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Table 1 Laboratory data on admission

Hematology
WBC 18,600/l Na 145 mEq/I HIV Ab negative
Baso 0.0% K 35 mEq/I Influennza B Ab (CF) x512
Eosino 0.0% Cl 103 mEq/! Aspergillus Ag (EIA) 0.3 ng/ml
Neutro 95.5% BUN 30 mg/dl
Lymph 1.0% Cr 0.7 mg/dl Blood gas analysis (0. 3L)
Mono 1.0% FBS 184 mg/dl pH 75
RBC 2.55x105/ul HbAlc 5.7% Pa0: 88 torr
Hb 90 g/dl PaCO:2 41 torr
Ht 27.8% Serology HCOs 31 mml/I
Plt 272x104/ul CRP 89 mg/dl Sa0:z 96.5%
ESR (1h) 47 mm/1h
Biochemistry I1gG 1,538 mg/dl Sputum culture
TP 6.1 g/dl IgA 144 mg/dl Bacteria (—)
Alb 2.1 g/dl IgM 82 mg/dl Acid fast bacteria (=)
GOT 111 1U/1 BNP 366 pg/ml Fungi (—)
GPT 185 1U/1 KL-6 1,012 U/ml
LDH 286 TU/I s-JL2R 2,080 U/ml Urinary
vGTP 78 TU/I B-D glucan 12.3 pg/ml Legionella Ag negative
S. pneumoniae Ag negative
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3 UfnsE, FHEERE, BUNOLRE 2D/ My HICHE L%, %21 WA RETRE L (Fig
AFE T, BEFEIL A = 2 — 5 F T Pa0, 88Torr, 3).
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Fig. 1 Chest radiographs. a) Taken on February 22,
2005, showing consolidation in the right middle lung
field and reticular opacities in the bilateral lower lung
fields. b) Taken on admission March 4, showing
progressive infiltrative and reticular shadows in the
right lung, and consolidation in the left middle lung
field.
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Fig. 2 Chest computed tomography scans. a) On ad-
mission, showing consolidation in the right middle
lobe and in the lingula. b) Ground-glass opacity associ-

ated with honeycomb lesions in the bilateral lower
lobes. Slight pleural effusion was present.
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Fig. 3 Clinical course of the presented case
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Fig. 4 Transbronchial lung biopsied specimen, show-
ing numerous hyphae with Y-shaped branching in
the necrotic area suggestive of aspergillus infection.
(Hematoxylin-eosin stain, % 200).

Fig. 5 Macroscopic appearance of the right middle
lobe (a) and the lingula of the left upper lobe (b), show-
ing segmental necrosis with cavitation (arrows).
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Fig. 6 Microscopic findings of the lung. a) Small pul-
monary artery was invaded by hyphae of aspergillus
in the right middle lobe (arrow). (Hematoxylin-eosin

stain, X 20). b} A necrotic lesion with infiltration of neu-
trophils and hyphae of aspergillus radially arranged
around it seen in the lingula of the left upper lobe (ar-
row head). (Hematoxylin-eosin stain, X 40). ¢} Intra-al-
veolar space was filled with hyphae of aspergillus ob-
served in the right lower lobe (arrow). (Hematoxylin-
eosin stain, X 100).
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Fig. 7 Microscopic appearance of the lung base and

the adjacent area. a) Honeycomb lesions. (Hema-
toxylin-eosin stain X 20). b) Diffuse alveolar damage
and exudation of hyaline membrane (arrow). [Same as
a), but X 100}
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Abstract

Fatal invasive pulmonary aspergillosis triggered by influenza B virus infection in
an individual with idiopathic pulmonary fibrosis

Keishi Sugino”, Sakae Homma”, Hisashi Takaya”, Atsushi Miyamoto®, Susumu Sakamoto”,
Masateru Kawabata®, Kazuma Kishi®, Eiyasu Tsuboi”,
Noriko Motoi? and Kunihiko Yoshimura”
YDepartment of Respiratory Medicine, Respiratory Center,
Department of Pathology, Toranomon Hospital

A 56-year-old man with idiopathic pulmonary fibrosis developed acute symptoms, including fever and cough.
Chest X-ray and CT scan films revealed consolidations and ground glass opacities in the bilateral lungs suggestive
of massive pneumonia and acute respiratory distress syndrome (ARDS). Microscopic examination by a transbron-
chial lung biopsy from the right middle lobe demonstrated numerous hyphae of aspergillus. Despite treatment
with anti-fungal agents, respiratory failure rapidly progressed, and the patient died on the 21st hospital day. Post-
mortem examination of the lung showed multiple abscesses with hyphae of aspergillus invading into small pulmo-
nary artery and alveoli, which were the characteristic findings of invasive pulmonary aspergillosis (IPA). In addi-
tion, diffuse alveolar damage was also present, associated with the typical features of UIP such as honeycombing
in the bilateral lungs. The serum anti-influenza B virus antibody was high at 512-fold. Therefore, it was speculated
that influenza B virus infection triggered superimposed aspergillus infection leading to fatal IPA associated with
ARDS.



U &I

fi D& ,U\——iEHE%IﬁﬁE 7&&337‘7037)\— I. F?gﬁﬁfﬁ Llﬂ@()i/u'lﬁﬁfﬁ{ééuu

lb&hﬁﬂﬁw 2 ﬁ%xﬁrﬁﬁ@ﬁﬂaﬁ%_ 

i AT R
wEART

O AN 748 diffuse panbronchiolitis (DPB)
B X U8 E A 8 5E & B immotile-cilia syndrome i3,
$t4 Bl B eS8 R R B¥ sino-bronchial syndrome @
BEEGE &5 2 LR SR, [UEROHIBEO K
B-ETHWRALEZONTVS,

DPB xR MEE X 2 maE o & L Tl
DE ISR L, B4 ICPRAEIETT 5 THR
BOKBETH 225, WEE, YA v HEREN
TEIZ XD DPBREFRLTE Y, HEZHom L
HICFEEG Y » A3 PR koTw3, LaL,
BRI ORERL LIEBT ABE b B Y, ZOR
B o NOREREET 5 I LREETH S,

BEARBEGERE, SEOBMBEREICE D (R
EOBERLETH Y, WE TIdprimary ciliary
dyskinesia (PCD) & FFE T\ %, K[EIRRE, W
i, BRI SR 2 =8 L T % Kartagener JEfR
BEZ PCD OI50% o4 5, BETREERIEOY 7
FN—Tr 5560 TED, Kartagener FEERFIC
BV 5 B R & ORBEME I DWW THIRDER
ENTETNS,

AR I3, DPB % 5 NI ENEEMERE (Kartage-
ner EEREER &) OWRHEE X UVERE, I SIcEIR
B LT, CEAMBTHEERESR, REEHRE
¥4, HTLV- 1 BhEMIAEX - MR EE (HABA)
DWW THRR Y 5.

*1 g B RALERS BRSSO IR TR
R E S ER R AR N R

0287-3745/06/%100/ B /JCLS

1. & LRE

AR, ks X D EGIOER L RO S
NEEETHDY, BLAEPARRZEUHTOTD
HRIBIERD 6N, BRATIRBO CHTHS. 2
DOFF|  IFEERFPFEV T AEMEERAEIC LD
2002 FF I HE SN T Y, DPB OIBEEIIKRZATHT
HhS, FEFREHEOE VI L SEEEHEORED
RBENTED, BROEODPBEETIEY 7 X 1TH
D HLA-B54 BSEFICRO SN D,

2. EBERMEE

FEIREBBIEHOHL, BROERELEAL
B, REEOE—271340~50RTHB. £ DF
TIRANREID & DB RISHER OG0 £ 7213 BHEY S
D, B, WK, HEREYNG & ORRERIEIROSHET
T2, F7, 4 V7 AIVFEPIRIRE & & OB
R TR ASEST L, MR M
B & v ) BERSTR S h, ZRIICHREIOR
EEWEREIL, BRBISIETTEEION
2. WIHoOREEMXBEECRENREICOEA
HWEAERREE S X UORoBERER2EL, CT TE
NEERIMEORIRE, BREEZED S (K1),

3. REFHMR

HAECIE/ANES L IZEESRLEK 2~8mm K
DY EED L IKEAEE BT /A SN (F2),
T LB cId O BIZE 208 ) . MERSERYIC IR
MRETERI—%L (W), YV ReFEHhETs
REMBOERESH D, BEORE, REOHEZAEL
(R4), FEEOREICI3REMEERE (xanthoma) %
A 3 (M5). fEMBESEAEOMIKESE
255, BEAT 2 LKAAHEEETSLIICRDY,
AEoMEER I EEE2 27T 2 (K6). WEE»S
AR T, MERIEE XL LA D L  I3EHE

fRIBLBEER 2006 Vol.24 No.9 949



b
1 DPBOE{EHR a: MEHMXEG HNTHELZESL
Uhiikl, Bk, SREEE0, BEEEZREL TS, b F
ECT . FIMAGEF o N EEPLMED O E AMERIRE & & TR %
H 5,

2 DPBORERE AEav LAEOPLEIC—HL TH5mm
KECOREEHADEEHMIMHL T 5B,

ko THISESX - REXOLERZMHS (®7). L
L, &L OEBHTiE, BuBEhicRir@hEL
TED, REX - MREIM, [REXHEORE,
FHEFIRIER, FHREOMEM E Vol TR ED
Hibbh, EHLFTREZEEL TVB I LRS00,

7+E, DPBOEMMATR L LTEARICL 2 0EY M
Hh(FD, BICHBENFTRE [ ~VEICOEI N
SR EY BT 5DPBOMMGEEZLSL ) A TH

950 FREE SR 2006 Vol.24 No. g

- 9

3 DPBOIL—~fg HEOST ETFRRSE LRI —BL T
Vw5,

FtEDSE .

1. BETHERE

1. BEEERE
Eliasson 5 I & - THE& S N BEORRKWRFN

e R Y, BBEORETREEZETHKRET
b, EHOEMICLY, BEEHOTERLRET



==

T 8 NN
ST ATt g A N

4 DPBO#EEG TRAKEXECY VA ROEFE2DH, BOWE, REORELMES>T»S, b elastica van
Gieson (EvG) %+,

S

5 DPBO#&fe WRHEAKEXZRHOMESR X UMEERIE 6 DPBEITHRIOMEEER BEMAL LPRHEE RS, AH
HRIRERELED 5. O FESEIRIC BRI b - Ty % (BvG #fa).

Xz L, BEFRMBEECHIALED R VIREEEIC X
ZREI VT I VADETBRINTV B,
IEHBREBIEVEMAOERNK 2 R8I0 Y, B
ZOX, PRI 2ADBNENEEL, 9+20HE
2T 3. ABOH/INEIZIE dynein arms (outer &
inner) EHINHEhEFOBEV 2ETOAEL TV
%, Z D dynein arms izt ATPase BEELTE Y,
BEEHOI N —HGRE L TEETH S, HR
& VI3 DU NE 12 radial spoke, WBEOBUNERI LI
nexin link TEEIN TV, INSEBOBMEE , — — 4 :
DRRHRADREREHFEORE L 30, S A AREERE A ENRRRERRE A a AR E
Iy 7OREIMEINTVS5D, dynein arms 7 DPBEFHIDIL—~E WRASEXL LOHEDL LI
DELEREBLEV LARELRENBELLEIAL TTH Hgi Y, PRIOHEEAER - REXOBREREET 2.
%, B9z outer dynein arms 8 £ UV inner dynein arms
DRBERDI-BEHIOBELRETRT.

RIBEBERR 2006 Vol.24 No.9 951



#1 DPBOEERRR

A, ARKIFTR ZEBRTHB)

1. FEIZTAMNC, REAMICOHT 528, TELSGEENS 3 (BRTHHERTE )
2, WRIBPRAEEE - KEHRE T XL TR T % (R BHERRIEAE XL, BETRARE

3. FBII 2~8mm KFE COMEHIET, HED»SKEBEET 5 (R, HERicES, BER
AL, MOBRIZEL, BRENICFLV Y VIEAOEER Z &%)

1. MEHSETAO Y v RREE, U Y SRS L BOE, WEo#EEERED S (15D

B MR, 2. MRS E BN ORI, N Y —7TROBFHEC X 2 NEoMmsE, BHE(IE)

: - 3. W RE R O AEEEER I & B A A pag & BRZE (TN EY)

4, VPIRAISAE T ORI & B IR B B & ONERZE (TV)
1. RE X VEBOLREOBEE MEEIMEOEHLHY, ZORMELHSB)
2. FBE, ZoRMEOME, MEERNOEERMOERE (xanthoma) (RRIICKEGO/NEEICAZ D

C. WS E TRE DIHET )

MR LRE 3. HISETMABOBEERICHE ) AEERENH L L6 H S

4, WAPEEX LV EMOMKESR, MNAEEANLIBERESERL, BEL2ETS

5. #oRfE L TRE X OBMESREEICHE ) RO RE RRPIRHICE S 5

outer dynein arm radial spoke

inner dynein
arm

LERNE

8 EEBETYHREEOESR

BIEF B L TE, 520 dynein heavy chain &5
F# L 22D dynein intermediate chain & 15 F
(DNAII, DNAI2) D%, outer dynein arm K18
& DNAII 2% £ OFESERH SN, OEEFIRR
A3 PA R EFET LI I EVHE KR >TE
b, Yefa{f5pl5pld i FFTE T 5 DNAHS, #fulk
7p21ICTRES 2 DNAHII DEF & PCD & OES#EICD
WTHAINTWBEY, F7, MABED7 1 7 X
v FERICES T S tektins EHPEESI N, TOHR

952 HIBLBEE 2006 Vol.24 No. 9

9 Kartagener SEfEBH OB EHFEOBEM  outer dynein arms
B X Cinner dynein arms DRIEHBA SN S,

#1C X % inner dynein arm DR S WMEINT
Ty

Kartagener fEMREE IS BT 5 WA 2 Bk £H
BREOREICLBEEIN, ZOEAERED A H =
AL EBE EDOMESRBEINTHL R, EHERE
By A OBERBEF E L T left-right dynein (Ird),
EHIE—Y—EATH L X2 VHEEEREETD
w7 TRy RCBY A EREBENHRE I N,
Biox 22 YKIBBHEETH 3 WIZKIBABEBFD



J w27 ey AT, BAEETRKE Lo BRE
Hohy, LEONBEHHSRD SN T2, G
fE, EEBERZRIERCYADL ) — 20 RK#EE
FLLT, invOEREHBESS LY, su—=v
FENTWE?, Brody 5i&, 74—~y FEET
DHhA ) v 777 o9 A THIBERGRSE, [ED
Bl Yo LR OBEBERE, BFOWERIERHERL
Tw3¥ LaLl, BEREICREINIENHE
By LRIEKRT S v ) ATREES, KIFSBX %> v
ERBY 2 RAOMEERESAREREICES L
TVuLHEELH Y, BEOREIC >V TIIRFHS
HTHVEDRS . 2B, b FOEAMEROFREE
FEFE LT, DMERKMEMBEREE ICE % ACVRIB
BEF, WAL E2 29 3 BETCOLEFTYA BT
DEREREPHE I TV B Kartagener fiE
BREOBRRELGFRARFHLPIZEINTHR,

2. ERERHVETE

WAL EEET, HEEE2F~6FA%D]
ALENTn3, HERBBEORFEIC LD, BEES
Meg, [EZIGRLEE, LTREBRREE, @FHE,
BEEEEL, BHEAEELR ESERERPRD N
593, WRIBHERCHRREINSHEENE W, BBl
Kartagener fEERE O S EER 2 101279, BHX
BREETRHUTEARDONMIRE, BERSA SN,
CT T3 DPB ICJEBL L 7o ANER LD /MRIREZ RO
3. wru74 FEREYEOYERIKREOH M
KOO TIRRENSIPN TN,

3. REENMR

FEGIE 72, Bx bREIABEEBEDOR
RILEEN TRV DICFHEMLBE AT TH 5
23, BEHICI, WREKED S RERSE S IC)
T U SBROERER M MEMERES A O, T
EHSREZ L L TIXDPB L AR, KEXEHEOM
BiloakmiaesrzRork (B11). EEHKREXD
WREEIRERE L (R12), 2EOFHRRE X R
Bah, ZRELRFESMO > T, FREKREICIE
WBEZIRATREZ RO 7. BEESHICE, EL (SN
Focilia DEFHEMBECOBEVIEETH 2P, °X
WREECI>ThciliadMEEENRZ Z20C, T
HRRY % DciliaBEDOBREBENEE L,

b
B10 Kartagener ERBOEGHR a: WHHEMXEE &8
DR B, TS CIRRE, @RELZED3. b BECTE.
B 3 AER OO T AS/IRE, SRELZED 5,

SRIBLEEEE 2006 Vol.24 No.9 953



e, 38 . e

b b
FH1l BETHERHFOHES o BIEEKEXREIEY ¥ H13 UEAMETHMATEZROEEESE 2 DPBIREML /A
oE 2k T 5 MBERRREE RO, BoBE L REoRE EPOLEODHFERET S, b HIKE 5 FERHIAE AR
ZRH 5. b MEREXRBEOWEE L CIHRER O EEEIEERE DRESHENRZERT 2.

#F®, DPB LHEBILTw 3,

ITETERETEITneeTTl

i GRY I A/ AN
H12 SETEESROIL—~NR BEENESIOBELZZO 5. H14 BRESEARTYROEES BEETECEERLEES
DPB & sl DAL & EERIDIEE L V>, Y v EBOENETE, REOPREES>TWE,
954 FRIBLBEER 2006 Vol.24 No.9



m. &5 &2

1. UEAHBETHHEKET X diffuse aspiration
bronchiolitis

BIEICLE C, BOEBETHBOBAEVWEETH 5.
REEE 2L, BEREPPRBORREI/NERLD
HicAhoh s, BIEMZDPBICERL ZBRESH%
B9 5705 MBS, WRASEXE L CKER
SERICIEIEBL T, B EYREMER R T 5
Z L CRWEHIRETH B (K 13).

2. EEMERER X follicular bronchiolitis

HREZRICRPLEZETA2RERY A EEOE
WEHH Y, BERE, DPBIZEMILAZNAESLLIEZ
ERLEORIREZET A I LH S5, BICBEDORE
EiLkbn, MABXAMEORELZE) (K14). B
iy 7 e F P Sjogren FEBEEICHE ) oS AT
59, TFEXFREBETEDoN, REPBES»L TR
WHDLFET S,

3. HTLV- ] BBEMREX - MR EE (HABA)

HABA (HTLV-1 associated bronchiolo-alveolar
disorder) B T filat: (i) v NEEEB XU %
D% ¥ ) 7 DPB AR O /NEF LM OMRE THE
WRETBZZEMBHILN T35, DPB 204 O#EES T
1% D 80% 12 HTLV- 1 BRE G258 & iz & D
a3k 50 MBS, WEE BT 0
FRFIC DT v oSBRBRE R RO, MlEEERIC I3iaik
MREEEL MY (B15). ZhoD) Y SRIFIELA
EREMozTHETHY, BELIZDPB LOE
IS TH 2. 8, WKMEERIC O TIRE
Moy dpiT\wa, HTLV- T EEE I EAuMic%
BEOHEMLZ2HERAL, IBEEFURER LV
HTLV- [ EETFORRIEE L\,

BELZERE TEREO G E AR E (R
EREREEE—HRE), RERERE (BREBERY
BZARD ISR L ETE T

X 8
1) Homma, H. Yamanaka, A. Tanimoto, S. et al. :
Diffuse panbronchiolitis. A disease of the transi-
tional zone of the lung. Chest 1983, 83 : 63-69
2) PHE—E U AENBSEXOZHIEIRT
MERG O A AFRBRES LRI 3 ERIC
DT, EERZHET T AGINEBITEEER

— 100 —

B15 HABA O#&E WRMKENECY » ARBHERD,
REOMIEENIC ZERARERZ H# > Twa,

3)

4)

5)

6)

8)

9)

10)

11)

13EEHARESE, 2002, 31-37

FOARIEH « U AMEPRE LA diffuse panbron-
chiolitis (DPB). =& & K 1997, 15 : 625-629
Eliasson, R., Mossberg, B, Camner, P. et al. : The
immotile-cilia syndrome. A congenital ciliary ab-
normality as an etiologic factor in chronic airway
infections and male sterility. N Engl J Med 1977,
297 1 1-6

Pennarun, G., Escudier, E., Chapelin, C. et al. :
Loss-of-function mutations in a human gene
related to Chlamydomonas reinhardtii dynein
IC78 result in primary ciliary dyskinesia. Am J
Hum Genet 1999, 65 : 1508-1519

Guichard, C.,, Harricane, M.C,, Lafitte, J.]. et al. :
Axonemal dynein intermediate-chain gene
(DNAI1) mutations result in situs inversus and
primary ciliary dyskinesia (Kartagener syn-
drome). Am J Hum Genet 2001, 68 : 1030~1035
Olbrich, H., Haffner, K., Kispert, A. et al. : Muta-
tions in DNAH5 cause primary ciliary dyskinesia
and randomization of left-right asymmetry. Nat
Genet 2002, 30 : 143-144

Tanaka, H., Iguchi, N.,, Toyama, Y. et al. : Mice
deficient in the axonemal protein Tektin-t exhibit
male infertility and immotile-cilium syndrome
due to impaired inner arm dynein function. Mol
Cell Biol 2004, 24 : 7958-7964

Afzelius, B.A. : Situs inversus and ciliary abnor-
malities. What is the connection? Int ] Dev Biol
1995, 39 : 839-844

Supp, DM., Witte, D.P,, Potter, S.S. et al. : Muta-
tion of an axonemal dynein affects left-right
asymmetry in inversus viscerum mice. Nature
1997, 389 : 963-966

Nonaka, S, Tanaka, Y., Okada, Y. et al. : Random-
ization of left-right asymmetry due to loss of
nodal cilia generating leftward flow of extraem-
bryonic fluid in mice lacking KIF3B motor

FREEEERR 2006 Vol.24 No.9 955



12)

13)

14)

956

protein. Cell 1998, 95 : 829-837

Mochizuki, T., Saijoh, Y. Tsuchiya, K. et al. :
Cloning of inv, a gene that controls left/right
asymmetry and kidney development. Nature
1999, 395 : 177-181

Brody, SL., Yan, X.H, Wuerffel, MK. et al. : Cilio-
genesis and left-right axis defects in forkhead
factor HFH-4-null mice. Am J Respir Cell Mol
Biol 2000, 23 : 45-51

Kosaki, R., Gebbia, M., Kosaki, K. et al. © Left-right
axis malformations associated with mutations in

JRIBEBERE 2006 Vol.24 No.9

— 101 —

15)

16)

ACRV2B, the gene for human activin recepto:
type II B. Am ] Med Genet 1999, 82 : 70-76
Kosaki, K., Bassi, M.T., Kosaki, R. et al. : Charac
terization and mutation analysis of humar
LEFTY A and LEFTY B, homologues of murine
genes implicated left-right axis development. Anx
J Hum Genet 1999, 64 : 712-721

ARATEEER : HABA (HTLV- 1 B EMAE XIS
#HE, HTLV-1 associated bronchiolo-alveola:
disorder). HFI#EsE 1992, 30 : 787-795



Available online at www.sciencedirect.com

SCIENCE @mnsc'rs

Virology 347 (2006) 364 —371

VIROLOGY

www.elsevier.comv/locate/yviro

Mutant murine leukemia virus Gag proteins lacking proline at the N-terminus
of the capsid domain block infectivity in virions containing wild-type Gag

S.J. Rulli Jr. *, D. Muriaux *'

, K. Nagashima °, J. Mirro 2,

M. Oshima *?, J.G. Baumann ?, A. Rein *

* HIV Drug Resistance Program, SAIC Frederick, National Cancer Institute-Frederick, P.O. Box B, Frederick, MD 21702-1201, USA
Y Image Analysis Laboratory, SAIC Frederick, National Cancer Institute-Frederick, Frederick, MD 21702, USA

Received 23 August 2005; returned to author for revision 12 September 2005; accepted 12 December 2005
Available online 19 January 2006

Abstract

We have investigated the properties of murine leukemia virus Gag mutants in which the p12-CA cleavage site is altered. In one mutant, the
cleavage is blocked; in the other, the conserved proline at the N-terminus of CA has been replaced with glycine. No infectivity was detected in
either mutant. Mutant particles cannot synthesize full-length DNA upon infecting permissive cells. Particles composed of 2 mixture of wild-type
and mutant proteins have severely impaired infectivity. These mixed particles are defective in their ability to synthesize DNA upon infection, but
this defect is less severe than the loss of infectivity. Thus, proteins lacking the correct N-terminus of CA inhibit DNA synthesis and also interfere
with formation or integration of a full-length, normal provirus. The results imply that CA proteins function as part of a large, highly organized

structure in reverse transcription and apparently at a later step as well.

Published by Elsevier Inc.

Keywords: Retroviruses; Capsid proteins; Infectivity; Reverse transcription; Dominant negative; Trans-dominant; Phenotypic mixing; Virus maturation

Introduction

The principal structural component of a retrovirus particle is
the virus-coded Gag protein. After the particle is released from
the virus-producing cell, Gag is cleaved by the viral protease
(PR) into a series of cleavage products, always including {from
N- to C-terminus) matrix (MA), capsid (CA), and nucleocapsid
(NC). This series of cleavage events is termed “maturation” of
the particle and is essential for infectivity (Swanstrom and Wills,
1997).

The structure of the CA protein of HIV-1 has been
investigated in detail, using both nuclear magnetic resonance
and X-ray crystallography. Retroviral CA proteins are composed
of two domains connected by a flexible linker, Their N-terminal

* Corresponding author. Fax: +1 301 846 6013.
E-mail address: rein@ncifcrf.gov (A. Rein).
! Present address: Labo Retro, Ecole Normale Superieure de Lyon, Lyon,
France.
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residue is always proline. Following the cleavage event that
generates this N-terminus, the first ~ 50 amino acids of CA fold
into a B-hairpin, and the proline forms a buried salt bridge with
an internal aspartate residue (Gamble et al., 1996; Gitti et al.,
1996; Tang et al., 2002).

Maturation entails a drastic change in the morphology of the
virion. One of the hallmarks of this change is the appearance of
the “mature core” of the particle, a densely staining body in the
interior of the virion. Recent studies on structures formed in
vitro by purified CA proteins of HIV-1 and murine leukemia
virus (MLV) show that the mature core is composed of CA
molecules. Within this core, CA proteins are evidently arranged
in a lattice in which the N-terminal domains of groups of six CA
molecules are in hexameric rings; each ring is joined to
neighboring rings by dimeric contacts between C-terminal
domains (Ganser et al., 2003; Li et al., 2000; Mortuza et al,,
2004). The planar hexagonal lattice is closed by the presence of
twelve pentameric “defects” (Ganser et al., 1999).

Several types of evidence suggest that the correct mature
core structure is essential for infectivity, and that this structure
depends in turn upon the presence of the proline at the N-
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terminus of CA. Thus, mutants in which the proline is replaced
by another amino acid (Fitzon et al., 2000) (see below) or in
which the release of CA from Gag is inhibited by a change in the
cleavage site (Gottlinger et al., 1989; Oshima et al., 2004) are
not infectious. Similar results are also observed when the
aspartate partner in the salt bridge in HIV-1 CA is replaced by
alanine (Tang et al., 2003).

In the present work, we have analyzed the properties of
MLV mutants at the N-terminus of CA. We have also
studied MLV particles containing a mixture of mutant and
wild-type proteins. The mutants investigated here included
one in which maturation cleavage at the N-terminus of CA
is blocked by a change in the residue preceding proline in
Gag and one in which the N-terminal proline in CA was
replaced by glycine. We found that both of these mutants
potently inhibit the functions of the wild-type, reducing the
specific infectivity of the mixed particles. The data indicate
that these mutant proteins interfere with the ability of the
particle to synthesize viral DNA upon entering the new host
cell. The results support the hypothesis that an organized
assemblage of CA molecules in the mature particle plays a
crucial role in facilitating reverse transcription; this func-
tional complex is evidently disrupted by the presence of
mutant proteins in the particle, even when wild-type proteins
are in excess. However, the inhibition of DNA synthesis did
not appear to be sufficient to explain the loss of infectivity
in the mixed particles. Thus, the data further suggest that
the correct structure of the mature core is also required for
the correct formation of the final DNA product or for a
subsequent step, such as integration of the DNA into the
chromosome of the host cell.

Results
Properties of “S2G”

The MLV Gag protein, Pr65, is cleaved into MA, p12, CA,
and NC during virus maturation, as indicated in Fig. 1A. We

have previously described mutants at cleavage site 2 (“S27), the
pl12-CA cleavage site (Oshima et al.,, 2004). We found that
replacement of the tyrosine at the C-terminus of pi2 (the Pl
position of S2) with a charged residue, such as aspartate,
completely blocked cleavage at this site. This mutant was
designated S2D. The location of this mutant in the Gag protein
is illustrated schematically in Fig. 1A. We also observed that
cleavage at the other two sites of maturation cleavage,
particularly the CA-NC cleavage site, was somewhat inefficient
in $2D particles (Oshima et al., 2004). In the present work, we
have also investigated a mutant in which the proline at the N-
terminus of CA (i.e., the P1’ position of site 2) was replaced by
glycine; we refer to this mutant as “S2G” for convenience.
Fig. 1B shows an analysis of S2G particles, using immuno-
blotting with anti-CA antiserum. Also included in the figure, for
comparison, are particles of $2D (in which there is no free CA,
but only the 42-kDa p12-CA fusion protein (Oshima et al.,
2004)), as well as wild-type and PR™ particles. It can be seen that
the $2G profile contains a substantial amount of CA protein.
There is also a significant level of a protein migrating just
slightly faster than the 42-kDa protein of S2D; this is p40, the

- CA-NC fusion protein, since it reacts with anti-NC as well as

anti-CA antisera (data not shown). p40 was previously observed
in S3R particles, in which cleavage between CA and NC was
blocked (Oshima et al., 2004) (see Fig. 1A). Thus, despite the
fact that this mutant is altered at the N-terminus of CA, it
exhibits efficient cleavage at the N-terminus, but only partial
cleavage at the C-terminus, of CA. Both S2G and 52D particles
also contain two larger intermediates, presumably MA-p12-CA
and p12-CA-NC.

The morphology of S2G particles was also examined.
Released virions were collected for thin-section electron
microscopy by immunoprecipitation with anti-SU antibody as
described (Oshima et al., 2004). We found (Fig. 2) that they are
similar to wild-type MLV particles, but that their structure is
considerably more irregular. For example, many particles
contain condensed material in their interiors but lack a clearly
defined core. Other particles resemble immature particles, but

S2G S2D0 WT PR’

1 2 3 4

Fig. 1. Cleavage of MLV Gag.and CA-containing protein species in S2G virions. (A) (top row) Scheme showing normal cleavage of MLV Gaginto MA, p12, CA, and
NC; (middle row) production of p42 in mutants such as S2D which block cleavage at site 2 (between p12 and CA); (bottom row) production of p40 when cleavage at
site 3 is blocked. (B) Particles of S2G (lane 1), 82D (lane 2), wild-type MLV (lane 3), and PR~ MLV (lane 4) were collected from culture fluid and analyzed by
immunoblotting with anti-CA antiserum. Mobilities of Pr65°°¢, p30°*, and the p42 and p40 cleavage intermediates are indicated.
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Fig. 2. Morphology of S2G virions. Virions were collected on protein G-
Sepharose beads as described (Campbell et al., 2002). (A) Wild-type MLV. (B)
$2G. Scale bars: 100 nm.

the ring of darkly staining material under the membrane of the
particle is incomplete. Examples of these morphologies are in
the field shown in Fig. 2B.

We also measured infectivity of S2G particles, using either a
luciferase reporter or the green fluorescent protein (GFP)-based
system described earlier (Oshima et al., 2004). No infectivity
was detected in either of these assays, since the luciferase or GFP
activity induced by the mutant particles was no higher than in
cultures “mock-infected” using culture fluids from cells
transfected with the empty vector pGCcos3neo; the luciferase
data are shown in Table 1. The specific infectivity of these
particles is at least several hundred-fold below that of wild-type
particles.

We have previously analyzed the genomic RNA in S2D
mutant particles (Oshima et al., 2004). These tests gave no
suggestion that packaging of the RNA was reduced in the 32D
particles. However, it was conceivable that packaging is
defective in S2G particles. We therefore produced S2G particles,
along with wild-type control particles, in 293T cells stably
transfected with the MLV-derived vector pLXSH (Miller et al.,
1993) (see below). We analyzed the particles for hygromycin
phosphotransferase (hph) RNA by real-time RT-PCR. No
significant differences between hph RNA contents of S2G and
wild-type (or S2D) virions were observed (data not shown).

Properties of virions containing a mixture of wild-type and
S$2D or S2G Gag proteins

The focus of the present study was the biological properties
of MLV particles composed of a mixture of wild-type and

mutant Gag proteins. We measured infectivity by co-transfect-
ing 293T cells with an MLV-based reporter vector along with
the MLV proviral clones being analyzed.

A series of 293T cultures was transfected with constant
amounts of reporter vectors and wild-type MLV plasmid
together with graded amounts of S2D or S2G mutant plasmid.
Virions in the culture fluid of the transfected cells were
collected and assayed for their Gag protein profile and their
infectivity. Immunoblots are shown in Fig. 3. The only
proteins detected with anti-p30“* antiserum in the wild-type
particles (lanes 1-4) are p30°4 and a small amount of the
uncleaved precursor, Pr659%8. As noted above, however, the
S2D clone (lane 10) gives rise to virions that contain p42 (the
pl2-CA fusion protein) and two larger intermediates in
addition to Pr65%% (Oshima et al,, 2004). When increasing
amounts of $2D plasmid are added to the wild-type plasmid
(lanes 5-9), these same species, as well as free CA, are
observed. A culture transfected with equal amounts of the two
plasmids (lane 7) produces particles containing approximately
equal amounts of CA and p42. Thus, neither of the MLV
plasmids affects the contribution of the other plasmid to the
virions produced by the co-transfected cells (It is interesting to
note one deviation from this simple statement. There is more
free CA in lane 9 than in lanes 5-8, despite the fact that CA is
only produced from the wild-type plasmid, which is at a
constant level in lanes 5-9. It seems likely that virus assembly
is cooperative, so that the expression of 52D Gag increases
virion production and, consequently, the export of wild-type
Gag in virus particles.) Similar results were obtained in the
cultures co-transfected with wild-type plasmid and increasing
amounts of S2G (lanes 12—17).

Infectivity of mixed virus stocks like those shown in lanes 5—
9 and 12-16 was assessed by infecting 293T cells expressing
MCAT (Albritton et al., 1989) with them and assaying the
infected cultures 48 h later for luciferase activity. Normalized
results of these assays are shown in Fig. 4. It is evident that the
infectivity values are substantially lower in the mixed particles
than in the wild-type controls; for example, particles with equal
amounts of wild-type and S2D protein have a titer several
hundred-fold below that of the wild-type control. Similar results
have also been obtained in assays on NIH3T3 cells (data not
shown). (In the experiment presented here, S2D was more
detrimental in its effects on infectivity than $2G. However, in
some experiments, S2G has been fully as deleterious as S2D.

Table 1

Biological activity of MLV particles containing S2D or S2G Gag

Sample LucC Protein, pg/ml Hph copies CCRS5 copies Hph/CCR5
wT 30,876 + 1344 370 16,472 + 4664 36,641 % 2289 0.449

S2D 376 395 09+18 73,530 + 7035 0.00001
$2G 43+ 12 483 46%53 89,833 + 13,016 0.00005
RT™ N.D. 363 148+9.8 80,719 £ 16,743 0.0002
pGCcos3neo 300 341 85457 100,117 = 13,844 0.00008

Virus particles were produced by transfecting pLXSH-containing cells with 4 pg of wild-type or mutant MLV plasmid. Each plate also received 4 pg of pBabe-Luc
DNA. Infectivity was assessed by measuring luciferase activity in extracts of 293T/MCAT cells infected by the particles, while the amount of hph DNA in the infected
cells was used to measure reverse transcription. The single-copy cellular gene CCRS was used as a DNA recovery control. Luciferase activity (“LUC”) is expressed as

relative light units per 20 pl of cell extract. N.D., not determined.
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Fig. 3. Composition of virions produced following co-transfection of mutant and wild-type MLV plasmids. 10-cm dishes of 293T cells were transfected with 1 (lane 1),
2 (lane 2), 4 (lane 3), or 8 (lane 4) ug of wild-type plasmid, or with 4 ug of wild-type plasmid + 1 (lane 5), 2 (lane 6), 4 (lane 7), 8 (lane 8), or 12 (lane 9) pg of S2D
plasmid, or with 12 pg S2D (lane 10} or pGCcos3neo (lane 11) plasmid, or with 4 pg wild-type plasmid + 1 (lane 12), 2 (lane 13), 4 (lane 14), 8 (lane 15), or 12 (lane
16) 11g S2G plasmid, or 12 ng S2G plasmid (lane 17). All plates also received 4 ug each of pBabe-Luc and pLZRS-EGFP DNAs. The plasmid vector pGCcos3neo was
included in the transfections as needed to maintain the total amount of DNA added to each plate at 24 pg. Virions produced by the transfected cultures were analyzed

by immunoblotting with anti-CA antiserum.

We have been unable to determine the reason for this variation
between experiments).

It seemed possible that these results are due to some
peculiarity of the luciferase reporter system used here. To test
this possibility, we included pLZRS-EGFP, as well as pBABE-
Lugc, in the co-transfections with mixtures of mutant and wild-
type plasmids and assayed the culture fluids for the titer of GFP-
inducing infectious units as well as for the infectivity of the
luciferase vector. The relative titers obtained with the two
reporter systems were virtually superimposable (data not
shown). Thus, the reduced infectivity of mixed particles
containing S2D or S2G protein is evidently independent of
the assay used and presumably reflects an intrinsic property of
these virions.

As noted above, S2G particles are inefficiently cleaved at
the C-terminus of CA, so that they give rise to a significant
amount of the p40 CA-NC fusion protein (Figs. 1B, 3). It
seemed possible that this property was responsible for the
ability of S2G Gag to reduce the infectivity of mixed particles

1Q
§
'€
:é 0.1
3 526
5
S 0.011 $2D
.§
I
0.601 . . . .
0 0.5 1.0 15 20

Ratio of mutant: wild-type

Fig. 4. Effects of $S2D and S2G plasmids on infectivity of mixed particles.
Virions were produced as in Fig. 3. Luciferase activities (corrected for smail
differences in protein concentration in extracts of infected cells) were divided
by the activity obtained using 4 pg of wild-type plasmid +12 ug of
pGCcos3neo DNA. Closed circles, S2D; open circles, S2G.

(Fig. 4). To test this hypothesis, we also assessed the
infectivity of particles produced following co-transfection of
wild-type and S3R MLYV; the leucine at the C-terminus of CA
has been replaced in S3R with arginine, completely prevent-
ing cleavage between CA and NC (Oshima et al., 2004). The
results of these tests are shown in Fig. 5. As can be seen in
Fig. 5B, the admixture of S3R Gag protein (shown in Fig.
5A) had almost no effect on the infectivity of the particles.
Thus, the inhibition of wild-type infectivity by the S2G Gag
protein is probably not due to the inefficiency of cleavage at
site 3.

DNA synthesis upon infection with particles containing both
wild-type and mutant Gag proteins

It was of interest to determine whether the presence of the
S2D or S2G proteins in the mixed particles interfered with the
ability of the particles to synthesize viral DNA upon entry into
susceptible cells. We therefore measured reverse transcription
products, using real-time PCR, at 24 h after infection with these
particles. One potential technical problem in these experiments
is the presence in the virus preparations of plasmid DNA from
the transient transfection used to produce the particles. To
eliminate this background, we adopted the following strategy.
293T cells were first stably transfected with the MLV-derived
vector pLXSH, which contains the coding sequence for hph
(Miller et al., 1993). The wild-type and mutant MLV clones
(together with pBABE-Luc, which enabled us to conveniently
measure the infectivity of the progeny viruses) were then co-
transfected into these hygromycin-resistant cells, and virus
produced following this transient transfection was finally
analyzed for its ability to synthesize hph DNA following
infection of permissive cells as described in Materials and
methods. Cells were lysed 24 h after infection and assayed for
hph DNA by real-time PCR. It should be noted that hph DNA
synthesis depends upon completion of the preceding steps in
reverse transcription, i.e., (—) strand strong-stop DNA synthesis
and the first strand transfer event. To control for possible
variation in recovery of DNA from the infected cells, we also
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Fig. 5. Properties of virions produced following co-transfection of wild-type and S3R plasmid DNA. 10-cm dishes of 293T cells were transfected with 4 ug of wild-
type plasmid + 4 or 8 pg of S3R or $2G plasmid. Control cultures were transfected with 4 pg of wild-type or mutant plasmids alone. All cultures also received 4 ug of
pBabe-Luc DNA. Total plasmid DNA in the transfections was kept constant by addition of pGCcos3neo DNA. (A) Protein composition of the virions from the
transfected cells, as analyzed by immunoblotting with anti-CA antiserum; (B) infectivity of the virions, assayed by infecting NIH3T3 cells and measuring luciferase
activity 48 h later. Luciferase values were divided by the activity obtained with 4 ng wild-type plasmid + 8 pg pGCcos3neo DNA. Closed circles: effect of S3R; open

circles: effect of S2G.

measured the amount of the single-copy gene CCRS in our cell
extracts. The variation among all samples with respect to CCRS
content was less than 3-fold (data not shown).

We found (Table 1) that particles containing only S2D or
S2G mutant proteins were incapable of synthesizing hph DNA;
that is, the corrected values of *hph DNA” in the infected cells
were always at least 5000-fold lower than in the wild-type
controls and were never significantly higher than those in mock-
infected control cells. Thus, cleavage at the N-terminus of CA is
apparently essential for reverse transcription of the full-length
viral genome, and replacement of the conserved proline residue
with glycine at this site is also incompatible with synthesis of
the entire DNA product. We then measured hph DNA
synthesized in cells infected with the virions containing
mixtures of wild-type and S2D or S2G proteins. Results

(following normalization to the wild-type control) are shown in
the closed circles in Fig. 6. It is obvious that as the proportion of
mutant protein in the virion increases, the particle becomes
progressively impaired in its ability to perform reverse
transcription. It is striking to note, however, that the inhibition
of viral infectivity induced by the presence of the mutant
proteins (dashed lines) is, in general, significantly greater than
the inhibition of hph DNA synthesis (closed circles). In other
words, many particles which synthesize DNA in newly infected
cells still fail to establish infection.

In an effort to further define the block in infection imposed
by the presence of Gag proteins with alterations at the N-
terminus of CA, we also measured the level of hph DNA in
cells that had been passaged for 11 days following infection.
As shown in the open circles in Fig. 6, the relative levels of
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Fig. 6. Effect of S2D (A) and S2G (B) on infectivity of and DNA synthesis by MLV particles. 2937 cells expressing MCAT were infected with the virions analyzed in
Fig. 3 and were lysed 24 h later for assay of hph DNA (closed circles) and for 2-LTR circular DNA (triangles). Replicate plates were lysed 48 h later for luciferase
activity (dashed lines; data as in Fig. 4). Replicate cultures were also passaged for 11 days and then lysed and assayed for hph DNA (open circles). All DNA

measurements were also corrected for differences in recovery of CCRS DNA.
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