FR3) LA % -7

52 | EEh JBIA VAR, PUILT VIRE. ]RE1L. BRI

Clas -] 4SO BRI LR B CRERAERE NS,

5. 7hE—FHA MR ENIgET A BOBFZYRZ B R Ity
6. SUBRIEDTFE IR HAREZ AR I A MIR R CH (T DIFERERIES R -B{tZREEAE

1. 2. 3NRIREEHT EEE CH Do 4.5.6l&MDPIREEDITREEZHIZES R I Do

D wEsoes)

RSEFRIE C. BERZH I 55, COPDOHFREZZEICH< COPDTIE MESILRIEMAZLD 1 WEA70%
it B EFRECT TR, FLAIREIR NS EDFRZ:R8 D, B2l A SH G FPIENEN T D,

REDRICH T DR TDRONEWVEEF RSDERZZIRI(C, WECT . DFEEESHI. ks EFIETPERR
MRFIENDIBN ZE R Do

F2. COPDEDERDKRL VS *3. ELERITNEHRE
COPD ImE 1. FRBERE | MREEX. MEEBEX. vocal cord dysfunction (VCD)
) _ 2. PIRSBER | [IENER. UEEY. [ERLIE. [EE%. UL
[B2(EFE |F(F2H)HBD oHD% JAR— R
o » 3. [EZ~MEEEDEKRE | COPD. UFAMENMSES N, FfRHEE.
A0FRFEDES b %W\ BRI
-~y 4. BIRBEE | DoMEDAE. FlieEIEE
IR R TR | o = rpmirs B. PYIATYY VB RBFRAEREE DEYIC L D%
6. Tt : BRI KEHHRRIBAEIR  BIRSTAEIREE O MEIZIR
HTREDKAY . HEE 2y %) 7. 7 UIF—MEREEESR | 7 UL F—MEREZ M AN)LF)VAEE.
SFERERIE R IMBEN MBI (Churg-StraussiE(REs) | IFERERIE
TEIRDZE) AIEN e sk

COPDEHEN Iyt X (HARCOPDM RHEESHE) LW E




3. EHEECsIIEYEETSY

OIBETRRRDITIREREZ IER(EL. QOLZ i EL. @B AEZDSHEVEBEEZEN S EDRRDBEIR Chd. KH
(CRERBU. EUET VUV IDHDBE Tl HIMEREF I EREX CHEULEELD T BCRRIEICE DV THET B,
JVO—)VRRRFRAICE DV THIRTT 20\ SR EAM BoRHE (SABA) DE AR DRBEZHEE CH .

EYaEZ  REDADDBEATVICHT . KaERE (R6) (FJERDNE 1 BHHDEDH THREAT VI
E2(ERTGERIERA S NIFEERAT v I3, EHI0aE FCTHEBRU COWNIEERAT Y T4ET D AaRADEE
(FRAZSZE(CTV/NO—)VRIFZBHEL. JVPO— LA T THNL REZEE(SEEDAT Y I v I 2T,

]/4. a7 bO—IVIREOFFT

(3 DR ) AP L 2o s
IR ERER (BRSKURR) U pEIE
RIEGBEEDER U BB E
EE)ZE SUIEENTHIR U fi1s) IhO—)LA+523D
— - ~ p—— EEHN3DOLENTIEFED
FRORKSEE (FEV1 8 & UPEF) TERSHEEPY e
PEFOH (B) WZE) 20%TE 20%LLE
1= 240 FEC1ELLE BIC1EL L
*EEN BB BN OEE DS UL TH VNI~ LR B ETHET 3.
K5. BEABRATY T
ABERATYT1 RBEATY T2 ABERTYI3 ABERATvI4
DR AR5 O R IEAZ T O R A5 O R IR A2 5 O Re
(EA2) (E~AZE) (h~5HE) (5A2)
IRPMERATERVEE | LRTRHREACUT | LRCFROVTFNLE | LEC Fen@Esea
LIFOWSNHERLD DVTNH B 15, 3 = H R
LTRA LABA LABA LABA
T A T AUV IRBEE] (e &I DERR) (Ao &I DEERR) (EE&EIDfFERR)
. % GERDFHCHNERELL) | LTRA LTRA LTRA
%ﬂi ;g T A T REE T A T RIEE T A T REE
& FEDIRTCTHERRRD
= BAFTFEOVTNHLBDLE
WAEEN
FlgEFIA
RBOXTOARE
e LTRALISA®D LTRALISA®D LTRALIA®D LTRALIA®D
A U+ —F 7L F—% 7L+ —F MU+ —
(T IR ASABA R ASABA R ASABA IR ASABA
LTRA : O+ O hU TVBEARENSE. LABA | RERIERAoRIEE. SABA @ EESRS(ERMM SRl
+®6. RKABBEEDEREBAREBDABEATYT
BEAFY T BEATY T2 BEATYT3 BEAFV T4
(BERIRENES) (BRERHREMES) (FERER RS (EFERHRENES)
— T— 56
WS BE 0 se BRTCY
WRRIAER B2E*E B2ELL B1ELLE LizLI
BS4EEONISF 200 B1ELE 1B E B




K7. BAZRTOARE. BART O RE/RISEIERAELFARRSHDBRA T THIHRE

HRLZ BEATYI1~2 ABEATYI3 ABBEATYI4
ERE 22): =HE

F+2)0—)L® TILIARCTT7ZY—)b. #AILNZXO,

TIVIARCOSTARI®, T)FARCTFAZXHRE, 100~200ug/H 200~400ug/H 400~800ug/H

PARRYIAOYAZNG—®

JUL=O—R®H—Ean(5—C®

200~400ug/H

400~800ug/H

800~ 1600ug/H

JOULSO—RPIR AR 0.5mg/H 1.0mg/H 2.0mg/H
PRIF®F(ZHZ8(1RALE/H) 100742 N % 250542 N2 500742 N2
A e I CY R SN 1A 2E/E SR A2E/H ARA2E/E
PRIF®T7—)L (2IRALE/H) 50T7Y—Il 125 T7Y— )b 250 T7V— )b

e 50T7V—)l 125T7V— )b 125T7Y— )L
2t Ze i SIRA2E/H SIRA2E/E ARA2E/H

. 100TUT%

7® 1| ® | |
LILARF® TUT4® (10RA 1 B/E) 100TUT% Bt A 200TUT%

ORHIEESE (OhO—-5—) OEFERICETHETR

ORARTOARE(ICS) : RENRIEMNIERE CTH D, BERIL. O - IWEEHV IS, BREEETESMORIE
RIFAEV EREAICHE LR, IGRREDITIREERIEDIREZ _ETFHFHUFTEN . BRI (RARI L
LIic&ETD) hSJRARKUL (RAFRIRAULIEETD) FTWMAL K1 OMBERISAZL CToo<bItEH T, T/
ABICMADBEDEYEEDRIITHEB TS (IR | TILFARCOYTARI®-FTAANAC. PRI T«
AAA® R UL TR Y AETD =R P XX R I A® UILARTFOTUTE® /1po< DR 1 F /X
—)LOFIVRZAO®, TIVIARC TPV —)L PRIFC TPV =)L TILT A4 T4 —1®),

@ REFEMERAMB2RIMEE (LABA) | IRAZ BN EOEDDD M FICSEHAT D (BIRERIFER) . ICSIC
LABAZ RS HLHEIRNIFTOND.

@RART O RE/RIFEERMRA B2RIBEASH | ICSELABAZERICIRA T DRDDEMENEL. 7RE
TSV R%ZE LS B CTLABADSERFEAZEL<,

@O/ IV ZEEENRE (LTRA) : [RESRFACTIEFRZR L. ICSICHAT D EBMEDEWL. 7L
ILF—EXEGHRR EHFARR. 7 AUV RREREDEECBVLTERTH D,

®OF F T UVFRHEEA | KESHLKRIEAZE T D, ICSEDHATHENRNGSN D, BIEAPERIRS (hE)7Z
@9 5(C(&100mgie’z 2~3El/ B THRIBL. IR THESRREZER LOBHAE CHoH200megZz2El/BHE
TIBET %, EIEAITIE BPIELAERD _LES5(C500~600mg/BENE 100mgEfi (H2~3) THETES (L
IS LDFEZEREE T DHENDD) . MTRERFS~15ue/MLYBER CH DN, BEICLOTITBEIEFMANE
ETH. ZNU T CHORFERDELUSDTENHEHDTA00mMe/HOFR CMHFREDE=ZSY IV IZT 5.

®RIgEHF (FYUXT D) : SAEBICSEEHDIESIREDHAB T CHIVM—/LAT) THINEIgEEN
30~1.500 IU/mL BEHERATRED RSN CVDIHEICIRET D, 160 TENT DESND. 4D BRER
SRISHRAEZITD.

4 iz (seE) BOWR (BA)

FIFREZFIRRHEAERD SHEL CEHEARZRIET o BIREICTEN TONIRNFEE BUITHE
([CIFENIEVD B TEIREIF O FEIE SITPREN R BLORFENE. T 7/ — . BRES. RIRELLZ5RH D15
BIREFERET D,

REELEDFEED IRABRIHEICKDMEEICRIDHZULWEE. THEDICSPEOXT O~
HZEAUTVDIES. BEDEIEL BE 1 FEICAR. MREREZNGOITEMNTIE BESICESMERATOA
FEZRE5T D, Al PERGEZET HEHMUCHEF BRE<EFIERNDREZFET D,



R8. HBRAEDEEICHILLILERDRA Vb

FERE | FIRES EifE Sp02 A BEAER. AR, ICUZE
IHE/ | &<EELL R BeRlgEEIR A B ") .
BELL | B<e=ln | BEBR | oy | S50 smER S
BqE | ZLLN BoTIEIR A B _—
R | mlomng | CPEE 75 T4 B BEaRE
BeflEER IS AT — IR ARED HENE
e | E=LCT DR 0.1%PRLFU GRZZV®) FRED R CIERDME T NERE
@BE) | o | D230T | 91| PR/ - 2~ AR CRIGA TS
- AR S 27 OAREERE) -~ 2R T RIGEL
95% | mEBS ABAE—BEREERAEN
0.1%FRLFU (m‘x@)sy@) FTRED
= | = s o | PO HESE
o | B, | Z0NE | SR | 2rorrEmmmRE B EPICRRVETUE ABEAR
MERS L TNEBEERDBEN
BoRlEER ISP — IR A KRED
P ARG
DRSS %MEE o0, | TER WIRERER(L TiEE”
B8 | FP/U | am e | o | ALFRD B5ICAR. ICUSE
IR S [EX
i LERBEERE

1) BeRIEEEPMDI 1~2/(7, 200 B E20RED].

2) BeRIHER T SAT—IRA | 20~300BEICRET Do JrtiAZ 1 30/ DU TICHRDKIICEZSI—T D,

3)0.1%7RUFUY GRRZ2®) : 0.1~0.3mLEZ FE5120~309 R CRET. itifld 1 30/9LUFICEEH D, BIMEDERE. PR (RIS
B (B) RNEETT] | FRRBRFERE T UEAE CIIER. SIMEDFE FCIEMAE DENE =Y —DWE,

AT =/ T4UrBme/kgEFERFRE200~250mLZ R, 1/287% 1 5OBIRE. RBZ450EREETHRSL. hEER BB HEX. 8
BRSNS E) DHRIRTHLE, RIERIICT Z TAUVEDNTDICRESNTVDHBEIF. 7S/ T U0 2+ BB UEFZNUTITHE T D, BE
TA T4V VBRFBE TR RO MAREZ AITE .

B) AFOAREFE | ERFOJLFV2200~500me AFILTURZYOVA0~125me. THF I XTIV HBHWNENY X5 A~8mee s s
o LBMZICIHU T EROILF Y 100~200mMgRIcEXAFILTIUR =V 40~80mgZz4~BIEC LS. HDVETHFI ATV HDWIE
NEIATVIVA~8megZe BB EICRUBRE. Fcld TR =Y 020.5me/kg/B. 20,

B) P/ T4V FRE | 81 DDsUEICH<FHERREE 7=/ T4U>250mg (1) Z25~785 (34£Z0.6~0.8mg/ke/F) TrUEL. M4
TAUVBED10~20ue/mL (TR URARBRDENZ1ZDICE15~20us/mL) [CED KD REZE S —UhEEROEIRTHIE,

7) FEE ATIFREBEDREFRICBRIED T FRWBELL TPrOZFEVEEMSNIFPIEER CTITONS T EAERLL.

PAEUVIRRDEE. 40~60%EHOEAN CI/N\ITBI AT )VE (I VVe V)L O—=FT T V)b
ARO—ILO KBETURZVORE) TRIEFHRDEBRAHDcH. U VBRI AT )VE (J\(~OJ—~2e U
OV FTAHROVCREE) ZERAT D, VBRI AT IV THOTH. 20REFHE CIERINDICLDFEIEAF
DEEEMD B D, FEIRSEP. P AEU VKRR OERONTHADESEF 1 BEEEN T TRERS T 2.

. SEE~OBNEZET BRM

OBBAT VI3 CTRIFFEEN CTE T aEAT v IAICEE I D55,
2. BORTOAREPSHEDRART O NREORKRSHNEFISE,.
3. RORTOANESHEEPRSZF (20U EMEET DB,
4 JERDMERAR) CIEL BRI R DR EE T OB BB ER. B CTEE N B HZ S
5. REFEHHE (Bl BISIEX. SRU—T FUILF—MRQESA 7 AN)VF)UALE. COPDEH. DEEZH
BIREIEE) P URHERRA (BEmS. P AEUVIRR BB UILF—14E) ZH T 255,

TH2eFERESBRIFHAERGE RETUVILF—REETH ARARER
TUIF—REDFENEZBIELCECEESKUERRIENEICE T 2/aEHIROEILICRE T R
MAREKE KB £ (ErRREERRERRR)

BAREXZREEZEDI Y LIV EYRAERT—FJTI—T (5rE- 5H0s)

B xH 2 B I @ERRFEZETRE 7UILF—RHESER)
BFEfiz SN BEAEAREIRR) KR THECBEAT HILIUZvIRER)
AR BREHAERRR) F BE (FLERRR)

MR B GRERRR)

201 5E3RHET



RS XDEVE USMESESMBOSTIE - 2¥NCIE 3 BY  2XeHT
ﬁﬁﬁﬂilﬂﬁ#ﬂﬁ%ﬂﬁmmﬁﬁ*ﬂﬁﬂiﬁ%#ﬂﬂiﬂﬁﬁ;ﬁ%ﬁﬁ%ﬂ#ﬁ&ﬁ@ﬂﬁﬁﬂ!ﬁﬁml

J-ﬂ f

[ L MR LI e i 1 AR e AT R T L LT ARnaa S o) RS SRS BRI T N el

VRS COOUY TNBBOLNKERGYA] N MEELLMSE) PIEOH
BERUIOCLMEXEOT ST ENGIRAY ‘0PN MBHEIA) £ THE »
& BOESCEXC T MEH - (=8 28 4

EERAGIVEGBMEBBALLNNALAZSFOFPUFRECIOE NERE0weR »
PRV URESD LML G ED>E "> B

PeET B EH/REE - MBOY BRI TASC ORIMES ATO—FNNLF2VNDNEFINER £

KL LNNL L

=DV T Ly b

7 LIS o EED

VERL : BFFE 3 40E  $URIRM 5

xRS

r—iER



J Asthma Downloaded from informahealthcare.com by Imperia College on 11/22/12

For personal use only.

Journal of Asthma, 2012; Early Online: 1-6
Copyright © 2012 Informa Healthcare USA, Inc.
ISSN: 0277-0903 print/1532-4303 online

DOI: 10.3109/02770903.2012.741638

informa

healthcare

Association of Asthma Education with Asthma Control Evaluated by
Asthma Control Test, FEV,, and Fractional Exhaled Nitric Oxide
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Background. Asthma education is an important adjunct for asthma control although the way asthma education affects asthma outcomes is poorly
understood. The asthma control test (ACT), forced expiratory volume in 1 s (FEV), and fractional exhaled nitric oxide (FeNO) have all been used
as markers of asthma control. However, the use of FeNO as a surrogate marker remains controversial. Objectives. (i) To examine whether asthma
education is associated with asthma control; (ii) to compare absolute levels and changes of ACT, FEV, and FeNO over a year; and (iii) to evaluate
whether FeNO can be used as an additional marker of asthma control. Methods. Fifty asthmatics with poor adherence (12 mild, 21 moderate, and 17
severe) received asthma education at study entry. Medications were unchanged for the first 3 months, and ACT, FEV, and FeNO measurements
were recorded at entry, 3, 6, and 12 months. Asthma control was assessed at each visit and patients were categorized as either “stable” or “unstable”
asthmatics according to the global initiative for asthma (GINA) guidelines. Results. A significant decrease in FeNO and increase in ACT score were
noted in the stable asthmatic group at 3 months (p <.001), and this persisted over 12 months. Significant correlations were seen between changes
(A) in FeNO, ACT, and FEV, over time. However, significant correlations between the absolute levels were not maintained over 12 months. A
decrease of >18.6% in FeNO and a >3-point increase in ACT score (sensitivity: 80% and 73.3% and specificity: 83.3% and 87.5%, respectively)
were associated with stable asthma control although the absolute levels were not. Conclusions. Asthma education may be useful to achieve stable

control. In addition, changes rather than absolute levels of FeNO and ACT may be better markers of asthma control.

Keywords asthma control, asthma control test questionnaire, asthma education, fractional exhaled nitric oxide

INTRODUCTION

Interventions that aim to enhance medication adherence
have recently been developed (1), although studies of
adults and children with asthma show that approximately
30%-50% of those on asthma therapy are nonadherent to
therapy at least for part of the time (2—4). Therefore,
educating patients on how to manage their asthma more
effectively should be used to improve patients’ knowledge
and influence their decision-making process regarding dis-
ease management, resulting in greater treatment adher-
ence. However, the way asthma education affects asthma
control remains poorly understood.

Asthma symptom questionnaires, spirometry, sputum
eosinophil cell counts, and airway hyperresponsiveness
(AHR) are potential ways of monitoring asthma control.
Of these, the global initiative for asthma (GINA) guidelines
recommend asthma symptom questionnaires and spirome-
try as conventional approaches for managing asthma. These
are easy to perform and are considered to be an indirect
marker of underlying airway inflammation (5). However,
directly monitoring airway inflammation may be a better
and more reliable method. Fractional exhaled nitric oxide
(FeNO) is an easy, sensitive, reproducible, and noninvasive
marker for directly detecting allergic airway inflammation
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(6-9). However, the use of FeNO as a surrogate marker of
asthma control remains controversial (6, 10).

The aims of this study were to examine whether an
intensive asthma educational program is associated with
asthma control, to compare changes of predictive markers
for asthma control [asthma control test questionnaire
(ACT), forced expiratory volume in 1 s (FEV,), and
FeNO] over a 12-month period following asthma educa-
tion and finally to evaluate whether FeNO measurements
could be used as an additional marker of asthma control
compared with ACT and FEV.

METHODS

Subjects

Asthmatic patients with persistent disease and poor adher-
ence were recruited. All subjects had attended the out-
patient clinic at the Department of Pulmonary Medicine,
Fukushima Medical University Hospital for more than 6
months. Asthma was diagnosed according to a clinical
history of characteristic symptoms (i.e., dry cough, wheez-
ing, chest tightness, and breathlessness) and the presence
of either bronchial hyperresponsiveness to methacholine
or bronchodilator reversibility >12% (5). Subjects were
excluded if they were current smokers, had other respira-
tory diseases, or had a respiratory tract infection within 6
weeks of study entry. Poor adherence was defined as the
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presence of at least one of the following in the previous 6
months: (i) failure to follow treatment by missing any
prescribed asthma medications more than 1-2 times per
week; (ii) a missed follow-up appointment for more than 4
weeks without taking appropriate medications; (iii) diffi-
culty in using prescribed inhalers evaluated by observing
and assessing the patient’s demonstration of a sample
inhaler device, and (iv) the requirement of high-dose
inhaled corticosteroid (ICS) due to uncontrolled symp-
toms. Adherence to therapy and current medications was
assessed by respiratory consultants in our department fol-
lowing a patient interview, review of medical records, and
asthma diaries. Asthmatic patients attending our hospital’s
outpatient clinic are seen every 4—8 weeks and medications
can only be prescribed at these appointments.

All subjects provided written informed consent, and the
Ethics Committee of Fukushima Medical University
approved the study.

Study Design

This was a prospective, single-center, observational study.
Subjects were reviewed at entry and at intervals of 3, 6, and
12 months (four visits). At study entry, all subjects
received an intensive educational program using an illu-
strated guide. ACT, FeNO measurements, and spirometry
[FEV, and forced vital capacity (FVC)] were performed,
and asthma control, based on the GINA guidelines, was
assessed at each subsequent visit in order to evaluate the
most appropriate treatment (5). Treatment remained
unchanged during the first 3 months to evaluate the asso-
ciation of the intensive asthma educational program with
asthma control. Following this 3-month period, the treat-
ment could be changed if the subjects needed to step-up or
step-down their treatment in line with the GINA guidelines
(5). During the follow-up period, subjects were divided
into two groups: (i) stable control group: asthmatic sub-
jects whose treatments had not been changed or had been
decreased over the study period and (ii) unstable control
group: asthmatic subjects who had to increase their ICS
dose or add other antiasthmatic drugs during the study
period. These groups categorized as “stable” and
“unstable” were used to assess ACT, FeNO, and FEV, as
outcome predictors in this study.

Intensive Asthma Educational Program

The Ministry of Health and Welfare of Japan has devel-
oped a specific educational intervention program for
asthma management according to the GINA guidelines. It
provides information about asthma pathogenesis, diagno-
sis, severity, medications (including side effects), differ-
ences between reliever and controller agents, importance
of asthma treatment, inhaler device instructions, exacerba-
tion management, peak expiratory flow (PEF) monitoring,
and a self-management plan. All subjects received a 30-
min educational intervention program from a respiratory
physician. The program included a detailed explanation
and a demonstration of inhaler technique.

The Online FeNO Measurement Methods

FeNO measurements were made prior to spirometry at a
constant flow of 50 mL/s according to the American
Thoracic Society (ATS)/ European Respiratory Society
(ERS) guidelines (11) using a chemiluminescence analy-
zer (Kimoto, Osaka, Japan). Three measurements were
performed and the mean value was documented (coeffi-
cient of variation <10%).

Lung Function Tests

Spirometry was performed using rolling seal spirometers
(CHESTAC-11; Chest M.1., Inc., Tokyo, Japan) according
to the ATS guidelines (12). Three tests were performed and
the highest FEV; was recorded. Results of FVC and FEV,
were presented as percentages of the predicted level for
statistical analysis.

Statistical Analysis

Statistical analysis was performed using SPSS for
Windows (version 17.0; SPSS, Chicago, IL, USA). Data
are shown as means and 95% confidence interval (95%
CI). Changes in FeNO, ACT, and FEV, are shown as
AFeNO, AACT, and AFEV |, respectively.

The association between intensive asthma education
and asthma control was evaluated using a comparison of
ACT scores, FeNO levels, and FEV, %predicted at study
entry and at the 3-month visit using a paired ¢ test. The
one-way analysis of variance was used to compare
changes in FeNO levels, ACT scores, and FEV| %pre-
dicted over 12 months in the stable and unstable asth-
matic groups. Correlations of changes (A) and absolute
levels between FeNO, ACT, and FEV, were evaluated
using the Spearman rank correlation coefficient analysis.
A receiver operating characteristic (ROC) curve was con-
structed and the area under the curve (AUC) for each
parameter was compared with 0.5 to estimate the optimal
cutoff levels for detecting stable control of asthma.
Sensitivity, specificity, positive predicted value (PPV),
negative predicted value (NPV), positive likelihood ratio
(LR(+)), and negative likelihood ratio (LR(—)) were
calculated. A two-tailed p-value of <.05 was considered
significant.

RESULTS

Characteristic of Subjects

The study population consisted of 50 asthmatic patients
with poor adherence (18 males and 32 females) (Table 1).
The mean age was 55.4 years (range: 16—79 years) and the
patients were nonsmokers or ex smokers with a <5 pack-
year history. Thirty-three patients (66%) were atopic and
the cohort consisted of 12 mild, 21 moderate, and 17
severe persistent asthmatic subjects based on symptoms
and treatment intensity (13). All the subjects were treated
with regular ICS.
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TABLE 1.—Subject characteristics.

Characteristics Data
Patients 50
Sex (male/female) 18/32

55.4 (50.4-60.5)
157.6 (154.8-160.4)
61.1 (56.8-65.4)
33 (66%)
Mild persistent: 12
Moderate persistent: 21
Severe persistent: 17
87.8 (81.8-93.9)
72.4 (69.3-75.5)
84.9 (69.6-100.1)
19.0 (18-20.1)
1106 (957-1255)

Mean age (y.o.)
Height (cm)
Weight (kg)
Atopic status
Severity of asthma

FEV, %predicted (%)
FEV,/FVC (%)

FeNO level (ppb)

ACT score (point)

ICS dose (ug) BDP equivalent

Note: Data was expressed as mean (95% CI) or number of patients.
BDP; Beclomethasone dipropionate.

The Effect of Intensive Asthma Educational Program

Asthma treatment remained unchanged during the first 3
months. Following the educational program, a significant
decrease in FeNO levels and increase in ACT scores were
seen in the stable asthma group (n = 42) compared with the
unstable asthma group (n = 8; p < .001; Figure 1A and B).
There was no significant difference in FEV; %predicted
(Figure 1C).

The Changes of FeNO Levels, ACT Scores, and FEV,
Y%opredicted over 12 Months

In 8 of 50 asthmatic subjects (16%), the ICS dose was
increased or other antiasthmatic drugs were added due
to poor asthma control. Asthma medications were
decreased in 14 of 42 patients (33%) reflecting
improved asthma control. Significant decreases in
FeNO levels and increases in ACT score following
asthma educational program remained consistent in the
stable asthmatic group over the course of 12 months
(Figure 1A and B).

Correlations between Absolute Levels of FeNO, ACT
Scores, and FEV; %predicted at Each Visit

There were significant negative correlations between
absolute levels of FeNO and ACT scores at the begin-
ning of the study and at 3 months following asthma
educational program (r = —0.47, p = .001; r = —0.49,
p = .002, respectively) (Table 2). Negative weak cor-
relations were found between absolute levels of FeNO
and FEV, %predicted over the same period
(r = —-026, p = .07, r = —0.39, p = .02, respec-
tively). However, these correlations were not present at
6 months (Table 2).

Correlations between Changes (A) in FeNO, ACT, and
FEV,; at Each Visit

Highly significant correlations were observed between the
AFeNO, AACT, and AFEV,| which were maintained over
the course of 12 months (p < .05; Table 3).

(")
125
100 « p<.001 versus entry
) i = Stable asthma control
g 75 } « Unstable asthma control
% 50 5 3 i
w 25 . . N
0
0 3 6 12
Months
(B)
25 . R .
24 3 3 ;o p<.001 versus entry
€ 23
5 22 s Stable asthma control
= * Unstable asthma control
o 21
§ 20
5 19 }
z 18
17
0 3 6 12
Months
©)
115
& Mo
= 105
2 100 o Stable asthma control
S 95 * Unstable asthma control
3 }
© 90 F
S 85
> 80 l
o 75
w70
0 3 6 12
Months

FIGURE 1.—Levels at time points indicated for FeNO levels (A), ACT score
(B), and FEV %predicted (C) between the subjects with or without achieving
asthma control after the intensive educational interventions. Forty-two asth-
matic subjects achieved good control whereas eight asthmatic subjects still
had poor control.

Predictive Value of Each Parameter as a Marker to
Achieve Stable Asthma Control

ROC curves were constructed to determine the cutoff
levels for obtaining stable asthma control using absolute
levels or changes in FeNO, ACT, and FEV . There were no
useful parameters to discriminate subjects with stable
asthma from those with unstable asthma using absolute
levels (Figure 2A). However, an 18.6% decrease in
AFeNO [AUC = 0.85, sensitivity of 80.0%, specificity of
83.3%, (LR) (+) of 4.8, LR(—) of 4.17, PPV 0 92.3%, and
NPV of 40%; p = .007] and a 3-point increase in AACT
(AUC = 0.794, sensitivity of 73.3%, specificity of 87.5%,
LR(+) of 5.86, LR(—) of 3.28, PPV 0f 95.7%, and NPV of
46.7%; p = .012) were noted.

D1SCcUSSION

This is a prospective, observational study to estimate the
association of asthma educational program with asthma
control. We have compared the absolute levels and
changes in FeNO, ACT, and FEV, with asthma control.
Our results indicate that intensive asthma educational pro-
gram may be associated with improved asthma control.
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TABLE 2.—Correlations between absolute levels of FeNO, ACT scores, and FEV, %predicted.

FeNO Entry )4 3 months P 6 months p 12 months )4
ACT —0.47* .001 —0.49% .002 —0.20 249 —0.06 742
FEV, % predicted —0.26 .07 —0.39* .019 —0.28 .110 —0.08 .649

Note: Spearman rank correlation coefficients were calculated and the data were expressed as r values.

*p < .05.

TABLE 3.—Correlations between changes of FeNO levels, ACT scores, and
FEV,.

AFeNO 3-entry p 6-entry )4 12-entry p
AACT —0.76*  <.001 —0.61*  <.001 —0.53* .005
AFEV, —0.53* .001 —0.54* .003 —0.42% .03

Note: Spearman rank correlation coefficients were calculated and the data were
expressed as r values.
*p < .05.

") 1.0

— . — . FEV, %perdicted

Sensitivity

0 - T T T T T
0 0.2 04 06 08 1.0

1 — Specificity
(B)

N
o

A FeNO (0-3)
.............. A ACT (0-3)
— . — . AFEV,(0-3)

o
@
1

'AASY;')oint :

o
(<2}
1

Sensitivity
o
~
1

AUC (AFeNO) :0.85
AUC (AACT) :0.79

o
N
I

0 T T T T T
0 0.2 0.4 0.6 0.8 1.0

1 — Specificity

FIGURE 2.—ROC curves of absolute levels (A) and changes (B) of three
parameters to determine good asthma control.

FeNO levels and ACT scores, but not FEV; %predicted, in
the stable asthmatic group indicate improved asthma con-
trol over the course of 12 months. Changes (A) in FeNO
levels, ACT scores, and FEV, had a stronger correlation,
suggesting that multiple measurements and monitoring
these changes may be a better way of predicting future
asthma control.

Asthmatic subjects without self-management plans are
often less adherent to prescribed medications and are more

likely to be poorly controlled (4, 14). Many asthmatic
patients do not use their inhaler devices correctly and
asthmatic patients who are more adherent to therapy are
less likely to suffer exacerbations (15, 16). Therefore,
asthma education plays a vital role in improving and
obtaining asthma control. The GINA guidelines emphasize
the importance of asthma education, highlighting that edu-
cational intervention should be an integral part of interac-
tions between patients and physicians (5). This interaction
plays an important role by increasing motivation, skills,
and confidence with subsequent benefits in asthma control.
This results in improved asthma symptoms and lung func-
tion, and a decreased economic burden in terms of medical
expenses (17).

This study found a significant increase in ACT scores
and decrease in FeNO levels at 3 months following asthma
educational program in the stable asthmatic group. No
significant difference was seen in the unstable asthmatic
group. Several previous studies have noted similar find-
ings, reporting that asthma education is associated with
improvements in symptoms (4, 18-21), lung function
(18-21), and quality of life (QOL) (19, 21). However,
while some of these studies noted an association between
all three factors (19,21), others found that only symptoms
correlated with an educational program (4, 18, 20). This
difference may be explained by the content of educational
program, study designs, and characteristics of the subjects.
In our study, a significant reduction in FeNO levels could
be seen in the stable asthma group. There is a paucity of
information regarding the relationship between asthma
education and FeNO. Dressel et al. noted a significant
decrease in FeNO levels and improved asthma symptoms
following an educational program in occupational asth-
matic patients. In addition, they found that these improve-
ments were not correlated with lung function (22). These
findings and results from our study support the view that an
intensive asthma educational program may be a valuable
adjunct to achieve stable asthma control.

In this study, significant decreases in FeNO levels and
increases in ACT scores remained consistent over the
course of 12 months in stable asthmatic subjects.
Symptom questionnaires and lung function tests are
recommended in the GINA guidelines as markers of
asthma control (5). Although they are easy to perform on
almost all subjects, they are sometimes discordant with
airway inflammation (23). Furthermore, symptoms are
subjective and results may be influenced by patient’s per-
ception (24). Other markers such as sputum eosinophils
and AHR have shown good correlations with asthma con-
trol (25, 26). However, these tests are time consuming,
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invasive, require technical skill to process, and are, there-
fore, difficult to incorporate into standard clinical practice.
Our results suggest that a combination of ACT and FeNO
may be a quick and easy way to differentiate between
stable and unstable asthmatic subjects.

In this study, we found a significant relationship
between AFeNO, AACT, and AFEV, over the course of
12 months, whereas significant correlations between abso-
lute levels were only observed at 3 months. FeNO reflects
airway inflammation directly and correlates with conven-
tional markers such as FEV |, AHR, and sputum eosinophil
counts (6-9). Several randomized control trials comparing
the single or add-on effects of FeNO, with established
parameters of asthma control, have only noted a limited
benefit (27-30). These findings may reflect differences in
study designs, the small number of subjects enrolled, var-
iation in significance levels, and differences in asthma
severity. Furthermore, individual patients may have their
own personal best and range of FeNO levels, as seen with
PEF measurements (31). FeNO levels in some asthmatic
patients remain predominantly high regardless of an
improvement in lung function and symptoms (29).
Therefore, an individual cutoff level or proportional
change, from baseline rather than an absolute cutoff level
may be more useful.

The results of this study indicate that a 20% AFeNO
decrease and a 3-point AACT increase may predict stable
asthma control. To date, few studies have examined the
relationship between AFeNO and other conventional para-
meters of asthma control. Jones et al. reported that change
in FeNO level from baseline had a higher PPV compared
with an absolute cutoff level in terms of asthma control
(32). Michils et al. suggested that a single measurement of
FeNO was not a good reflection of asthma control, parti-
cularly in patients on medium-to-high doses of ICS (33). A
study looking at AACT found that a minimally important
difference (MID) of three points is a significant predictor
of asthma control (34). These studies support our observa-
tions that using changes in the levels of parameters may be
better than using absolute levels for the evaluation of
asthma control. We suggest that monitoring changes in
FeNO levels and ACT scores in individual patients over
time could be used as markers for achieving stable asthma
control.

There are several limitations to this study. This is a
prospective, observational study with a relatively small
number of subjects tested. In addition, the educational
intervention may be confounded by the Hawthorne effect,
whereby subjects can subconsciously alter their behavior
in a specific manner simply because of awareness of being
educated and observed. Finally, subjects in this study may
not represent the general asthmatic population. Only asth-
matic subjects with poor adherence were recruited, and this
may generate a positive selection bias. However, this is a
group that we believe requires greater asthma education
than their well-controlled counterparts.

In conclusion, this study suggests that comprehensive
asthma educational program should be viewed as an

important treatment option and considered prior to insti-
gating changes in treatment. In addition, the changes (A) in
FeNO and ACT levels could become useful surrogate
markers for long-term asthma management. Further,
large randomized studies are warranted to determine the
influence of asthma education on disease control and the
utility of changes (A) of FeNO and ACT.
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Review Series: Non-Invasive Monitoring of Airway Inflammation in Asthma

Exhaled Nitric Oxide (FeNO)
as a Non-Invasive Marker
of Airway Inflammation

Mitsuru Munakatal+?

ABSTRACT

Nitric oxide (NO), previously very famous for being an environmental pollutant in the field of pulmonary medi-
cine, is now known as the smallest, lightest, and most famed molecule to act as a biological messenger. Fur-
thermore, recent basic researches have revealed the production mechanisms and physiological functions of ni-
tric oxide in the lung, and clinical researches have been clarifying its tight relation to airway inflammation in
asthma. On the bases of this knowledge, fractional nitric oxide (FeNO) has now been introduced as one of the

most practical tools for the diagnosis and management of bronchial asthma.

KEY WORDS
asthma, cut-off, diagnosis, monitor, non-invasive

INTRODUCTION

Previously known as a toxic molecule listed as an en-
vironmental pollutant, nitric oxide (NO) is now
known to be the smallest, lightest, and most famed
molecule to act as a biological messenger in mam-
mals. NO was first recognized as a physiologically im-
portant molecule in the manuscript written by Fruch-
gott and Zawadzki, entitled “The obligatory role of en-
dothelial cells in the relaxation of arterial smooth
muscle by acetylcholine”, published in Nature in
1980.! Initially, the factor released from vascular en-
dothelial cells was named as endothelium derived re-
laxing factor (EDRF), and large number of scientists
had been pursued the true feature of EDRF. In 1987,
two groups led by Ignaro and by Moncada, independ-
ently discovered and reported that EDRF is a simple
gaseous molecule called NO.23 After the discovery, a
large amount of studies in field of medicine revealed
its many roles in a wide range of pathophysiological
status including cardiovascular, immune, metabolic,
and neurological diseases. For an ordinary person, it
became a very famous physiological mediator of
penile erection and opened the door for the treatment

of impotence.* In 1992, NO was selected as Molecule
of the Year for a startlingly simple molecule unites
neuroscience, physiology and immunobiology and re-
vised scientists’ understanding of how cells communi-
cate and defend themselves.5 In 1998, the Nobel prize
for Physiology or Medicine was awarded to Doctors,
Furchgott R, Ignarro L, and Murad I*.6

In the field of pulmonary medicine, physiological
and pathological roles of NO in lung disease have
also been investigated. Epithelium dependent inhibi-
tion of airway smooth muscle contraction and epithe-
lium dependent relaxation of airway smooth muscle,
similar effect of vascular endothelium to vascular
smooth muscle, have been reported.”8 These phe-
nomena also suggested the existence of epithelium
derived relaxing factor (EpDRF).? Since NO is also
confirmed to be a potent smooth muscle relaxing
agent (Fig. 1),1° several pharmacological studies veri-
fying whether EpDRF is also NO were carried out
and confirmed production of NO from airway epithe-
lium.!! In these processes, measurement systems for
NO in exhaled air have been developed.!? By apply-
ing such systems, exhaled NO have been measured
in many pulmonary diseases and significant increase

1Fukushima Medical University Hospital and 2Fukushima Medical
University, Fukushima, Japan.

Conflict of interest: No potential conflict of interest was disclosed.
Correspondence: Mitsuru  Munakata, MD, PhD, President,
Fukushima Medical University Hospital, Director, Fukushima Medi-

Allergology International Vol 61, No3, 2012 www.jsaweb.jp/

cal University, Fukushima 960-1295, Japan.
Email: munakata@fmu.ac.jp

Received 2 May 2012.

(©2012 Japanese Society of Allergology

365



Munakata M

(NO)

0.1 1.0
o 103
0.

5
* 40 100
3535 °
3.50

410 (ul)

Fig. 1 Airway smooth muscle relaxation induced by nitric oxide (NO). Guinea pig tra-
cheal strip was contracted by stimulated by Carbachol (Carb), then 0.1 to 410 ul of satu-
rated solution of NO (estimated concentration 2 mM) was prepared, and was added to the
tissue bath. Clear concentration-dependent relaxation was observed (Adapted from refer-

ence 10).

in exhaled NO of the patients with asthma became
apparent.13.14 Since the measurement is noninvasive
and effort independent, exhaled NO has been much
expected as a new tool for the diagnosis and manage-
ment of asthma, and large efforts have been devoted
on the clinical research.

PRODUCTION AND FUNCTION OF NO IN
THE AIRWAYS

In the respiratory tract, NO is produced by a wide va-
riety of cell types and is generated through conver-
sion of L-arginine to L-citrulline by the action of nitric
oxide synthase (NOS). Three isoforms of NOS are
known: neuronal NOS (NOS I or nNOS), inducible
NOS (NOS II or iNOS), and endothelial NOS (NOS
I1I or eNOS).15 Two isoforms, nNOS and eNOS, are
expressed constitutively, but iNOS is not normally ex-
pressed in most tissues but is induced in several
types of cells by pro-inflammatory cytokines.1618 All
three types of NOS isoforms are known to be ex-
pressed in the lung. Endothelial NOS (eNOS) im-
munoreactivity is found in endothelial cells of pulmo-
nary vessels. In addition, it is constitutively expressed
in human bronchial epithelium and in type Il pneu-
mocytes.1920 NO produced by eNOS and released
from endothelial cells in the pulmonary circulation is
speculated to regulate vascular basal tone and coun-
teract hypoxic vasoconstriction.?! Neuronal NOS
(nNOS) is expressed in human airway nerves, includ-
ing those present in the airway smooth muscle,?2.23
and is estimated to be a major mediator of the
inhibitory non-adrenergic non-cholinergic nervous
(iINANC) system.?4 Co-localization with vasoactive in-
testinal polypeptide (VIP) is also observed.2> Nerves
distributed to submucosal glands also contain nNOS
and NO regulates secretory function of the
glands.2226 In the lung, iNOS (or NOS II) is known to
be expressed in macrophages,?’ epithelial cells,?830
type II pneumocytes,3132 endothelial cells,?? airway
and vascular smooth muscle,?* mast cells,3® neutro-
phils,36 chondrocytes,?? and fibroblast.3? Usually,
iNOS in these cells is expressed when stimulated by
endogenous mediators such as chemokines and cy-
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tokines, and by exogenous stimulant such as bacte-
rial toxins, viruses, allergens, etc. Constitutive ex-
pression of iNOS in airway epithelial cells and rapid
loss of its expression after removal of the epithelial
cells from the in vivo airway environment were re-
ported only in humans and suggest that the expres-
sion is dependent upon conditions and/or factors pre-
sent in the airway.38 iNOS derived NO is also specu-
lated to regulate both airway smooth muscle tone and
inflammatory responses.

MEASUREMENT OF EXHALED NO

The presence of NO in the exhaled air of humans was
demonstrated by chemiluminescence, diazotization
and mass spectrometry in 1991.12 Thereafter, several
measurement systems have been developed. The
most commonly used system is chemiluminescence,
and in Japan, two types are available; NOA280i (Sev-
ers, GE Analytical Instruments, Boulder, USA) and
NA623N (Chest MI, Tokyo, Japan). These can be ap-
plied for both online and offline measurement of frac-
tional exhaled NO (FeNO) in ppb. With these two
types, we can get almost the same FeNO values.3942
It is known that FeNO is strongly affected by expira-
tory flow rate, FeNO levels in dead space air are high,
and those in nasal cavities are very high. Therefore,
several cautions should be kept in mind to get rea-
sonable FeNO values. These cautions are included in
American Thoracic Society (ATS) and European Res-
piratory Society (ERS) recommendations for the
measurement of FeNO,4344 and following these rec-
ommendations is very important when FeNO is
measured with these analyzers.

Another NO measurement system is the electro-
chemical method. The merits of the system are its
compact size and portability. In Japan, two types of
analyzers, NIOX MINO (Aerocrine, Stockholm, Swe-
den) and NObreath (Bedfont Scientific, Kent, UK),
are available. There are some differences in FeNO
levels measured by these analyzers when compared
to a chemiluminescence analyzer. Differences of
7eNO levels measured by different analyzers have
been examined and conversion equations are also
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available.3942 Several attempts to separate alveolar
NO from airway NO have been performed by measur-
ing FeNO at multiple exhalation flow rates,4548 how-
ever, it seems very difficult to apply such methods to
clinical medicine and they might be useful as re-
search tools.

NO AND AIRWAY INFLAMMATION IN
ASTHMA

Asthma is a syndrome characterized by the presence
of two physiological characteristics, reversible airflow
limitation and airway hyperresponsiveness with respi-
ratory symptoms. However, a recent advance in
asthma research revealed the importance of airway
inflammation existing behind these physiological
characteristics. According to such progress in the
concept of asthma, diagnosis and treatment strategies
have been changing dramatically. One of the most
prominent examples is the introduction of anti-
inflammatory therapy with ICS, resulting in the pro-
nounced the improvement in control and quality of
life of the patients, and a dramatic reduction in the
number of emergency room visit and deaths of the
patients in Japan.

The recognition of the important roles of airway in-
flammation in asthma also promoted the development
of new technology to evaluate airway inflammation in
asthma. In these processes, a FeNO measurement
was recognized as the most anticipated candidate. In
early 1990s, significant increase in FeNO of ICS naive
patients with asthma, and decreased FeNO after ICS
treatment was revealed,1314 suggesting the relation-
ship between airway inflammation and elevation of
FeNO. Hamid et al. applied immune-histochemical
methods for bronchial biopsy specimen to investigate
the presence of NOS in asthma. Immunoreactivity to
iNOS was observed in the epithelium and some in-
flammatory cells in 22 of 23 biopsies from asthmatics,
but in only 2 of 20 controls.?® Guo ef al. also exam-
ined iNOS expression by mRNA and protein assay
and revealed that human airway epithelium has abun-
dant expression of iNOS due to continuous transcrip-
tional activation of the gene in vivo, and that individu-
als with asthma have higher than normal NO concen-
trations and increased iNOS mRNA and protein due
to transcriptional regulation through activation of
STAT1.50 In addition, they revealed decreased ex-
pression of iNOS mRNA in asthmatics receiving
ICS.50 Redington et al. also examined iNOS expres-
sion in the airway epithelium and revealed enhanced
expression in asthmatic subjects and regulation by
corticosteroid treatment.5!

The regulation mechanisms of iNOS expression
are far from full elucidation. Although abundant ex-
pression of iNOS is observed in human airway epithe-
lium, it will instantly disappear when these cells are
cultured ex vivo,3® suggesting the existence of in vivo
factors or stimuli in the airway. In other types of cells,
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iNOS expression is only observed after stimulation
with cytokines such as IFN-y, IL-1B, and/or TNF-0.52
Guo ef al. revealed that a combination of IFN-y/I1-4,
which occurs naturally in lung epithelial lining fluid,
leads to maintenance of iNOS expression in human
airway epithelium through production of soluble me-
diators and stabilization of mRNA.5? Alving and Mali-
novschi suggested a possible model of iNOS regula-
tion of human airway from the results of recent stud-
ies’t (Fig. 2). In healthy subjects (Fig. 2a), continu-
ous expression of iINOS is maintained by IFN-y,
which normally exists in the respiratory tract. In this
process, induction of unidentified soluble mediators
by IFN-y and the subsequent activation of the JAK/
STA pathway are considered to be important.5> In
asthmatic airways (Fig. 2b), different regulation
mechanisms are estimated (Fig. 2b). Initially, Th2 cy-
tokines such as IL-4 and IL-13 were recognized to
down-regulate iINOS expression.56 However, several
recent studies revealed that 14 and IL-13 actually in-
duce iNOS expression in human airway epithelial
cells in reasonable medium conditions through the
STAT-6 pathway.50.53,57.58

There are several epidemiological evidences sug-
gesting the relation between allergic airway inflam-
mation and increased FeNO. Saito ef al. examined
FeNO levels, pulmonary function, and serum total
and antigen specific IgE levels in 278 normal school
children aged 10 to 12.5 There are statistically signifi-
cant positive correlations between FeNO and total
IgE or mite specific IgE, and significant negative cor-
relations between FeNO and FEV1/FVC. In addition,
FeNO was determined by means of multiple logistic
regression analysis to be the best predictor for recur-
rent wheeze, suggesting the relationship between al-
lergic airway inflammation and FeNO levels. They
also obtained the same results when they examined
280 normal adults aged 18 to 82 who received annual
health check.60 Moody ef al. revealed that the in-
crease in FeNO is associated with house dust mite
sensitivity in asymptomatic subjects.f1 Additionally,
some atopic subjects without symptoms and airway
hyperresponsiveness have airway eosinophilc inflam-
mation.62 These findings support the tight relation-
ship between increase of FeNO levels and allergic air-
way inflammation.

NO AS A DIAGNOSTIC TOOL OF ASTHMA

Traditionally, asthma has been characterized by res-
piratory symptoms such as cough, wheeze, and dysp-
nea, reversible airflow limitation, and non-specific air-
way hyperresponsiveness.6364 These are evaluated by
pulmonary function tests before and after inhalation
of bronchodilators such as B-adrenergic receptor ago-
nists, and bronchial challenge test with bronchocon-
trictors such as histamine and acetylcholine.5* For
the airway inflammation, trans-bronchial biopsy
(I'BB) and brochoalveolar lavage (BAL) under the fi-
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Fig. 2 A possible model of iNOS regulation of human airway. a) normal healthy
airway, b) asthmatic airway (Adapted from reference 54).

beroptic bronchoscopic examination are applied. Re-
cently, cell sorting of sputum induced by the inhala-
tion of hypertonic saline has also been utilized. How-
ever, these methods are relatively invasive and some-
times induce asthma attacks. It is therefore difficult to
apply widely in general clinical practice.

Because of the tight relation between FeNO and al-
lergic airway inflammation and its non-invasiveness,
attempts to use FeNO as a non-invasive 1ool for
asthma diagnosis have been carried out in various
clinical settings. Sato et al. examined 71 consecutive
patients who visited out-patient clinics by complain-
ing chronic cough continuing more than 3 weeks.6
They examined FeNO, pulmonary function, serum
IgE, methacholine airway responsiveness and in-
duced sputum. FeNO is significantly higher in pa-
tients with asthma and cough variant asthma com-
pared to other diseases including COPD and eosino-
philic pneumonia without asthma, suggesting the
usefulness of FeNO measurement in the diagnosis of
asthma in patients with chronic cough. Cut-off value
for FeNO for the diagnosis of asthma was 38.8 ppb
with sensitivity of 79.2% and specificity of 91.3%. Simi-
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lar results were also reported in patients with chronic
cough by Chatkin ef al., Fujimura et al., and Kowal ef
al..b668

For the patients with non-specific respiratory symp-
toms and suspected to having asthma, Smith ef al. ex-
amined FeNO and sputum eosinophils in addition to
conventional peak expiratory flow and spirometric pa-
rameters before and after bronchodilator treatment.5?

They observed the overall superiority of FeNO meas-

urements and induced sputum analysis in the diagno-
sis of asthma compared with conventional tests. Du-
pont ef al. also reported the usefulness of FeNO in
160 asthmatic patients diagnosed by the presence of
reversible airflow obstruction (delta FEV1 > 12%) and
histamine airway hyperresponsiveness (PC20 < 8.0
mg/ml).70 Their cut-off level of FeNO at expiratory
flow rate of 200 ml/s (FeNO200) was 16.0 ppb with
the sensitivity of 69.4% and specificity of 90.0%. For-
tuna et al. also reported that the diagnostic accuracy
of FeNO measurement was superior to that of the
standard diagnostic spirometry in patients with symp-
toms suggestive of asthma.”! Fukuhara et al. recently
reporied the results of their prospective validation

Allergology International Vol 61, No3, 2012 www.jsaweb.jp/
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a Asthma screening b Asthma screening c Prolonged cough
in schoolchildren in adults in adults
1.00 1.00 1.00¢
0.75 0.75 0.75
0.50 0.50 0.50
0.25 0.25 0.25

0.00 025 0.50 0.75 1.00

37.0 ppb
sensitivity: 81.0%
specificity: 64.6%

0.00 025 050 0.75 1.00

38.0 ppb
sensitivity: 81.8%
specificity: 85.7%

0.00 025 050 0.75 1.00

38.8 ppb
sensitivity: 79.2%
specificity: 91.3%

Fig. 3 The cut-off levels of fractional exhaled nitric oxide (FeNO) for diagnosing asthma obtained from 3 inde-
pendent studies. a) for 277 school children, b) for 280 adult volunteers, ¢) for 71 patients with chronic cough

(Adapted from reference 42).

study of asthma screening criteria based on subjec-
tive symptoms and FeNO at expiratory flow rate of 50
ml/sec (FeNOso); i) recurrent cough, wheezeing, or
dyspnea; ii) FeNOso > 40 ppb, iii) exclusion of other
lung diseases.*2 A cut-off value of 40 ppb was deter-
mined by the results of their 3 previous independent
studies on school children, normal adults, and pa-
tients with prolonged cough (Fig. 3).59.60.65 When
compared to conventional asthma diagnostic criteria
based on GINA and JGL guidelines,t3.64 FeNO based
criteria showed good sensitivity, specificity, and a
concordance rate (k) (78.6%, 89.5%, and 0.62, respec-
tively). However, 9 of 42 patients were misdiagnosed
as not having asthma by FeNO based criteria, and 7
of these 9 patients were non-atopic according to their
IgE levels. From these results, they suggested that
FFeNO could be used as a tool for the non-invasive ac-
curate diagnosis of asthma, particularly in atopic pa-
tients in daily clinical practice.

NO AS A CONTROL TOOL OF ASTHMA

Understanding that the most basic event in asthma is
airway inflammation and the tight correlation be-
tween FeNO and airway inflammation has motivated
the application of FeNO as a monitoring tool for
asthma control. In 2005, Smith ef al. did a single-
blind, placebo-controlled trial of adult asthmatics to
examine the usefulness of FeNO measurements for
the adjustment of ICS doses. With the FeNO based
strategy, the maintenance doses of ICS were signifi-
cantly reduced without compromising asthma control
compared to those with an algorithm based on con-
ventional guidelines.” In the same year, Pijnenburg
et al. did a randomized controlled trial to examine the
usefulness of FeNO for the titration of ICS in atopic
children with asthma. They also found that FeNO im-
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proved airway hyperresponsiveness and inflammation
without elevating the ICS doses.” Following these
studies, several consecutive studies were conducted
and controversial results were reported. For the adult
asthmatics, Shaw et al. reported that a treatment
strategy based on FeNO measurement did not result
in a large reduction in asthma exacerbation or in the
total amount of ICS therapy used over 12 months,
compared with the current asthma guideline.” But
when the results were pored over precisely, in the in-
itial several months, the required dose of ICS was
higher in the FeNO based group compared to the
control group, the dose gradually declined and the fi-
nal daily dose of ICS was significantly lower in the
FeNO based group compared to the control group
(average; 557 ug/day and 895 ug/day, respectively, p
< 0.028). More recently, Powel ef al. carried out a
double-blinded, randomized controlled trial to exam-
ined the usefulness of asthma management in preg-
nancy guided by FeNO. They revealed that asthma
exacerbations during pregnancy can be significantly
reduce with a validated FeNO-based treatment algo-
rithm.?™ For adolescents and young adults, Szefler ef
al. did the largest randomized controlled trial to date
with 780 patients with asthma to examine the useful-
ness of FeNO-based asthma management in addition
to guideline-based treatment. They concluded that
the addition of FeNO as an indicator of asthma con-
trol resulted in higher doses of ICS, without clinically
important improvements in symptomatic asthma con-
trol.76 But the subgroup analyses of the patients with
a higher number of positive skin tests or those with
serum nonspecific IgE higher than 460 kU/L re-
vealed that the FeNO monitoring group had signifi-
cantly fewer maximum days with symptoms in 2
weeks than that of the control group (0.84 and 0.51, p
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< 0.024 and p < 0.007, respectively). As shown in the
previous section, FeNO is suggested to be a very use-
ful tool to monitor airway inflammation in atopic sub-
jects. From these facts, it is suggested that applica-
tion of FeNO as a tool for asthma control might be
limited to the patients with atopic asthma.

Another point that should be borne in mind is the
fact that the period of previously introduced studies
were only up to 12 months. Sont et al. compared the
difference in histopathologic outcome of asthma
when using airway hyperesponsiveness as an addi-
tional guide to long-term treatment. They demon-
strated that the examined strategy group showed a
greater reduction in thickness of the subepithelial re-
ticular layer compared to the reference strategy
group, suggesting a role for the monitoring of airway
hyperresponsiveness or other surrogate makers of in-
flammation in preventing airway remodeling.”? Long-
term usefulness of FeNO as a monitoring tool for
asthma control, whether it could be helpful in preven-
tion of airway remodeling or in decreasing annual de-
cline in FEV1, needs to be examined.

FUTURE DIRECTIONS

As noted above, FeNO is a very useful diagnostic tool
and control monitoring maker of asthma. Usefulness
of FeNO in asthma management is probably better
than spirogram, induced sputum, and AHR test, be-
cause of its non-invasiveness, effort independency,
measurement simplicity, and reproducibility. Al-
though the FeNO analyzer has not been approved as
a medical device, it will be widely used as a conven-
ient clinical tool for asthma management in the near
future in Japan.

The FeNO analyzer has been used as a clinical re-
search tools and wide application of FeNO in the
clinical setting revealed the issues that should be
solved before its clinical application. Now, many re-
searchers recognize that there is a minor population
of subjects with very high levels of FeNO without res-
piratory symptoms, and that there are asthmatics
with all asthmatic symptoms but with normal FeNO
levels. The mechanisms behind these phenomena are
unclear, meaning that the production mechanisms of
NO in the airway and lung parenchyma have not
been thoroughly clarified. Additional point is that, al-
though the ATS/ERS guideline was established to
standardize the FeNO measurements,?® there are
variations in FeNO values measured by different ana-
lyzers.41.42 It also affects the determination FeNO cut-
off levels for the diagnosis and control of asthma. In
addition, to be used widely in the clinical practice, the
development of handier, more accurate, less expen-
sive measurement systems is required. Furthermore,
not only more practical studies but also more basic
studies will be warranted.
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Human interleukin-1 receptor-associated kinase 4 (IRAK4) deficiency and myeloid differentiating factor
88 (MyD88) deficiency syndromes are two primary immune-deficiency disorders with innate immune
defects. Although new genetic variations of IRAK4 and MyD88 have recently been deposited in the sin-
gle nucleotide polymorphism (SNP) database, the clinical significance of these variants has not yet been
established. Therefore, it is important to establish methods for assessing the association of each gene
variation with human diseases. Because cell-based assays, western blotting and an NF-kB reporter gene

{;ezg:rds: assay, showed no difference in protein expression and NF-kB activity between R12C and wild-type IRAK4,
MyDS8 we examined protein—protein interactions of purified recombinant IRAK4 and MyD88 proteins by ana-
Myddosome lytical gel filtration and NMR titration. We found that the variant of IRAK4, R12C, as well as R20W, located
TIR domain in the death domain of IRAK4 and regarded as a SNP, caused a loss of interaction with MyD88. Our studies

suggest that not only the loss of protein expression but also the defect of Myddosome formation could

cause IRAK4 and MyD88 deficiency syndromes. Moreover a combination of in vitro functional assays is

effective for confirming the pathogenicity of mutants found in IRAK4 and MyD88-deficiency patients.
© 2013 Elsevier Ltd. All rights reserved.

Death domain
Immune-deficiency

immune system have been shown to cause newly categorized
human primary immune-deficiency syndromes (Al-Herz et al.,
2011) such as human IRAK4 deficiency (Picard et al., 2003).

In affected IRAK4 deficient patients, invasive infections such as

1. Introduction

Interleukin-1 receptor-associated kinase (IRAK) 4 is the one
of the essential molecules of the Toll/interleukin-1 receptor

signaling pathway (Suzuki et al., 2002). In this pathway, ligand-
induced hetero- or homodimerization of receptors recruits the
Toll/interleukin-1 receptor homology domain (TIR domain) con-
taining adaptor oligomers. One of these adaptors, MyD88, then
binds IRAK4 (Burns et al., 2003). Recently, defects in the innate
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ating factor 88; Mal, MyD88 adaptor-like; NMR, nuclear magnetic resonance; ELISA,
enzyme-linked immunosorbent assay; TIR domain, Toll/interleukin-1 receptor
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of Mal; TRAF, TNF receptor associated factor.
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bacterial meningitis, sepsis, arthritis, or osteomyelitis are caused by
Streptococcus pneumonia, Staphylococcus aureus, and Pseudomonas
aeruginosa (Picard et al., 2010). Human MyD88 deficiency (von
Bernuth et al., 2008) has remarkably similar clinical features to
human IRAK4 deficiency. Interestingly, the life-threatening infec-
tions in IRAK4 or MyD88 deficient patients first occur during early
infancy, but their frequency and severity reduce after the teenage
years (Picard et al., 2011). Therefore, it is necessary for them to be
diagnosed quickly.

IRAK4 and MyD88 proteins both consist of two major func-
tional domains. In IRAK4, the death domain (DD) interacts with
MyD88, while the kinase domain phosphorylates downstream
signaling factors such as IRAK1, IRAK2, and subsequently causes
activation of TNF Receptor Associated Factor 6 (TRAF6). In MyD88,
both the DD and TIR domains interact in homotypic binding to
similar domain structures. The domain-domain interactions are
critical for these signaling pathways. IRAK4 and MyD88 form a
hetero-oligomeric signaling complex via a shared DD, so-called
Myddosome (Motshwene et al., 2009). Appropriate Myddosome
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formation can induce activation of the downstream signaling path-
way, which eventually leads to the activation of NF-kB and activator
protein 1 (AP-1).

Most previously identified causative mutations of human IRAK4
deficiency are nonsense or frame shift mutations that create early
stop codons (Cardenes et al., 2006; Davidson et al., 2006; Enders
et al., 2004; Krause et al., 2009; Ku et al., 2007; Medvedev et al.,
2003; Picard etal.,2010; Takadaetal.,2006; Yoshikawa etal.,2010),
however, three missense mutations (M1V, R12C, and G298D) have
been reported (Bouma et al., 2009; de Beaucoudrey et al., 2008;
Hoarau et al., 2007). In human MyD88 deficiency, one nonsense
mutation (E53X) and three missense mutations (E52del, L93P, and
R196C) were reported as causative mutations (Conway et al., 2010;
von Bernuth et al., 2008). Recently, new gene variations of IRAK4
and MyD88 have been deposited in the single nucleotide polymor-
phism (SNP) database following next-generation DNA sequencing,
but the significance of these variants has not been evaluated.
It is therefore important to establish methods to determine the
association of gene variations with human diseases. For exam-
ple, about MyD88, previous attempts have used western blotting,
reporter gene assays, immunoprecipitation, and size exclusion
chromatography of recombinant proteins to show that the SNPs
MyD88 S34Y and R98C were loss-of-function variants (George
et al., 2011), while another study used immunofluorescence to
determine that S34Y fails to interact with IRAK4 (Nagpal et al.,
2011).

Methods to detect the impaired responses to the
Toll/interleukin-1 receptor agonists, such as enzyme-linked
immunosorbent assay (ELISA) and flow-cytometry, are useful
for rapid screening of innate immune deficiency syndromes
(Davidson et al., 2006; Ohnishi et al., 2012a; Takada et al., 2006;
von Bernuth et al., 2006). However, no in vitro method to assess the
pathogenicity of novel variants of human IRAK4, MyD88 and the
other possible signaling components has been established. There-
fore, when novel gene variants are found in that possible cases of
IRAK4 or MyD88 deficiency syndromes, it is difficult to analyze
the pathogenetic significance of these variants. In this study, we
used a cell-based assay as well as in vitro protein-interaction
analyses to show that IRAK4 R12C and R20W caused a loss of
interaction with MyD88. This suggested that not only the loss of
full-length IRAK4 and MyD88 protein expression but also the loss
of Myddosome formation could cause IRAK4 and MyD88 deficiency
syndromes.

2. Materials and methods
2.1. Cell culture

Human embryonic kidney (HEK) 293T cells were cultured in
high glucose-containing DMEM (Invitrogen, Carlsbad, CA) sup-
plemented with 10% heat-inactivated FBS (Sigma-Aldrich, St.
Louis, MO), penicillin (100 U/ml), and streptomycin (100 pg/ml).
Cells were incubated at 37°C in a humidified atmosphere of
5% CO5.

2.2. Vector preparations

cDNA encoding full-length IRAK4 (amino acid residues 1-460)
or the DD and the internal domain (ID) of IRAK4 (IRAK4-DD +ID,
amino acid residues 1-150) were tagged at the N terminus with a
FLAG-epitope and cloned into the plasmid vector pcDNA3.1+ (Invi-
trogen). M1V was tagged at the C terminus because of a substitution
of the start codon, and wild type (WT) tagged at the C terminus
was prepared as a reference. Similarly, cDNA encoding full-length
MyD88 (amino acid residues 1-296) or the TIR domain of MyD88

(MyD88-TIR, amino acid residues 148-296) tagged at the N ter-
minus with a myc-epitope were cloned into the plasmid vector
pcDNA3.1+ (Nada et al., 2012; Ohnishi et al., 2009). IRAK4 mutants
and SNPs taken from dbSNP135 of the National Center for Biotech-
nology Information (NCBI, http://www.ncbi.nlm.nih.gov/snp) were
generated using the GeneEditor in vitro Site-Directed Mutagene-
sis System (Promega, Fitchburg, WI). The pUNO hIL1R1(mb) vector
(InvivoGen, San Diego, CA) was purchased and cDNA encoding
IL-1RAcP and IL-18RAcPL were cloned into the plasmid vector
pcDNA3.1+. The pGL4.32[luc2P/NF-kB-RE/Hygro] vector, used as
an NF-kB luciferase reporter vector, and the pGL4.70[hRluc] vec-
tor, used as an internal control Renilla luciferase reporter vector,
were purchased from Promega.

2.3. Western blot analysis

To detect protein expression, HEK293T cells were seeded on
six-well plates at a density of 2 x 10°/ml and transfected with
1 g of expression plasmids of FLAG-tagged IRAK4 full length,
FLAG-tagged IRAK4-DD, and myc-tagged MyD88 full length using
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s
instructions. After 48 h incubation, cells were harvested, washed
with PBS, and lysed using CytoBuster Protein Extraction Reagent
(Novagen, Darmstadt, Germany) containing a protease inhibitor
mix (Roche Applied Science, Indianapolis, IN). All extracts were
adjusted to contain equal amounts of total cellular proteins, as
determined using the Bradford method. Supernatants and whole
cell lysates were separated by electrophoresis on SDS polyacryl-
amide gels and transferred to nitrocellulose membranes using an
iBlot Gel Transfer Device (Invitrogen). Membranes were blocked
for 1h in 5% BSA in TBST (pH 8.0, 10mM Tris buffer contain-
ing 0.15M NaCl and 0.1% Tween 20), then incubated at room
temperature for 2 h with an anti-FLAG M2 monoclonal antibody
(Sigma-Aldrich), anti-myc antibody (Invitrogen), or anti-f-actin
antibody (Sigma-Aldrich) followed by incubation with anti-mouse
IgG HRP conjugate (Promega) at room temperature for 30 min.
Detection was performed using the ECL Chemiluminescent Sub-
strate Reagent Kit (Invitrogen) and LightCapture system AE6970CP
(ATTO, Tokyo, Japan).

2.4. NF-kB reporter gene activity

For the functional assessment of IRAK4, HEK293T cells,
HEK293-hTLR1/2 cells (InvivoGen), HEK293-hTLR4-MD2-CD14
cells (InvivoGen) and HEK293-hTLR5 cells (InvivoGen) were trans-
fected with NF-«kB luciferase reporter vector, Renilla luciferase
reporter vector, pcDNA3.1+ empty vector or pcDNA3.1+ FLAG-
IRAK4 WT using Lipofectamine 2000. After transfection, cells
were incubated for 24 h then stimulated with recombinant IL-13
(10ng/ml) prepared as previously described (Wang et al., 2010),
Pam3CSK4 (10 ng/ml, InvivoGen), LPS (10 ng/ml, Sigma-Aldrich),
and recFLA-ST (10ng/ml, InvivoGen) for 6h. In a similar way,
HEK293T cells were transfected as described above and with
IL-18RACPL, and stimulated with recombinant IL-18 (50 ng/ml)
prepared as previously described (Kato et al., 2003; Li et al.,
2003) for 6h. Luciferase reporter gene activities were analyzed
using the Dual-Luciferase Reporter Assay System (Promega). Sim-
ilarly, HEK293T cells were transfected with pUNO-hIL1R1 vector,
pcDNA3.1+ IL-1RAcP vector, NF-kB luciferase reporter vector,
Renilla luciferase reporter vector, pcDNA3.1+ empty vector or
pcDNA3.1+ FLAG-IRAK4 WT or variants, as described above. After
transfection, cells were incubated for 24 h and luciferase reporter
gene activities were analyzed.

For the functional assessment of MyD88, HEK293T cells were
transfected with NF-kB luciferase reporter vector, Renilla luciferase
reporter vector, and different amounts of pcDNA3.1+ myc-MyD88
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WT or variants (5, 15 or 50 ng). The amounts of transfected plasmid
were adjusted to an equal amount with pcDNA3.1+ empty vec-
tor. After transfection, cells were incubated for 24 h. To compare
the dominant negative effect of MyD88, pcDNA3.1+ myc-MyD88-
TIR WT or variants (5, 15 or 50 ng), pcDNA3.1+ IL-18RAcPL, NF-kB
luciferase reporter vector, and Renilla luciferase reporter vec-
tor were co-transfected, and then, cells were incubated for 24 h
and stimulated with/without IL-18 (10 ng/ml) for 6h. Luciferase
reporter gene activities were analyzed as described above.

The NF-kB activation of each condition was assessed in at least
three independent experiments. The statistical significance of the
differences in luciferase activities was determined using one-way
ANOVA with Bonferroni’s post-hoc test. The statistical significance
was defined as P<0.05.

2.5. Protein preparation

The portion of the human IRAK4 gene encoding the DD +ID
(amino acid residues 1-150) and the human MyD88 gene encod-
ing the DD and the ID (MyD88-DD+ID, amino acid residues
1-152) were cloned into vector pGEX-6P-1 (GE Healthcare, Lit-
tle Chalfont, UK). These vectors were transformed into Escherichia
coli BL-21 (DE3) (Novagen). IRAK4-DD +ID variants and MyD88-
DD +1ID, which were expressed as GST fusion proteins, were first
purified by glutathione Sepharose 4B FF (GE Healthcare) affinity
chromatography, and the GST-tag was removed by digestion with
PreScission protease (GE Healthcare). Subsequently, the DD +IDs
were purified by anion exchange chromatography (Q-Sepharose
column; GE Healthcare) and gel filtration (Superdex 75 HR 26/60
column; GE Healthcare). Using a similar purification protocol,
TH-15N-labeled MyD88-DD +ID was prepared. All nuclear mag-
netic resonance (NMR) samples were uniformly >N-labeled and
prepared in 210wl solutions of H,0/D,0 (95%/5%) containing
20 mM potassium phosphate buffer at pH 6.0 with 10 mM DTT. The
portions of the human TIR domains of MyD88 WT and its mutants
(M178I, R196C) and MyD88 adaptor-like (Mal) (Mal-TIR, amino
acid residues 75-235) were cloned into pGEX-5X-1 and pGEX5X-3
vectors (GE Healthcare), respectively. The proteins were purified as
previously described (Ohnishi et al., 2009).

2.6. Analytical gel filtration

Molecular masses of the purified recombinant proteins IRAK4-
DD+ID and MyD88-DD+ID were evaluated by size exclusion
chromatography. Gel filtration analysis was performed using a
Superdex-200 10/300 GL column (GE Healthcare) attached to an
AKTA purifier (GE Healthcare) at 10°C. The column was equili-
brated with 20 mM HEPES buffer (pH 7.0), 100 mM KCl, 10 mM DTT
and 1 mM EDTA. The column was calibrated using a gel filtration
standard kit (Bio-Rad, Hercules, CA). A total of 100 wl of 100 uM
IRAK4-DD +1ID and 100 wuM MyD88-DD +ID proteins was applied
to the gel filtration column. Protein elution was monitored by UV
absorption at 280 nm. The molecular masses of these proteins were
estimated using a calibration curve.

2.7. GST pull-down assays

GST-fusion proteins of MyD88-TIR and purified proteins of the
TIR domain of Mal were incubated with Glutathione Sepharose 4B
(GE Healthcare) in binding buffers (20 mM potassium phosphate
buffer (pH 6.0), 0.1 mM EDTA, 10 mM DTT, and 0.2% Triton X-100)
for 16 h. After four wash steps using 20 mM potassium phosphate
buffer (pH 6.0), 100 mM KCI, 0.1 mM EDTA, 10 mM DTT, and 0.2%
Triton X-100, the resin was analyzed by SDS-PAGE and Coomassie
Brilliant Blue staining.

2.8. NMR titration

An aliquot of 0.25 equivalent amounts of non-labeled IRAK4
WT or its variants was added to 210wl of 50 uM '>N-labeled
MyD88-DD +ID, with the exception for R20W, up to its 2.0 equiv-
alent amounts. For the titration with R20W IRAK4-DD +1D, 25 pM
MyD88-DD +ID was used. The samples were in 20 mM potassium
phosphate (pH 6.0) and 10 mM DTT in H20/D20 (95%/5%). At each
titration point, 2D 'H-1>N SOFAST-HMQC spectra were recorded
at 298 K on Bruker Avance I1 700 MHz spectrometer equipped with
cryogenic probes. The 2D spectra were processed using NMRPipe
(Delaglio et al., 1995) and analyzed using the Sparky (Goddard
and Kneller, 1999) analysis software, whereas 1D projections were
generated using Bruker TopSpin 3.1. A well-resolved NMR signal
derived from a Trp sidechain aromatic 'H-1°N pair in the pro-
jection was selected (supplementary Fig. S1B) at each titration
point, and then intensities were normalized with the intensity of
the corresponding NMR signal of >N MyD88-DD +ID recorded in
the absence of IRAK4-DD +ID (Ohnishi et al., 2009). The normal-
ized intensities were plotted as a function of the equivalent molar
amounts of the titrant.

2.9. Protein stability assay

HEK293T cells were seeded on six-well plates at a density of
2 x 10°/ml and transfected with 1 g of expression plasmids Flag-
tagged IRAK4-DD using Lipofectamine 2000. After 48 h, cells were
treated with 25 wM cycloheximide for 0, 24, 48, and 72 h (Fukao
et al., 1999). Cellular extracts were prepared in CytoBuster Protein
Extraction Reagent containing complete protease inhibitor mix. All
extracts were adjusted to contain equal amounts of total cellular
proteins, as determined using the Bradford method. Western blot
analysis with anti-FLAG antibody was carried out using standard
protocols as described above.

3. Results
3.1. Cell-based assays of IRAK4 variants

3.1.1. Protein expression of IRAK4

To functionally characterize the genetic variants of IRAK4,
FLAG-tagged full-length expression constructs corresponding to
the loss-of-function mutations that were previously reported as
pathogenic mutations (‘/RAK4 mutants’) and nonsynonymous SNPs
(‘IRAK4 SNPs’) were generated. In this study, we selected the
six IRAK4 mutants (M1V, a missense mutation of start codon
reported in Slovenia (de Beaucoudrey et al., 2008); R12C, a mis-
sense mutation reported in France and located in the DD (Hoarau
et al., 2007); c.118insA and R183X, mutations reported in Japan
that include a frame shift mutation (Picard et al., 2010; Takada
et al., 2006); Q293X, the most common mutation in Europe
(Picard et al.,, 2010); G298D, a missense mutation reported in
UK and located in the kinase domain (Bouma et al., 2009)) and
five SNPs in the DD (Fig. 1A). Our five SNPs were all within
the DD as we focused on the interaction between IRAK4 and
MyDS88.

No protein expression could be detected of the three IRAK4
mutations M1V, Q293X, and c.118insA. R183X expressed a
smaller protein than WT, while G298D protein expression lev-
els were decreased (Fig. 1B). The expression of R12C was
comparable with WT as were expression levels of all SNPs
(Fig. 1C).

3.1.2. Inhibition of NF-kB activation of IRAK4
Next, IRAK4 variants were tested for NF-kB reporter gene activ-
ity using a dual luciferase assay system. As Medvedev et al.
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Fig. 1. Protein expression of IRAK4 variants. (A) Schematic representation of IRAK4 showing all identified mutations and nonsynonymous SNPs. IRAK4 consists of 12 exons
and the protein is composed of an N-terminal death domain and C-terminal kinase domain. Mutations are annotated at the upper side of this schema, and SNPs at the lower.
(B) Expression levels of IRAK4 mutants in HEK293T cells. Protein expression of M1V, Q293X, and c.118insA could not be detected. R183X expressed a truncated protein and
the expression level of G298D was low. (C) Expression levels of IRAK4 SNPs in HEK293T cells. All SNPs examined in this study expressed protein at the same level as WT.

(2003) previously reported that IL-1pB-induced NF-«kB activa-
tion was inhibited by overexpressed IRAK4 in HEK293T cells,
we repeated their method with five different HEK293 cell lines
and their appropriate ligands to compare the inhibition of NF-
kB activation (Fig. 2). IL-1f3, IL-18 and the ligands of TLR1/2,
TLR4, and TLR5-induced NF-kB activations were not significantly
inhibited by overexpressed IRAK4 (Fig. 2A-E), but the NF-kB
activity enhanced by both transiently transfected IL-1R1 and IL-
1RACP could be significantly inhibited by overexpressed IRAK4
(Fig. 2F).

This system was used to compare IRAK4 variants. Fig. 2G shows
that NF-kB activation of the mutants c.118insA, R183X, Q293X,
and G298D was less inhibited than WT. However, R12C showed
a similar activity level to WT, although this mutation was pre-
viously reported to be a loss-of-function mutant in a human
IRAK4 deficiency patient (Hoarau et al., 2007). Fig. 2H shows
that all IRAK4 SNPs significantly inhibited NF-kB activity to the
same extent as WT. Only R20W showed a stronger inhibitory
effect.

3.2. Cell-based assays of MyD88 variants

3.2.1. Protein expression of MyD88

We analyzed four previously reported loss-of-function muta-
tions of MyD88: E52del, E53X, and L93P located in the DD, and
R196C located in the TIR domain, as well as three SNPs: S34Y
and R98C (loss-of-function variants (George et al., 2011; Nagpal
et al., 2011) located in the DD, and M178I in the TIR domain
(Fig. 3A). To functionally characterize the MyD88 genetic variants,
myc-tagged full-length expression constructs corresponding to
the loss-of-function mutations (‘MyD88 mutants’) and nonsynony-
mous SNPs (‘MyD88 SNPs’) were generated. No protein expression
was detected of S34Y and E53X, while expression of E52del and
L93P was very low. On the other hand, expression levels of R98C,
M178I, and R196C were similar to WT (Fig. 3B).

3.2.2. NF-kB activity of MyD88
Next, we assessed the abilities of MyD88 variants to activate the
NF-kB signaling pathway using a dual luciferase assay system in
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Fig. 2. Cell-based NF-kB activity assays of IRAK4 variants. (A-F) The inhibition of NF-kB activation in five different cell lines by IRAK4. IL-13- (10 ng/ml), IL-18- (50 ng/ml),
Pam3CSK4- (10 ng/ml), LPS- (10 ng/ml) and recFLA-ST- (10 ng/ml) induced NF-«B activations was not significantly inhibited by overexpressed IRAK4 WT in HEK293T cells (A,
B, F), HEK293-hTLR1/2 cells (C), HEK293-hTLR4-MD2-CD14 cells (D), and HEK293-hTLR5 cells (E). Transient transfection of both IL-1R1 and IL-1RACcP significantly enhanced
NF-kB activity in HEK293T cells, which could be significantly inhibited by overexpressed IRAK4. (G and H) The inhibition of NF-kB activation by IRAK4 variants in HEK293T
cells. The inhibition by mutants c.118insA, R183X, Q293X, and G298D of NF-kB activation induced by co-transfection both IL-1R1 and IL-1RAcP was significantly less than
in WT. R12C showed a similar inhibition level to WT. All IRAK4 SNPs significantly inhibited NF-«B activity as well as WT. Only R20W showed a stronger inhibition of NF-kB
activity than WT. Data represent the mean + SD of a representative experiment (n=3). Asterisk indicates a statistically significant difference between WT and the others. NS

means “not-significant”.

HEK293T cells. Fig. 3C shows that overexpression of S34Y, E52del,
E53X, L93P, R98C, and R196C resulted in lower NF-kB activation
than that of WT. We previously reported that the truncated MyD88
lacking a DD (MyD88-TIR) inhibited IL-18-stimulated NF-kB
activation by means of a dominant negative effect (Ohnishi et al.,
2012b). Therefore, in the present study, we examined NF-kB
activation inhibition from a dominant-negative effect in HEK293T
cells transiently co-transfected with IL-18RAcP and MyD88-TIR

WT, or M178I and R196C (Fig. 3D). MyD88-TIR M178I inhibited
NF-kB activation to a similar level as WT, but MyD88-TIR R196C
was compromised in its effect to inhibit NF-kB activation.

3.3. GST pull-down assay of MyD88-TIR to Mal-TIR

MyD88 interacts with Mal via a shared TIR domain and acti-
vates a downstream signaling pathway. To analyze the mutations
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Fig. 3. Cell-based assays of MyD88 variants. (A) Schematic representation of MyD88 with all identified mutations and nonsynonymous SNPs. MyD88 consists of five exons
and the protein is composed of an N terminal death domain and C-terminal TIR domain. Mutations are annotated at the upper side of this schema, and SNPs at the
lower. (B) Expression levels of MyD88 variants in HEK293T cells. The protein expression of S34Y and E53X could not be detected, and that of E52del and L93P was
very low. The expression levels of R98C, M178I, and R196C were similar to that of WT. (C) NF-kB reporter gene activities of MyD88 variants in HEK293T cells. S34Y,
E52del, E53X, L93P, R98C, and R196C were compromised in the ability to enhance NF-kB activation, with the exception of M178I. (D) Dominant negative inhibitory effects
of MyD88-TIR variants in HEK293T cells. MyD88-TIR R196C failed to inhibit NF-kB activation. Data represent the mean = SD of a representative experiment (n=3). All
data were compared at each transfection dose. Asterisk indicates statistically significant difference between WT and the others. NS means “not-significant”. (E) Binding
assays for WT or mutant MyD88-TIRs with Mal-TIR using GST pull-down assays. M178I interacted with Mal-TIR as well as WT. R196C showed a reduced interaction with

Mal-TIR.

located in the TIR domain of MyD88, we carried out a GST
pull-down assay of MyD88-TIR and Mal-TIR (Fig. 3E). As we
reported previously (Nadaetal.,2012; Ohnishietal.,2009), MyD88-
TIR R196C showed a significant decrease in its ability to directly
bind to Mal-TIR, while MyD88-TIR M178I interacted with Mal-TIR
as well as WT.

3.4. Analytical gel filtration of IRAK4 and MyD88

To compare the interaction between MyD88 and IRAK4, ana-
lytical gel filtration was carried out. We purified MyD88-DD +IDs
and IRAK4-DD +IDs recombinant proteins, and analyzed the elu-
tion profiles of mixtures of MyD88 WT or mutants in the presence
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Fig. 4. Analytical gel filtration of IRAK4 and MyD88. (A) IRAK4-R12C failed to interact with MyD88. R12C was unable to assemble into a Myddosome as shown by size
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in a discrete complex peak that was absent from R12C mixtures. (B) IRAK4 SNPs interacted with MyD88 WT. Only IRAK4 R20W showed a decreased peak intensity of complete
complex and residual peak of MyD88-DD +ID despite mixing an excess of IRAK4. (C) MyD88-R98C failed to interact with IRAK4. Individual peak fractions from gel filtration,
purified MyD88-DD +ID or IRAK4-DD +ID alone (for size comparison) were analyzed by reducing SDS-PAGE (data not shown).

of a molar excess of IRAK4-DD +ID WT or mutants. Individual frac-
tions or purified reference proteins were analyzed by SDS-PAGE
(datanot shown). The estimated molecular weights were calculated
using a calibration curve, and were 30.6 kDa, 48.3 kDa, and 423 kDa
for IRAK4-DD + 1D, MyD88-DD +ID, and their complex, respectively.
Although IRAK4-DD was eluted as a 1mer (George et al., 2011; Lin
et al.,, 2010; Motshwene et al., 2009), IRAK4-DD +ID was mainly
eluted as a 2mer. While MyD88 was mainly eluted as a 3mer.
IRAK4 WT formed a characteristic oligomer by mixing with MyD88
WT, but not R98C, as previously reported (Fig. 4C) (Nagpal et al.,
2011). Moreover, IRAK4 R12C also failed to form a complex (Fig. 4A).
By contrast, IRAK4 SNPs interacted with MyD88 WT (Fig. 4B), but
only IRAK4 R20W showed a decreased intensity of the complex
and residual peak of MyD88-DD +ID, despite an excess amount of
IRAK4.

3.5. NMR titration

The IRAK4-MyD88 interaction was also examined using NMR
spectroscopy for which 2D TH-1>N correlation NMR spectra of 1°N-
labeled MyD88-DD +ID were recorded in the presence or absence of
various concentrations of IRAK4-DD +ID or its derivatives. Changes
of NMR signal intensities of a Trp residue in '°N-labeled MyD88-
DD +ID following titration were used to monitor the interaction
(Fig. 5). The normalized NMR signal intensity steeply decreased
upon IRAK4 titration. Attenuation of the NMR signal could be
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Fig. 5. NMR titration study of 'H-'>N-MyD88-DD+ID and IRAK4-DD +ID. Nor-
malized intensities of NMR signals, obtained from the NMR titration experiment
(Supplemental Fig. S1), were plotted in a function of equivalent moles (eq) of
IRAK4-DD +ID added to '>N-MyD88-DD +ID. The attenuation of signal intensities
was presumably caused by formation of complexes between MyD88-DD +ID and
IRAK4-DD +ID. NMR signal attenuation of R12C and R20W was significantly sup-
pressed relative to WT, indicating a weak affinity for MyD88-DD +ID. Black box,
white circle, white box, black circle, gray box, gray circle, and black cross indicate the
normalized intensities of WT, I5V, R12C, R20W, 126T, 139V, and S98R, respectively.
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Fig. 6. Stability of IRAK4-DD variants in HEK293T cells. Cells were incubated in
cycloheximide (25 wM) for the indicated times before preparation of cell extracts
for SDS-PAGE separation and immunoblotting with an anti-FLAG antibody. IRAK4-
DD WT maintained a steady state of protein structure, but R20W began to collapse
after 24 h.

interpreted as a result of the formation of large protein complexes
involving 1°N-labeled MyD88-DD +ID, indicating an interaction of
the titrated IRAK4-DD +ID with 1>N-MyD88-DD +ID. Four IRAK4
derivatives, I5V, 126T, 139V, and S98R, showed a similar attenuation
pattern to that of WT. By contrast, attenuation of NMR signal inten-
sities was significantly suppressed when one of two derivatives,
R12C or R20W, was used as a titrant. These observations suggest
that the affinity of R12C and R20W towards MyD88-DD +ID was
weaker than that of WT.

3.6. Instability of IRAK4 R12C and R20W

In the analytical gel filtration and NMR titration assays, IRAK4
R12C failed to interact with MyD88. On the other hand, IRAK4
R20W could interact with MyD88, but the amount of complete
complex was lower than WT and other SNPs. Additionally, R12C
and R20W were predicted to be “probably damaging” with scores
of 1.000 and 0.998, respectively, by the PolyPhen-2 algorithm
(http://genetics.bwh.harvard.edu/pph2/) (Adzhubei et al., 2010).
Therefore, we next evaluated the protein stability of IRAK4-DD + 1D
R12C and R20W compared with WT following treatment with
cycloheximide (Fig. 6). IRAK4-DD +ID WT protein levels did not
change during 72 h of cycloheximide treatment, but R12C protein
levels slightly decreased after 48 h of treatment, and R20W protein
levels decreased after 24 h of treatment.

4. Discussion

4.1. In vitro assays for assessments of the mutational effects of
human IRAK4 gene

Several cell-based functional assays of IRAK4 mutants have
previously been described, but the mutational effects of novel
mutations have not been confirmed. For example, Lye et al. exam-
ined the NF-kB activation of IRAK4 mutants using IRAK4-knocked
out murine fibroblasts (Lye et al., 2004), while Qin et al. (2004)
used human fibroblasts derived from an IRAK4 deficiency patient.
Medvedev etal.(2005) examined the IL-1 signaling complex forma-
tion of an IRAK4 mutant using immunoprecipitation. In the present
study, we examined selected IRAK4 mutations, including three pre-
viously reported missense mutations (Fig. 1A). Protein expression
levels of WT and R12C were similar (Fig. 1B), so we then assessed
the signaling function using HEK293T cells (Medvedev et al., 2003)
as it is difficult to obtain an IRAK4-deficient human cell line. IRAK4
Q293X protein expression was undetectable and it did not appear
to inhibit NF-kB activity (Figs. 1B and 2G), which agrees with the
results of Medvedev et al. (2003).

The other IRAK4 mutants, with the exception of R12C which
expressed undetectable or low level IRAK4 protein, also did not
inhibit NF-kB activity. On the other hand, R12C inhibited NF-kB
activity to almost the same extent as WT. This suggests that overex-
pressed IRAK4 protein only inhibits NF-kB activity when full-length

IRAK4 is expressed at levels above a certain threshold. All SNPs ana-
lyzed expressed similar protein levels and inhibited NF-kB activity
to the same level as WT (Fig. 1C and E). Interestingly, R20W showed
a significantly stronger inhibition of NF-kB activity than WT and
other SNPs, while the PolyPhen-2 algorithm “probably damaging”
prediction for R12C and R20W meant that the behavior of both was
uncertain.

To clarify this, we focused on these two variants. From informa-
tion about the Myddosome protein structure (PDB code: 3MOP) (Lin
et al., 2010), residues R12 and R20 appeared to be located on the
surface of IRAK4-DD, in the interface between IRAK4 and MyD88,
and to directly interact with MyD88-DD E102 and D46, respectively
(Fig. 7B). A protein-protein interaction study was used to assess the
mutational effect of these residues. MyD88-DD R98 was located
in the interface to IRAK4-DD (George et al., 2011), while MyD88-
TIR R196 was located in the interface to Mal-TIR (Ohnishi et al.,
2009). These arginine to cysteine substitutions caused a change in
protein-protein interaction abilities. The recombinant proteins of
IRAK4-DD +ID WT and MyD88-DD +ID WT formed a higher order
oligomeric complex, but IRAK4 R12C failed to interact with MyD88.

While we were preparing this manuscript, T77del, a novel
mutation of human IRAK4 deficiency, was reported as a loss-of-
expression variant following a western blot of a patient’s fibroblasts
(Andres et al., 2013). Lin et al. (2010) used immunoprecipitation
to show that both T76 and N78 are critical residues for the inter-
action with MyD88. Therefore T77 might be critical not only for
protein expression but also the interaction with MyD88. It should
be noted that although IRAK4 S98 is located on the surface of IRAK4-
DD (Fig. 7A), it is distant from the interface with MyD88-DD. From
the complex structural information, S98 might be located in the
interface between IRAK4 and IRAK2. Future work should carry out a
protein interaction study between IRAK4 S98R and IRAK2 or IRAK1
to evaluate the pathogenicity of IRAK4 S98R.

All IRAK4 SNPs examined in the present study formed a com-
plex in analytical gel filtration. Interestingly, R20W also formed
a complex, albeit less than WT and the other SNPs. In addition,
an incomplete complex of IRAK4 R20W and MyD88 was observed
between the peak of unbound proteins and complete complex
(Fig. 4B). Moreover, the NMR signal attenuation titrated with IRAK4
R12C and R20W was reduced compared with WT (Fig. 5), suggest-
ing that the interaction was weakened by amino acid substitutions.
From these results, we speculated that not only the mild loss of
protein-protein interaction, but also the loss of IRAK4-DD R20W
protein stability inhibits the formation of a complete complex of
IRAK4 and MyD88. Therefore, we examined protein stability using
cycloheximide. The stability of IRAK4-DD R12C was slightly lower,
but that of R20W was much lower than WT and R12C (Fig. 6). Thus it
is conceivable that the hydrophilic Arg20 substitution to hydropho-
bic tryptophan reduces the stability of the protein structure. Finally,
we propose the possibility that not only IRAK4 R12C but also R20W
has an impact on human IRAK4 deficiency (Table 1).

4.2. In vitro assays for assessments of the mutational effects of
human MyD88 gene

Recently, the loss-of-function variants S34Y and R98C were
found in naturally occurring MyD88 SNPs (George et al., 2011;
Nagpal et al.,, 2011). The functions of these variants were also
shown by a luciferase reporter gene assay in HEK293 I3A cells, and
interaction analysis with recombinant proteins. On the other hand,
Napgal et al. carried out an initial functional assay of MyD88 vari-
ants using a luciferase reporter gene assay in HEK293T cells, which
are not MyD88-deficient. In addition, Loiarro et al. (2009) used
immunoprecipitation in HEK293T cells to indicate that E52 and Y58
were key residues that interact with both IRAK1 and IRAK4, and
that K95 was an important residue to interact with IRAK4. In this
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MyD88-DD R98C - IRAK4-DD

IRAK4-DD R12C - MyD88-DD
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Fig. 7. Protein structure of IRAK4-DD. (A) Schematic representation of IRAK4-DD (Protein Data Bank accession code 2A9I) generated with PyMOL (DeLano Scientific,
www.pymol.org). Mutants and variants are shown as red full-surface amino acid residues. R12, R20, and S98 are located on the surface of IRAK4-DD. (B) 3D interaction
models of IRAK4-DD (green) with MyD88-DD (orange). MyD88-DD R98 (side chain shown as a blue stick) interacts with IRAK4-DD T76. IRAK4-DD R12 and R20 (side chains

shown as red sticks) interact with MyD88-DD E102 and D46, respectively.

study, we revealed decreased protein expression levels of MyD88
variants (S34Y, E52del, and L93P) with HEK293T cells, indicating
that they have unstable protein structures (Fig. 3B). Moreover,
R98C as well as the loss-of-expression variants had lower NF-kB
activity than MyD88 WT (Fig. 3C), while MyD88-DD R98C had an
impaired direct interaction with IRAK4-DD WT (Fig. 4C). Conse-
quently, MyD88 R98C can be a risk-allele for MyD88 deficiency,
because it showed similar to IRAK4 R12C about the results of
interaction assay between MyD88-DD and IRAK4-DD. Thus, the
results of MyD88-DD gene variation from a cell-based assay using
a MyD88-non-deficient cell line are consistent with the protein
interaction study, unlike the IRAK4 variants.

MyD88 interacts with Mal via a shared TIR domain. We pre-
viously found that MyD88-TIR R196C had stable protein folding
but a significant decrease in its ability to directly bind Mal-TIR

Table 1
Summary of the expression and functional analysis of IRAK4 variants.

(Nada et al., 2012; Ohnishi et al., 2009). TIR domains have an
important functional region, the BB loop, which interacts with
other TIR domain-containing proteins. As the R196C mutation and
M178I SNP are located in or near the BB loop of the MyD88 TIR
domain, we tested MyD88 full-length-induced NF-kB activation
and the inhibition of ligand-induced NF-«kB activity caused by a
dominant-negative effect to assess the functional effect of M178I.
MyD88 full-length M178I significantly enhanced NF-kB activity,
as seen in WT (Fig. 3C). MyD88-TIR M178I inhibited NF-«kB acti-
vation to the same extent as WT, but R196C did not (Fig. 3D).
Furthermore, a GST pull-down assay using recombinant purified
proteins found that MyD88-TIR M178I interacted with Mal-TIR as
well as WT (Fig. 3E), which was consistent with the cell-based
assays. Therefore we determined M178I to be a variant, although
the mutation of a neighboring residue, 179N also called the Poc

Gene Variant Protein expression NF-kB activity Interaction Protein stability Pathogenicity
IRAK4 M1V Absent - - - Reported
I5V Normal Inhibited Normal - Polymorphism
R12C Normal Inhibited Reduced Mild reduced Reported
R20W Normal Inhibited Mild reduced Reduced Probable
126T Normal Inhibited Normal - Polymorphism
139V Normal Inhibited Normal - Polymorphism
c.118insA Severely reduced Not inhibited - - Reported
S98R Normal Inhibited Normal - Polymorphism
R183X Truncated Not inhibited - - Reported
Q293X Severely reduced Not inhibited - - Reported
G298D Reduced Not inhibited - - Reported
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Table 2
Summary of the expression and functional analysis of MyD88 variants.

Gene Variant Protein expression NF-kB activity Interaction Pathogenicity

MyD88 S34Y Severely reduced Not enhanced - Probable
E52del Reduced Not enhanced - Reported
E53X Severely reduced Not enhanced - Reported
L93P Reduced Not enhanced - Reported
R98C Normal Not enhanced Reduced Probable
M178I Normal Enhanced Normal Polymorphism
R196C Normal Not enhanced Reduced Reported

mutation, is associated with a loss-of-function of MyD88 (Jiang
et al.,, 2006).

In Table 2, we summarize the functional phenotypes of MyD88
mutations and SNPs described in this study. Our results suggest that
the mutational effects of MyD88 variants, at least those located in
DD and TIR domains, can only be assessed by cell-based reporter
gene assays using widely available cell lines such as HEK293 cells,
unlike IRAK4 variants.

4.3. The additional discussion about another components of
Myddosome, Mal

Recently, several functional assays of variants of Mal, located
in the TIR domain have been reported. Nagpal et al. (2009) found
that Mal D96N was unable to interact with MyD88 using a reporter
gene assay and immunoprecipitation, while George et al. (2010)
confirmed this by immunofluorescence. We used a reporter gene
assay to show that E132K, R143Q, and E190D are loss of functional
variants (An et al., 2011). E132K is of particular importance as it
is located in the BB loop of the Mal TIR domain, so we speculate
that it might be a pathogenic mutation of Mal deficiency. More
recently, Weller et al. (2012) reported that Mal R121W, which is
also located in the Mal BB loop at a similar site to R196C of MyD88,
causes human Mal deficiency. Therefore, future work should exam-
ine the functions of the gene variants of not only IRAK4 and MyD88
but also Mal deposited in the SNP database.

5. Conclusion

Not only previously reported loss-of-function mutations but
also several SNPs are considered likely to be pathogenic for human
diseases, because of their loss of functions proved by in vitro meth-
ods. Loss of protein stability and defect of interaction between the
components of Myddosome may cause IRAK4 and MyD88 deficien-
cies as a result of a failure to form a precise Myddosome structure.
Our findings indicate that the analysis of Myddosome formation
with recombinant proteins is useful to distinguish whether mis-
sense mutations, especially those located in the DD of IRAK4, are
causative. Thus, the combination of in vitro functional assays is
effective to confirm pathogenicity of mutants found in IRAK4 and
MyD88 deficiency patients.
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Wheezing is a lower respiratory tract symptom induced by various viral respiratory
infections. Epidemiological studies have revealed the phenotypes of wheezing in early
childhood which have different risk factors for the development of asthma among school
age children. The major viral species causing wheezing in children include respiratory
syncytial virus, rhinovirus, human metapneumovirus and influenza viruses. It has been
shown that the impact on the development of asthma is different between those virus
species. Moreover, recent studies have also focused on the interaction between virus
infection and other risk factors in the development of asthma, such as genetic factors or
allergic sensitization. In this review, we summarize the previous findings and discuss how
clinicians can effectively intervene in these viral infections to prevent the development of
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asthma.

INTRODUCTION

Wheezing is a lower respiratory tract symptom induced by var-
ious viral respiratory infections. It is in common in children,
with approximately one-third of the children having at least one
wheezing episode by age nine. However, about 1 to 2% of affected
infants need to be hospitalized due to respiratory distress. More-
over, although the condition is transient in the majority of cases,
some children develop recurrent wheezing and are diagnosed to
have asthma when they reach school age. In those children, the
virus-induced wheezing in early childhood may be associated with
the subsequent development of recurrent wheezing and/or asthma
in connection to the pathology of asthma, including chronic air-
way inflammation, thusleading to airway hyperresponsiveness and
airway remodeling.

Epidemiological studies are therefore considered to be impor-
tant for clarifying which populations are at risk for developing
virus-induced wheezing accompanied with other severe symp-
toms, recurrent wheezing and especially asthma. Moreover, recent
studies have also focused on the interaction between virus infec-
tion and other risk factors for the development of asthma, such as
genetic factors or allergic sensitization.

In this review, we summarize the previous findings and discuss
how clinicians can effectively intervene in these viral infections to
prevent the development of asthma.

PHENOTYPES OF VIRUS-INDUCED WHEEZING

Birth cohort studies have been conducted to clarify the natural
history of wheezing in early childhood and to assess the risk fac-
tors for the development of wheezing and subsequent asthma.
The first large prospective study focusing on the wheezing his-
tory was performed by the Tucson Children’s Respiratory Study
group (Halonen etal., 1999; Sherrill etal., 1999; Stein etal., 1999;
Taussig et al., 2003; Morgan et al., 2005). They followed 828 infants
until the age of 6 years and identified four different patterns of
wheezing in early childhood (never wheeze, transient early wheeze,

Keywords: wheezing, viral respiratory infection, cohort study, interferon, respiratory syncytial virus, rhinovirus

late-onset wheeze, and persistent wheeze) on the basis of clini-
cal observations. The “never wheeze” phenotype (51.5% of the
cohort) was defined as children with no episodes of wheezing
during the first 6 years of the life. The “transient early wheeze”
phenotype (19.9% of the cohort) was defined as children having
at least one lower respiratory tract illness with wheezing dur-
ing the first 3 years of the life, but no wheezing at 6 years of
age. The children with this phenotype had a diminished air-
way function both before the age of 1 year and at the age of
6 years, were more likely than the other children to have moth-
ers who smoked but not mothers with asthma, and did not have
elevated serum IgE levels or skin-test reactivity. The “late-onset
wheeze” phenotype (15.0% of the cohort) was defined as chil-
dren having no wheezing before the age of the 3 years, but having
wheezing at 6 years of age. The “persistent wheeze” phenotype
(13.7% of the cohort) was defined as children having wheezing
both before 3 years of age and at 6 years of age. The children
of this phenotype were more likely than the “never wheeze” chil-
dren to have mothers with a history of asthma, to have elevated
serum IgE levels and normal lung function in the first year of
life, and to have elevated serum IgE levels and diminished airway
function at 6 years of age. Interestingly, these phenotypes have
been shown to be associated with different risk factors for the
number of encountered viral infections in early childhood (Kusel
etal., 2007) and the development of asthma (Taussig etal., 2003;
Stein and Martinez, 2004).

Birth cohort studies from Europe using latent class analy-
sis identified more complicated wheezing phenotypes, including
an intermediate-onset wheezing phenotype. A population-based
birth cohort study of 6265 children in the United Kingdom (the
ALSPAC study) identified six wheezing phenotypes in childhood,
from birth to age 7 years, and demonstrated that these pheno-
types differed in the atopy prevalence and lung function levels
at 7-8 years of age (Henderson etal., 2008). Another multicenter
birth cohort study of 2810 children in the Netherlands (the PIAMA
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study) also identified five wheezing phenotypes in childhood from
birth to age 8 years. Interestingly, the wheezing phenotypes iden-
tified by the two birth cohort studies were comparable (Savenije
etal., 2011).

VIRAL SPECIES CAUSING WHEEZING

The major viral species causing wheezing in children include
respiratory syncytial virus (RSV), rhinovirus (HRV), human
metapneumovirus (hMPV) and influenza viruses.

RSV

Respiratory syncytial virus is a medium-sized negative-stranded
RNA virus of the family Paramyxoviridae, which causes respiratory
infections mainly in children. Interestingly, the clinical symptoms
of RSV infection in infancy and early childhood are extremely
variable. Most infants experience an RSV infection before 3 years
of age (Ruuskanen and Ogra, 1993), normally escaping with only
upper respiratory diseases, whereas approximately 1-2% of them
require hospitalization because of severe RSV bronchiolitis (Green
etal., 1989; Stretton etal., 1992). This is particularly common
in those who are premature or who have chronic lung disease
or congenital heart disease. Recently, a humanized monoclonal
antibody designed to provide passive immunity against an epitope
in the A antigenic site of the F protein of RSV has been widely
used for the prophylaxis of severe RSV lower respiratory infection
in those children.

HRV

Rhinovirus is a small-sized positive-strand RNA virus of the family
Picornaviridae, which is well known as the predominant cause of
the common cold. Because of the development of PCR techniques,
it has been recognized that HRVs cause not only upper respiratory
infections, but also lower respiratory infections or asthma exacer-
bation. HRVs consist of over 100 types classified into one of three
species (A, B, and C) according to the phylogenetic sequence cri-
teria. HRV C (HRV-C) is a recently classified group and has been
shown to be associated with severe asthma attacks more frequently
than other groups of HRV. The prevalence of HRV-associated
wheezing increases by age, and it is significantly more common
in children with recurrent wheezing episodes than in first-time
wheezers in age categories of <24 and <36 months (Jartti etal.,
2009).

HMPV

The hMPV is a medium-sized negative-stranded RNA virus of
the family Paramyxoviridae, which was recently discovered (van
den Hoogen etal., 2001), the clinical course of which resembles
RSV infection. Similar to RSV, it has been reported that hMPV
infection was associated with wheezing among children younger
than 3 years, especially during the winter, while hMPV was not
significantly associated with wheezing requiring hospitalization
among children 3 years of age and older (Williams et al., 2005).

INFLUENZA VIRUSES

Influenza viruses are a medium-sized negative-stranded RNA
virus of the family of Orthomyxoviridae. Influenza viruses cause
severe lower respiratory tract complications, such as bronchitis or
pneumonia. In addition, influenza is significantly associated with

wheezing during the winter among children younger than 3 years
of age although the detection percentage of the influenza virus is
lower than that of RSV (Heymann etal., 2004).

RISK FACTORS FOR THE DEVELOPMENT OF VIRUS-INDUCED
WHEEZING

BEHAVIORAL OR ENVIRONMENTAL FACTORS

In the Tucson study, it was reported that breast-feeding at early
infancy for at least 1 month was associated with lower rates
of virus-induced wheezing during the first 4 months of the life
(Wright etal., 1989). However, the results of the subsequent stud-
ies have been conflicting. A meta-analysis study finally showed that
there was no association between any or exclusive breast feeding
and wheezing illness (Brew etal., 2011).

Infants exposed to more children at home or day care experi-
enced more frequent wheezing when they were 2 years old, but less
frequent wheezing from years eight through year thirteen. There-
fore, although exposure to children at home or in day care during
infancy increased wheezing in early life, it appears to be protec-
tive against the development of frequent wheezing in school age
children (Ball et al., 2000).

HOST IMMUNOLOGICAL FEATURES

Interferon (IFN) secretion is important in the clearance of viral
pathogens. Therefore, IFN deficiency has been supposed to lead to
lower respiratory viral infections. There are three types of inter-
ferons: Type I (IFN-a/p), Type II (IFN-y) and Type III (IFN-A). It
was shown that low IFN-y production in cord bloods (Copenhaver
etal., 2004) or PBMCs in the first year of life (Stern etal., 2007)
was a risk factor for wheezing during childhood, in addition to a
risk factor for the development of asthma and allergies (Tang et al.,
1994). It has recently been clarified that the deficiency of IFN pro-
duction is related to atopy. It was reported that allergic asthmatic
children had an impaired HRV-induced IFN-a and IFN-A1 pro-
duction that correlated with an increased FceRI expression on plas-
macytoid dendritic cells in PBMCs, which were reduced by FceRI
cross-linking (Durrani etal., 2012). In addition, it was reported
that bronchial epithelial cells from asthmatic individuals produced
less IFN-B in response to HRV, leading to impaired apoptosis
and increased HRV replication (Wark etal., 2005). Interestingly,
it was revealed that allergic sensitization precedes HRV-induced
wheezing, but the converse is not true (Jackson etal., 2012). The
results of that study suggested that allergic sensitization can lead
to more severe HRV-induced lower respiratory illnesses, which is
considered to be a risk factor for the subsequent development of
asthma.

GENETIC FACTORS

There have been many genetic risk factors reported to be associ-
ated with the development of RSV bronchiolitis. Two large scale
genetic association studies were performed using a candidate gene
approach (Janssen etal., 2007; Siezen etal., 2009). They analyzed
384 single-nucleotide polymorphisms (SNPs) in 220 candidate
genes involved in the airway mucosal responses, innate immunity,
chemotaxis, adaptive immunity, and allergic asthma. They found
that SNPs in genes of the innate immune responses (the transcrip-
tional regulator Jun, alpha interferon, IFN-a, nitric oxide synthase
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and the vitamin D receptor) are important for determining the
susceptibility to RSV bronchiolitis in term children. As RSV is
recognized by Toll-like receptor (TLR) 4, SNPs in the genes of
molecules related to TLR4 signaling have also been studied (Tal
etal., 2004; Inoue et al., 2007).

In contrast, the genetic factors related to the development of
HRV-induced wheezing are less well known (Helminen et al., 2008;
Caliskan etal., 2013). However, the 17q21 variants, which were
found to be related to childhood-onset asthma in a genomewide
association study (Moffatt etal., 2007), were associated with HRV
wheezing illnesses in early life, but not with RSV wheezing illnesses
(Caliskan etal., 2013).

ASSOCIATION BETWEEN VIRUS-INDUCED WHEEZING AND
THE DEVELOPMENT OF ASTHMA, AND EFFECTIVE TYPES OF
INTERVENTION TO PREVENT THE SUBSEQUENT
DEVELOPMENT OF ASTHMA

It is still unclear whether lower respiratory viral infections are
causal factors, or instead serve as indicators, of a predisposition to
asthma. Moreover, recent studies have indicated that the impact
on the development of subsequent recurrent wheezing or asthma
is different between virus species.

It was reported that infant birth approximately 4 months before
the winter virus peak, which is the peak of bronchiolitis hos-
pitalizations for that winter season, carried the highest risk for
the development of asthma, thus suggesting that a lower res-
piratory infection with winter viruses, including RSV, in early
childhood may be an important factor in the development of
asthma (Wu etal, 2008). In a birth cohort study, Sigurs etal.
(2010) followed 47 children aged <1 year hospitalized with RSV
lower respiratory infection (RSV group) and 93 age- and gender-
matched controls (Control group) for 18 years. They found that
the RSV group had an increased prevalence of asthma/recurrent
wheezing, clinical allergy and sensitization to perennial allergens,
compared to the Control group (Sigurs etal., 2010). Meanwhile,
it was shown that RSV prophylaxis using Palivizumab, a human-
ized monoclonal antibody against the RSV fusion protein that
prevents severe RSV lower respiratory infection, in non-atopic
children decreased the relative risk of recurrent wheezing by
80%, but did not have any effect in infants with an atopic
family history (Simoes etal., 2010). These results suggest that
RSV predisposes to recurrent wheezing via an atopy-independent
mechanism.

Rhinovirus has been implicated as an important pathogen in
asthma pathogenesis due to the improvement of PCR for HRV
detection. In the Childhood Origins of ASThma (COAST) cohort,
HRYV in nasal lavage samples were evaluated by PCR. They found
that, by age 3 years, wheezing in those with HRV-positive sam-
ples (OR, 25.6) was more strongly associated with asthma at age
6 years than aeroallergen sensitization (OR, 3.4; Jackson etal,
2008). As IFN deficiency is related to both atopy and the suscep-
tibility to HRV infection, the inhalation of IFN by HRV-infected
children with risk factors for asthma might thus help to prevent
the development of asthma.

Recently, pandemic HIN1 influenza virus has been reported to
increase the risk of lower respiratory tract complications includ-
ing asthma attack, pneumonia, and atelectasis even in atopic

children without any history of either an asthma attack or asthma
treatment, compared to the seasonal influenza virus (Hasegawa
etal., 2011). This observation suggests that the pandemic HIN1
influenza virus may be a strong risk factor contributing to the
development or exacerbation of asthma.

LIMITATIONS OF EPIDEMIOLOGY STUDIES

The correct diagnosis of individual viral infections is necessary
for assessing which virus infection is important for the devel-
opment of wheezing or the subsequent development of asthma.
The principal diagnostic methods for respiratory viruses are virus
culture, serology, immunofluorescence/antigen detection, and
nucleic acid/PCR-based tests (Tregoning and Schwarze, 2010).

Although virus culture proves that the virus detected in clin-
ically obtained samples is able to infect human cells, viral
culture is time-consuming and is not appropriate for analyzing
many samples in epidemiological studies. Viral serologic test-
ing is also time-consuming, and generally requires at least two
rounds of blood sampling, because viral serological testing can
diagnose infections by an increase of a virus-specific antibody
in the blood, which usually takes 2 weeks to develop. Most
previous epidemiological studies thus evaluated viral infections
by immunofluorescence/antigen detection or nucleic acid/PCR-
based tests. Antigen detection is based on the use of virus-specific
monoclonal antibodies. There are a variety of diagnostic test kits
that use nasopharyngeal aspirate, nasopharyngeal wash or nasal
swab specimens as the test material, and detect viral antigen by
using either a conjugated enzyme or fluorescence. Immunoflu-
orescence/antigen detection is appropriate for epidemiological
studies because it is convenient, cheap and possible to use when
handling for many samples. However, there is a limitation to the
species of target viruses. Nucleic acid tests are significantly more
sensitive than the other methods, and are now being multiplexed,
allowing for the rapid detection of many viruses concurrently. The
PCR method has greatly increased the recovery rates of viruses
(Johnston etal., 1995; Rakes et al., 1999). However, the PCR-based
diagnosis of viruses, especially HRV, may not necessarily indicate
that the virus is causing the observed disease, because virus RNAs
can be detected by PCR for several weeks after the onset of clinical
symptoms (van Benten etal., 2003; Jartti et al., 2004; Wright et al.,
2007).

Another limitation in epidemiological studies assessing wheez-
ing/wheezes in early childhood is the difficulty of diagnosing these
conditions in young children based on the clinical assessment of
symptoms by both guardians and clinicians. It was reported that
the parents of children aged 4 months to 15 years and clinicians
agreed on only 45% of occasions that the patient was wheezy or had
asthma (Cane etal., 2000), thus suggesting that epidemiological
studies using symptom records kept by guardians may sometimes
lead to a wrong conclusion. Moreover, it has been shown that
even specialists might not always correctly recognize wheezing
(Bisgaard and Bonnelykke, 2010).

FUTURE PROSPECTIVE

To our knowledge, previous epidemiological studies regarding
the association between viral infections and wheezing/asthma
did not evaluate all other risk factors for the development
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of wheezing/asthma in childhood, including behavioral fac-
tors, environmental factors, host immunological features and
genetic factors. Large birth cohort studies evaluating viral infec-
tions and these factors in childhood could thus better elucidate
the impact of viral infections on the development of wheez-
ing/asthma. However, epidemiological studies only reveal an
association, but not a causal relationship between some viral infec-
tions and the development of wheezing or asthma. Therefore, in
the future, intervention trials with preventative intervention or
therapies on a specific virus would be needed to clearly iden-
tify when and how clinicians should intervene in such viral
infections to thereby prevent the development of wheezing or
asthma.

CONCLUSION

Virus-induced wheezing is not only a burden in early childhood,
but also may be one of causes or signs of childhood asthma.
Therefore, clarifying the risk factors for virus-induced wheez-
ing in epidemiological studies can and have provided clues about
the pathogenesis of asthma. Further studies are needed to clarify
which virus(es) in which population should be the major target of
early intervention for preventing the subsequent development of
asthma.
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