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Intracellular Survival and Replication of Legionella Pneumophila within Host Cells

Masaki MIYAKE

Laboratory of Microbiology and Immunology, University of Shizuoka School of Pharmaceutical Sciences,
52-1 Yada, Suruga-ku, Shizuoka 422-8526, Japan

(Received June 14, 2008)

Legionella pneumophila is a facultative intracellular pathogen which replicates within macrophages and monocytes
and finally cause a severe pneumonia known as Legionnaires’ disease. An important hallmark of the pathogenesis of this
bacterium is their ability to manipulate host cell processes, creating a specified replicative niche within host cells. An L.
pneumophila-containing phagosome (LCP) is allowed to associate sequentially with smooth vesicles, mitochondria,
and the rough endoplasmic reticulum (RER) to form a compartment called a replicative phagosome. LCPs are biologi-
cally characterized by delayed acidification and a low tendency to fuse with lysosomes. The establishment of these
specialized phagosomes is mediated by the Icm/Dot Type IV secretion system, which is essential for the intracellular
growth of L. pneumophila. L. pneumophila utilizes the Icm/Dot system to inject bacterial effector molecules into the
host cell cytosol to survive and replicate in the intracellular compartment through modulation of phagosome biogenesis.
This review focuses on our studies on specific aspects of L. pneumophila infection to host cells and bacterial factors
which regulates its intracellular growth. We found several characteristic phenomena leading to L. pneumophila infec-
tion, which is dependent on LCP formation: active bacterial protein synthesis in L. pneumophila within macrophages,
specific exclusion of actin-binding protein p57/Coronin-1 from LCP, and suppression of reactive oxygen species (ROS)
production by macrophages upon infection with L. pneumophila. Furthermore, we identified a novel bacterial factor,
PmiA, which is involved in multiplication within both protozoa and macrophages. Our recent study has begun to reveal
that the biological function of PmiA is closely associated with that of the Icm/Dot type IV secretion system.

Key words——Legionella pneumophila; intracellular growth; pmiA; Legionella pneumophila-containing phagosome
(LCP); p57/Coronin-1; reactive oxygen species (ROS)
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THmELU, £/, & MEANTIE, Bk, o7
7 —PNTHET SMINETAMETH 5. 78 EM
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trafficking) +® IZ K D E EMANNEEEINZDZ T T
T 7 —NESBEGL, 505 TH LCP ik
WEL Ty TV —LDUTETY 775 EEGss B
BT FIAREEHET HHLNEEE R L5
ALNTWS WWHELp T 7275 —ELT, &
STEGTIPREGY O NIVEDT T =X LA F
RZZHaK T (RalF, DrrA), %10 7R b — 3 ZHER
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F O/ HERTF (VipA, VipD)12 & L THHET 5
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TNHEADOTT 75 —E L TORKED KR L IZH
S5MITI o TETWD N, H8229 Fi 217 BT 5
LCP DHfE IR, FrRASHMA b2~
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BRI SR, RO 22 FE U 7= 18 32 M e P B 5E
FITEERA T & DHEEIC DN TR S,
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Fig. 2. Cessation of Protein Synthesis for Intracellular
Growth-deficient L. pneumophila dotA Mutant within Mac-
rophages

(A) Intracellular protein expression of L. pneumophila strains within

U937 macrophage-like cells. The U937 cells were infected with L. pneu-

mophila JR32 (wild type), LELA3118 (dotA mutant). At 12 h post-infec-

tion, TranS label was added and the proteins were metabolically labeled for

2 h. Radiolabeled bacterial proteins were analyzed by SDS-PAGE. Lane 1:

JR32, lane 2: LELA3118. (B) Induction of f-galactosidase in intracellular

L. pneumophila with pAB-1. U937 cells were infected with L. pneumophila

with pAB-1. At several time points post-infection, B-galactosidaseactivity in

the cell lysate was determined.

i NN S =G AT e VN
PRI AR Y RO K KB 3
S RHME LA - B RERERE
ERSERHE LIRRE T, 1997 4R IR
NERZFERFEBI TR, 2000 4E & 0 B
Z O, ESLTPRifEEmIeET GRE L
BAGEMZERT HhpiEs, 7>y
F—-RKR¥EEBWHILE (Yousef Abu
Kwaik #%), 10> E 7 KZFE L
B (Howard A. Shuman #(i%).



No. 12

1765

L. pneumophila

Pore-formation 4 4
L )

Phagocytosis Mitochondria

@‘ Segregation
from endocytic <

pathway v - o
'Early 274
¥ endosome
Lysosome ’

Sia ,
Ribosome J Reugh endoplasmic reticulum™ » »

Macrophage

Fig. 1. Intracellular Trafficking of Legionella pneumophila
within Phagocytic Cells.

ERGIC: endoplasmic reticulum-Golgi intermediate compartment.
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THLHR—FY =T vt &0/ TORHE,
JR32 BRI E R SRFWNIR BT T ho ¥ —
t@@@ﬁm#ﬁmémt—ﬁ LELA3118 #1Z
MR DIe< & R2FHEBETC-BLTEEAL
EDIEWENH 5NN 7z [Fig. 2(B)].30 Ko T,
X707 7 —YNICBNTLELA3LIS #iik, A b
L ZAREDAH TR, BEEKRY >NV EEROMEE
NS, MNEENE D RIBIZES 2 &350
o7z, T35 JR32 ¥ K TX LELA3118 # @ fig A
JANIZ BT ZIEEEDE N, F42 DRPEITBNT
%ﬁéhé77:v—Aﬁ%®@m,%2szﬁ
Sk g Kﬁmfﬁiﬂ%&%zﬁbfﬁ#ﬁ%ﬁ%
9% LCP OREAMERITHE DS DD LHERS

5. L Liahns, IRREOERERTS, ﬁmi
&7 A —)\ Acanthamoeba polyphaga N TiAE XN
DEDH N7 EERE, U937 Mgt L T
T9%.39 203, Lpick->T, HABREFRTO
WD TH D, xhbxﬂﬁ@@@m7x~NW
&, BFEAICAVAR, 18EQREHERZEICLS
BERBRZZ TS5~ r07 7 —INTIE, Lp DE
FELTOBEREWNERED I 2R =B L
EZoNb.
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Fig. 3. Representative Confocal Microscopic Images.

(A) Localization of p57/coronin-1 with phagosomes containing L.
pneumophila strains or Texas-Red opsonized zymosan (TROpZ) within
U937 cells. U937 cells were infected with L. pneumophila JR32 or
LELA3118 strain. The cells were incubated for 5 or 30 min. After permea-
bilization, p57/coronin-1 was visualized with mouse anti-p57/coronin-1
monoclonal antibodies and secondary antibodies conjugated with Alexa
Fluor 488 (green). Intracellular L. pneumophila (red) were visualized by
staining with rabbit anti-L. pneumophila polyclonal antibodies and seconda-
ry antibodies conjugated with Alexa Fluor 546. The images obtained at the
indicated time periods are shown. Bars represent 10 um. (B) hROS produc-
tion within U937 cells after infection with L. pneumophila strains. Following
bacteria infection, cells were incubated for 15 min in PBS containing 20 um
APF. hROS was revealed by fluorescence of the APF product in living cells.
As a positive control, cells were stimulated with PMA (100 ng/ml) . Bars
represent 10 um. (C) Extracellular secretion of L. pneumophila effector
SidC within U937 cells. L. pneumophila strains carrying GFP-plasmid were
used for infection. The infection of L. pneumophila AA100 (wild type),
GB112 (pmiA deficient) to U937 cells was continued for 1 h. Extracellular L.
pneumophila were labeled with rabbit anti-L. preumophila polyclonal an-
tibodies and secondary antibodies conjugated to Alexa546. Intracellular L.
pneumophila were visualized with only GFP (green). After permeabiliza-
tion, SidC proteins was visualized with rabbit anti-SidC serum and secondary
antibody conjugated with Alexa633 (red). Bars represent 5 um.
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HThO, WALEYOREMIICS W TR EIITIHE
FHLTWBZENHMSENTNS. 3 HilatEkiE o 2
O=>7Tid, Miltoas, &tk MEIRRED
MREE IS5 L T b EDWEN/REIN TS Z
EM5, p57/coronin-1 IZBWVWTH, [FEEE/nHERE

RELWTWD ZEMHERIENS. 3239 KR iZ, ps57/
coronin-1 X7 AKRET Y TH S TACO (Tryp-
tophane aspartate-containing coat protein) %, 4-#Y
4R Mycobacterium bovis BCG A By~ 7 O
Ty —=PIBNT, HEGDT 7TV —LANFHEH
WCEMT20ITHLT, MEHARKTIE, —i
WREBODS, fREET 5 ENLATR D HEIN
TWEMN® OBz, AWML W T % lypoamide
dehydrogenase C (LpdC) 87 v IV — ALK 1T
TACO &G ET 2T EITED, TACO DFFfEM
REBZIEEL TVWDE ZENRINZ.®Y 2D
v, /07y —YHNOMBEIIEHSZED 7
7 IV — LN TACO Z Fif IS E 5 2 &
T, 773V —LDORAZHREL T3 AR HE
HlxNTW5B,. F£7=, p57/coronin-1 2B L TI3,

HL-60 fifll ® Ry B LD, BYEHT7 7TV —
IAN—BEICERET 2 ZENRINTHRD, Zhut
TarA FF—ECitkdU VEIZE S TR
SN, TV VEBADHER, 773V L5660
p57/coronin-1 Jx ON7 7 F > D fiEEk, X LAMP-1
(Ilysosomal associated membrane glycoprotein-1) @
Ty dAYV—LANOEEEHET S I ENHAS NS
NTW3. 30 Zid, p57/coronin-1 D7 7 IV —
LN DIS S INORE|, ZEBEEMNTHHDT
Holz. TNEDOEEEZRMWIC, £ESIL, LpD
X7 A7 7 — Y BT S p5T/coronin-1 DEEE)
T2, U937 i~ JR32 £k} TX LELA3118 #
ERERRSELEE, HOMBANDEAEGAIZENT
g, 7OFEEBITpST DEBERA SN L
MUBMS, WERDAAREDT 7 I —LAND p57
JZN—RAYNZDWT, BEdRTHEA T
ZAETA 'Y % Lp MEAEE O AR’ DIGE,

30 pLANIC 7 7 TV — AN—lM R EREN A 5N
% DIZx LT, JR32 #k KT LELA3LI8 B D &
3, BRBE—EBL TR EAEZDEBDER TER
mo 7 [Fig. 3(A)]. F£7=, ERSEERNR<, M
fa N ESSEME % 7R X 72\ Legionella gratiana 7 & X
V=BG bRMGEHZRLZ. TNET, #IH

LCP (ZiZ, Rab5s, transferrin receptor, LAMP-1,
cathepsinD EWo> /L RY —A - UV —LA
X—=N—OEMENA5NT, LCPNEFEDO 7 7 I
Y — LR A i U e R TR I NS B R
H5NTNS W EFRSNERL AL PR TEE
AR ICERMICAONIEEE 7 7 IV — A
N5 D p57/coronin-1 DHERRIX, TN KELL -8
SEHHEIND., LS, LELA3LIS # K&
W L. gratiana R DG ETH, KEKXNEK IS5 Z
&L, I, IVEMBEEIZIFMEERT, 7D,
—HHDNTTNTOL DA F T & E G 1
BRBEZTHLAEEEEZRT. Lh> T, JHEME
ThdLpNxrO7y—YNEEERREICT 2 7
7 dY — L LCP 2T 2121F, Lp R E K
K725 % additional 727 7 TV —LAD YU EF
U2 TEBNFIET 5 EEA6N5.

3. LpDY 7077 —CRELCKTDEHER
BICL2BFEALODORECEET 2R
MRANZTFEE TH S Lp 13, BERIEKGFNREE
WEIZH LTI, stk kS, @ Eid&il 7~
77 dYV— LR EWNS Z & T LCP %Ik
L, UYY—LED@EGZHET S & THEET
%, —HT, HENEETDIEEBRFEICL DR
KENRBRERRICH LT, LpldED XD i
ZTDHDOMNITDONTIE, ZNETHSMATIE RN
. EESE, Lpox 07y —VEERIIBN
T, BELEEZU—-ILTLKBA—=N—FFL K7
—F > (SOA) Z#HE L&A, LELA3LI8 tk
R TIE, RBPEREL D, TOEAENEML -
7%, JR32 BRIRERETIE, #MicHiflahs &2 R
WHIH L 2.3 £ 72, IR F MR A a0 il 38
APF (77207 F LA ) ZHEHAL
T, EHEBFEEOEAEZEIES 7 FIVEL T
L, ZOBKRZEME L OREGHM L )L THEREITHE
BRI B LWL [Fig. 3(B)]. #ilicsr 3
EMEM #1X, NADPH A F 2 ¥ —tY oz kv
EAINS. NADPH #F 24—V, REED
flavocytochrome bsss MR AR TH 503, ZDIE
PEARITIE, MIRE Mk DIEVE(L & > )X 7 B pdorhox,
pa7rhox, p6TPhox J MK Sy T & GTP #5655 >N
® Rac DFEBNMETH 5,40 = 2T, Mg s
PAL S >IN ED 1 DTdH D pd7Phox [ZEHT 5 Lp
BHET 73V —LNOEBIEICDWTHNEE DA,
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TFWREERT I ENHENERS>THED, 4V [FH
KR LCP B BIAEI N D EEFZE A 6N 5. KFICH
PVE ERIIE ML, RAZBAT DRI,
LCP JERICEL > T FIIVREDR M &/ 2 T &N
HHXND, £/2, 7077 —JICXDEYALR
ZiE, A/ =LY UIRENE DT FIVREY
BELUTHERZRHZL TWASAZ ENHSNTH
D, T Pt EfEST 527 5 X TPI3-K OHEF
HTHHT— Y UBICKD, AENHEES
N5 ULnhLians, /707y —2Ik5 Lp
WEEOARIE, T—hY B> THIHE
EINBNZENHSNIINTNS. B ZOFEE
X, 707y —2IIC&d Lp WEEDED A &
i, WICE-> THEDORYARRENHALEIN TN
%, HHWX, WINRHBNIIIIZOT 7y —JHNANR
ALTWBZEZRLTWVWS, IhbDZ EEEX
P 5 &, LCP BARICE SRR 7 FIVIREIC
1%, LCP NOIEWEFEDEAMBNITEI RS T
FIVEBSEEN, BRI T OHEEZH S KD
IT7 7 —ZEALRNG, BEHNCHEENNZ
AT Bt nE 2 6Nn5. AL TR, 4%
IS BRDBVMBETH S,

4. Lp BEHMAAEREHIEHEEREF PmiA OfF
TE S HEBERRATICRA T D%

EESIE, TUFLNT AR CEREAICK
DA = TEBELpRZ7O7 77— ROE
BB REEREKET AT TY - OF T,
GB112 #RIZD W TA BB AT EAL N E & & T IEIR
fEMT 217> 7=, GBLI2 BRI, BFMEHE AA100 & b
U T, #0RaE ks & Dictyostelium discoideum Jz O
U937 Ml 75 £ PNIC 3B W) T HEE 72 BBl D T %
~LU7- [Fig. 4(A)]. GB112 ¥k D& BB L TEAL
ML =& Z A, 915bp @ open reading frame
(Ipgl728) WIZh T ARV ORHEAZIH, ZOZE
BAVYEFERICE U DRI NS DT 24 59

1767
A o
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Fig. 4. Genetic and Biological Analysis of L. preumophila
pmiA Mutant Strain GB112.

(A) Intracellular growth kinetics of AA100 and GB112 strains within
Dictyostelium discoideum and U937 cells. The intracellular bacteria were
recovered at several times post-infection, and the number of viable bacteria
was determined by enumeration of CFU on BCYE plates. (B) Genetic or-
ganization of the mutated region in the GB112 strain. Mini-7n10:: kan was
inserted into a putative open reading frame lpg1728 (pmiA).

L EMgmotz. EESI, ARBETHOHERERA
BLRTTH-oZEMS, TN % pmiA (protozoan
and macrophage infectivity A) &4 L7z [Fig.
4(B)]. % pmiA B TFEY (PmiA) IZBIL T, =
D7 X JEEESZ SOSUl 7O/ 5 AZERL TH
KNBEEZTFHLZEZA, 3EIFEEEMSY >N
BHThodEHRSI N HEEKIZ, PmiA & M45 ¥
TEOMAEY N7 EELT Lp BANTHREX
®, BkY N\ EOZNTNOMMEE TR LT,
M45 JiIRIC K DD 2 A& > T0ay 54 27 %15
& A, BRIEEZIZN Y RO XN, PmiA
MEY NV ETH DT ENHAL -, PmiA O
BEZBHSNTT B0, PmiA & [REIKRICEAREIC
AL, MRNIERENE IZ B 597 5 VR /3 & Tem/
Dot IZ%H L, Iem/Dot {KFIZiTHN S Z &M
MENTWD Lp #EEICBA L T, pmid RN KIE

HEIZOWTHN. pmiAd 28 Bk 018 RN
BT MR TO—HKE L TEASNTZEE
E77dV—L0UVY—LEDHAEITDN
T, BT R =LA UY=L —T—
LAMP-1/2 L WEHR 7 7 IV — L EDIHFIEDE
GEEELL - —HLBEME TR E A, &
e A BE DKM T, pmid 28 BAR TR B MERR D 5
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BEEXRTHMIEREZRU, £k, BEZHME
BIZ xS 2 AL RREEICRE L T, 47 FRIMER D EK & D
Rk OE MGz BEE L THXEZED S,
pmiA BRETEETLTWAS ZENgMho2. X
S5, Lp T 775 —D1DThHh 5 SidC D kg
RO O7 7 —YNITBT B EKRIN 0 % SidC b
KEZHWTHNEZEZS, AAIOKEHR 7 7 I
V—ATREKRERENSBAZT XK D75 SidC D#
K T FINNER NN, pmid BRKEG T 7
TV —ATREFOXIDBFHANFEAEA SN N
-7 [Fig.3(C)]. ZD&XDIZ, EESNINET
IZHANRTZ NS pmiA 22 Bk O RGMEIRZ, VAL
WEBEDIR—%> b TH 5 Iem/Dot ZHEKLT
INEFTHEINTVWABHEREFAKRTH- . I
5D ZEMS, PmiAREY > NX7EELTRHUL
E R - CHEEET % Tem/Dot IV /3 ik EE & & 75 A
SMOBEZRFD Z EAURS N, BEEHESIL, £
DAEEMED 1 DE LT, PmiA 7% Iem/Dot 4y k3
BO—EZRT 5 H D WL co-factor & L THERE
LTWBZEZHHEL TS, Icm/Dot 7 ik &
O1—R952DBLETFEIT, ¥/ LED2DD
IR, RIEER T (pathogenicity island)
L TWBH, 9 pmid B TiEIhn s 2
MBEEHIZTIMDbp DLEBENSMNEICRELTH
0, 7 L EOMED S A OHERERIBEE 2 FLu
T ZEWFTERMNS . £72, Iem/Dot FrihikE
AL TEH < O BEAERTFIZ I E TITmENR
WZEMBb, EHESIGL LRARITERES,
BIE b MBIzt L T b,

5. BHYIC

Lp i3, BARBEKUCAKRNERENGIZBNTHE
FENICHFET DMENTEME & L THTRE - T
54, HRREDSRTIE, BELMHFICELST
planktonic cell IREE, D )NA 7 1 )L ATEHRIREE, D
H 5L VBNC (viable but nonculturable) IR7E4)
BE, BoOLIEFREEZNS., £/, Lp DE K
NOERIT B HIEE KL, B0 accidental 12 %
BIN—REICBWT, e L TEET DAEE
ERITUERRELTEZADIENTES., NS
DT ENF, Lp kA IRBEEZBURICRAL, £
THUTHIE L THEDAEGFETE 5 &5 a4 OfilfH
REFHFOIEZEZRL TS, KT, BEERPERICB
% Lp OA 77 M K OVR IR FE B RERS 1 S, 18 £

T EOMAMRERANESBEEL, #HEL THWDH0D
LEZ 5N 5. 2004 412 Lp Philadelphial #k,
Paris £ % O° Lens ¥k D7/ AECHI AR W THEE
I, SO VAR TICEHLTHRANT /A
WENEAICIZ> TERZ, B, v 0T
r—2L - FOFFF—ALle EDKEREY J LEITIZ,
Lp DERIEFEREZHET (LA 27 / LD
1 RIEATIRA, HARBRBEIIBWTLET 5
Z DRFOHARED, AT & OHBIBE R & UHH A A
RTINS REBRTES. 5%, ZERER
REZFED Lp OAMBILR O L < ANVERENITHS
MIZIN TN EFBFIC, EWFITBT 28270
HOBENDRBNDESENRNHEIND Z &2
5.

HiEE EN T AR Nl EAVNE S St R G
BT >2b0THD, KFEHESIEA, &
WEEH0ELESHEZER, £k, FERICED
O e KB R OVFR A RICEE R 2 #EERL
£9. X/, KRAAREELL TERBITHIZEE
F U72KEDV A1 BV K% Yousef Abu Kwaik #(#%,
BEQREBRMEIZ CRAETES £ U2l
EBHMER, EFERRELMBER - GRS E
+, ROEURIMEEBOELKEIOCEY
K% Howard A. Shuman ZIZIZ.LM0 S KW L
9.
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