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Legi onel l a pneumophi l a, t he agent of Legi onnai r es' di sease, i s a f acul t at i ve

i nt r acel l ul ar gr am- negat i ve bact er i al pat hogen ( 1) . The bact er i um mul t i pl i es

i nt r acel l ul ar l y i n human bl ood monocyt es ( 1) and human al veol ar macr ophages

( 2) , and under t i ssue cul t ur e condi t i ons, mul t i pl i cat i on i s excl usi vel y i nt r acel l ul ar .

L. pneumophl a ent er s monocyt es by an unusual pr ocess- a monocyt e pseudo-

pod coi l s ar ound t he bact er i um as t he or gani sm i s i ngest ed . ' Ther eaf t er , t he

bact er i um r esi des i n a membr ane- bound cyt opl asmi c vacuol e . I mmedi at el y af t er

phagocyt osi s, cel l ul ar or ganel l es do not appear about t he L . pneumophi l a vacuol e . '

Lat er on, however , t he bact er i a appear t o be mul t i pl yi ng wi t hi n a hi ghl y unusual

vacuol e . A st r i ki ng f eat ur e of t hi s vacuol e i s t hat t he cyt opl asmi c si de i s st udded

wi t h host cel l r i bosomes ( 1) . Thi s mor phol ogi c f eat ur e has al so been obser ved

on el ect r on mi cr oscopi c exami nat i on of l eukocyt es i n human l ung t i ssue speci -

mens f r om pat i ent s wi t h Legi onnai r es' di sease ( 3) .

I n t hi s paper , t he f or mat i on of t he unusual vacuol e i n whi ch L . pneumophi l a

mul t i pl i es wi t hi n monocyt es i s exami ned. Thi s st udy wi l l show t hat t he f or mat i on

of t he vacuol e occur s dur i ng t he f i r st 4- 8 h af t er phagocyt osi s and t hat i t i nvol ves

a compl ex sequence of cyt opl asmi c event s .

Mat er i al s and Met hods

i hl edi a . Egg yol k buf f er and RPMI 1640 medi um wer e pr epar ed or obt ai ned as
descr i bed pr evi ousl y ( 1) . No ant i bi ot i cs wer e added t o medi um i n any of t he exper i ment s
except wher e speci f i cal l y i ndi cat ed .

Reagent s . For mal dehyde sol ut i on, 37% wt / wt was obt ai ned f r om Fi sher Sci ent i f i c
Company, Fai r Lawn, NJ . Er yt hr omyci n base sui t abl e f or ant i mi cr obi al suscept i bi l i t y
t est i ng ( Abbot t Labor at or i es, Nor t h Chi cago, I L) , 980 j ug act i vi t y/ mg, was di ssol ved i n
met hanol , di l ut ed i n wat er t o 1, 000 l eg act i vi t y/ ml and st or ed i n smal l al i quot s i n vi al s at
- 70° C. On t he day of t he exper i ment s, t he f r ozen pr epar at i on was t hawed and di l ut ed
t o t he desi r ed concent r at i on i n RPMI 1640 medi um.

Agar .

	

Modi f i ed char coal yeast ext r act agar was pr epar ed i n 100- mm X 15- mm bact e-
r i ol ogi c pet r i di shes as descr i bed ( 1) .
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Ser um. Venous bl ood was obt ai ned and cl ot t ed, and t he ser um was separ at ed and

st or ed at - 70 ° C unt i l used as descr i bed ( 4) . Nor mal ( noni mmune) human ser um ( t ype

AB) wi t h an i ndi r ect f l uor escent ant i body ant i - L . pneumophi l a t i t er ( 5) of <1 : 64 was

obt ai ned f r om an adul t donor not known t o have ever had Legi onnai r es' di sease .

Human Bl ood Mononucl ear Cel l s .

	

Mononucl ear cel l s used i n exper i ment s wi t h L. pneu-
i nophi l a wer e obt ai ned f r om t he bl ood of a nor mal adul t donor not known t o have had

Legi onnai r es' di sease and wi t h an i ndi r ect f l uor escent ant i body ant i - L. pneumophi l a t i t er

of <1 : 64 . The bl ood mononucl ear cel l f r act i on was obt ai ned by cent r i f ugat i on over a

Fi col l - sodi um di at r i zoat e sol ut i on as pr evi ousl y descr i bed ( 1) ; t he cel l s wer e >99%vi abl e

by t r ypan bl ue excl usi on . Exami nat i on of a st ai ned cyt ocent r i f uged sampl e r eveal ed t hat

t he mononucl ear cel l f r act i on cont ai ned ^- 40%monocyt es, 58 . 5%l ymphocyt es, and 1 . 5%

pol ymor phonucl ear l eukocyt es .

Bact er i a .

	

L . pneumophi l a, Phi l adel phi a 1 st r ai n, was gr own i n embr yonat ed hens' eggs,

har vest ed, t est ed f or vi abi l i t y and f or t he pr esence of cont ami nat i ng bact er i a, and st or ed

at - 70' C, as descr i bed ( 1) . Bact er i a used mst udi es wer e obt ai ned by cul t ur i ng egg yol k-

gr own L . pneumophi l a one t i me onl y on modi f i ed char coal yeast ext r act agar f or 80 h .

The bact er i a wer e t hen har vest ed i nt o egg yol k buf f er , washed by cent r i f ugat i on at 12, 000

g f or 10 mi n at 4 ° C, count ed i n a Pet r of f - hausser chamber ( Ar t hur H. Thomas Co . ,

Phi l adel phi a, PA) , and r esuspended i n RPMI 1640 medi um at 10' 0 bact er i al par t i cl es/

ml . These bact er i a wer e 75- 100% vi abl e as det er mi ned by measur i ng t he number of

col ony- f or mi ng uni t s i n t he bact er i al suspensi on ( 1) . For mal i n- ki l l ed L. pneumophi l a wer e

pr epar ed f r om t he same bat ch of once- passed agar - gr own bact er i a by i ncubat i ng t hese

bact er i a wi t h 2%f or mal i n f or 30 mi n at 4° C i n shaki ng suspensi on, washi ng t he bact er i a

f our t i mes by cent r i f ugat i on at 12, 000 g f or 10 mi n, and r esuspendi ng t he bact er i a i n

RPMI 1640 medi um t o 10' 0 bact er i al par t i cl es/ ml . The f or mal i n t r eat ment ki l l ed 100%

of t he bact er i a as measur ed by assayi ng col ony- f or mi ng uni t s of t he t r eat ed suspensi on .

I nf ect i on of Monocyt es.

	

Mononucl ear cel l s ( 6 x 10 6/ ml ) wer e i ncubat ed i n 35- mmpet r i

di shes i n 2 ml RPMI 1640 medi umcont ai ni ng 10% f r esh nor mal human ser um f or 1 . 5 h

at 37 ° C i n 5% C0 2- 95% ai r , t o al l ow monocyt es t o adher e. The di shes wer e t hen

vi gor ousl y washed t o r emove t he nonadher ent l ymphocyt e- enr i ched f r act i on of t he

mononucl ear cel l popul at i on . The monocyt e monol ayer s wer e t hen i ncubat ed over ni ght

i n 2 ml RPMI 1640 medi umcont ai ni ng 15% f r esh nor mal human ser um. The next day

t he cul t ur e medi umwas r emoved and t he monocyt e monol ayer was i ncubat ed wi t h 10' 0

l i ve or f or mal i n- ki l l ed L. pneumophi l a i n 2 ml RPMI 1640 medi um cont ai ni ng 15% f r esh

nor mal human ser umf or 15 mi n at 37° C i n 5%C02- 95%ai r on a gyr at or y shaker at 100

r pm. At t he end of t he i ncubat i on, t he monol ayer s wer e washed f our t i mes wi t h RPMI

1640 medi um t o r emove non- monocyt e- associ at ed bact er i a . The monol ayer s wer e t hen

i ncubat ed under st at i onar y condi t i ons i n 2 ml RPMI 1640 medi umcont ai ni ng 15% f r esh

nor mal human ser umf or 0- 8 h, unt i l f i xed f or el ect r on mi cr oscopy .

To exami ne t he ef f ect of er yt hr omyci n, monoc t es wer e pr epar ed as above except t hey

wer e i ncubat ed wi t h er yt hr omyci n ( 1 . 25 j ug/ ml ) f or 1 h bef or e and dur i ng i nf ect i on wi t h

L. pneumophi l a . Af t er i nf ect i on, t he monocyt es wer e washed qui ckl y and i mmedi at el y

i ncubat ed agai n i n t he same concent r at i on of er yt hr omyci n . I n one exper i ment , er yt hr o-

myci n was f i r st added t o monocyt es i mmedi at el y af t er i nf ect i on .

El ect r on Mi cr oscopy .

	

The i nf ect ed monocyt e monol ayer s wer e f i xed f or el ect r on mi -

cr oscopy wi t h a sol ut i on consi st i ng of 1%OS0 4 ( t wo par t s) and 2 . 5%gl ut ar al dehyde ( one

par t ) i n 0 . 1 Mcacodyl at e buf f er , pH 7 . 4, st ai ned wi t h 0 . 25% ur anyl acet at e i n 0 . 1 M

sodi um acet at e buf f er , pH 6 . 3, dehydr at ed wi t h et hanol , r el eased f r om t he sur f ace of t he

pet r i di shes wi t h pr opyl ene oxi de, and embedded i n Epon ( Shel l Chemi cal Co. , Houst on,

TX) as descr i bed ( 6) . The sect i ons wer e st ai ned wi t h l ead ci t r at e ( 7) and ur anyl acet at e

and exami ned wi t h a Phi l i ps 300 el ect r on mi cr oscope ( Phi l i ps El ect r oni c I nst r ument s,

I nc . , Mahwah, NJ) or a JEOL JEM- 1000X el ect r on mi cr oscope QEOL, Lt d . , Tokyo,

Japan) .

Resul t s

Ear l y Event s i n t he For mat i on of t he L . pneumophi l a Phagosome.

	

The ear l y event s

i n f or mat i on of t he L . pneumophi l a i nt r acel l ul ar vacuol e i n monocyt es wer e

st udi ed by i ncubat i ng monocyt es i n monol ayer cul t ur e wi t h a hi gh concent r at i on
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FI GURE 1 .

	

Mor phol ogy of L. pneumophi l a- cont ai ni ng vacuol es i n monocyt es 15 mi n af t er
i nf ect i on . Monocyt e monol ayer s wer e cul t ur ed over ni ght at 37 ° C i n 5%C02- 95%ai r i n RPMI
1640 medi um cont ai ni ng 15% f r esh nor mal human ser um, i ncubat ed wi t h 5 x 109 l i ve L.

pneui nophi l al ml on a gyr at or y shaker f or 15 mi n, and f i xed f or el ect r on mi cr oscopy . Al l
i nt r acel l ul ar bact er i a wer e f ound i n membr ane- bound cyt opl asmi c vacuol es . ( A) The vacuol e
( ar r ow) cont ai ni ng L. pneumophi l a has no cel l ul ar or ganel l es about i t . As i s f r equent l y t he case,

a l ucent vacuol e i s pr esent wi t hi n t he bact er i um. x 52, 000 . ( B) Mi t ochondr i a ar e i n t he vi ci ni t y
of t he L. pneumophi l a vacuol e . X 27, 000 . ( C) The L. pneumophi l a vacuol e i s sur r ounded by
smoot h vesi cl es ( ar r ows) appar ent l y f usi ng wi t h or buddi ng of f f r om t he vacuol ar membr ane .
x 32, 400 . ( D) The L. pneumophi l a vacuol e i s sur r ounded by smoot h vesi cl es and by a
mi t ochondr i on ( ar r ow) cl osel y apposed t o t he vacuol ar membr ane . X 48, 600 .

of l i ve L. pneumophi l a ( bact er i a/ monocyt e r at i o ^ - 5, 000 : 1) f or 15 mi n, washi ng

t he monocyt es qui ckl y, and i mmedi at el y f i xi ng t hem f or el ect r on mi cr oscopy .

The hi gh bact er i a/ monocyt e r at i o was r equi r ed t o obt ai n an adequat e number

of monocyt e- associ at ed bact er i a i n r andom ul t r at hi n sect i ons of adher ent mon-

ocyt es .

Al l i nt r acel l ul ar bact er i a wer e f ound i n membr ane- bound cyt opl asmi c vacuol es
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and none was f ound f r ee i n t he cyt opl asm. Near l y al l ( >95%) vacuol es cont ai ned

a si ngl e bact er i um; and t he r emai nder cont ai ned t wo bact er i a . Thi s woul d r emai n

t he case unt i l 8 h af t er i nf ect i on .

Thr ee t ypes of L. pneumophi l a- cont ai ni ng vacuol es wer e obser ved at 15 mi n.

A mi nor i t y ( <5%) showed no appar ent r eact i on about t he vacuol ar membr ane

( Fi g . 1, A) and t hus r esembl ed vacuol es obser ved wi t hi n 3 mi n of phagocyt osi s .

>95%of vacuol es wer e sur r ounded by smoot h vesi cl es appar ent l y f usi ng wi t h or

buddi ng of f f r omt he vacuol ar membr ane ( Fi g . 1, B- D) . Fi nal l y, 30%of vacuol es

wer e sur r ounded by mi t ochondr i a cl osel y apposed t o t he vacuol ar membr ane

( see Fi g . 1, D) . Usual l y, smoot h vesi cl es wer e al so pr esent about t hese vacuol es .

Fr equent l y, when mi t ochondr i a wer e not f ound adj acent t o t he vacuol ar

membr ane, t hey wer e f ound i n t he i mmedi at e vi ci ni t y of t he vacuol e ( Fi g . 1, B) .

Such mi t ochondr i a may have been dest i ned f or t he L . pneumophi l a phagosome

si nce l at er af t er i nf ect i on, at 1 h, an even hi gher pr opor t i on of vacuol es wer e

sur r ounded by mi t ochondr i a t han at 15 mi n.

Vacuol es wer e f ound at bot h t he base and apex of t he adher ent monocyt es .

Onl y 10% r emai ned near t he pl asma membr ane ; 55% wer e l ocat ed mi dway

bet ween t he pl asma membr ane and nucl eus, and ^- 35% wer e l ocat ed near t he

nucl eus .

Evol ut i ol a of t he L . pt l eur t i ophi l a Phagosome .

	

Lat er event s i n vacuol e f or mat i on

wer e st udi ed by exami ni ng L . pneumophi l a phagosomes i n monocyt es 1 h, 4 h, or

8 h af t er onset of i nf ect i on .

At 1 h af t er i nf ect i on, al l vacuol es had cyt opl asmi c or ganel l es sur r oundi ng t he

vacuol ar membr ane . Vi r t ual l y al l vacuol es wer e st i l l sur r ounded by smoot h

vesi cl es, but nowt he maj or i t y of vacuol es ( 65%) wer e al so sur r ounded by at l east

1 mi t ochondr i on cl osel y apposed t o t he vacuol ar membr ane ( Fi g . 2, A, C- E) .

One- t hi r d of t hese vacuol es wer e sur r ounded by mor e t han 1 mi t ochondr i on

and some wer e sur r ounded by as many as 5 mi t ochondr i a ( Fi g . 2, E) . Somet i mes,

l ar ge cl ust er s of smoot h vesi cl es wi t h or wi t hout mi t ochondr i a wer e obser ved at

1 h ( Fi g . 2, D) .

At 1 h as at 15 mi n, vacuol es wer e f ound at bot h t he base and apex of t he

adher ent monocyt e . Vacuol es wer e r ar el y ( <5%) l ocat ed near t he pl asma mem-

br ane ; about hal f wer e l ocat ed mi dway bet ween t he pl asma membr ane and

nucl eus and hal f wer e l ocat ed near t he nucl eus . I nt er est i ngl y, of t hose near t he

nucl eus at 1 h, 45%wer e f ound wi t hi n an i nvagi nat i on of t he nucl ear envel ope

( Fi g . 2, B) .

FI GURE 2.

	

Mor phol ogy of L. pneumophi l a- cont ai ni ng vacuol es i n monocyt es I I I af t er i nf ec-

t i on . Monocyt es i n monol ayer cul t ur e wer e i nf ect ed wi t h l i ve L. pneumophi l a as i n Fi g . 1 . Af t er

15 mi n i ncubat i on wi t h t he bact er i a, t he monocyt e monol ayer s wer e washed t o r emove non-

monocyt e- associ at ed bact er i a, i ncubat ed f or an addi t i onal 45 mi n, and f i xed f or el ect r on

mi cr oscopy . ( A) L. pneumophi l a vacuol e wi t h a si ngl e mi t ochondr i on ( ar r ow) cl osel y apposed t o

t he vacuol ar membr ane . A f ew smoot h vesi cl es al so sur r ound t he vacuol e. X 78, 000 . ( B) Two

L. pneumophi l a vacuol es, one of whi ch i s l ocat ed wi t hi n an i nvagi nat i on of t he nucl ear envel ope .

X 41, 700 . ( C,' ) L. pneumophi l a vacuol e sur r ounded by smoot h vesi cl es and a mi t ochondr i on . X

33, 000 . ( D) L. pneuui ophi l a vacuol e sur r ounded by a ver y l ar ge number of smoot h vesi cl es and

at l east one mi t ochondr i on ( ar r ow) . X 32, 400 . ( E) L. pneui aophi l a vacuol e sur r ounded by 5

mi t ochondr i a ( ar r ows) and a f ew smoot h vesi cl es . X 54, 000 .
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At 4 h af t er i nf ect i on, f ewer smoot h vesi cl es ( 60%of vacuol es) and mi t ochon-

dr i a ( 35% of vacuol es) wer e pr esent about t he vacuol es ( Fi g . 3) . At t hi s t i me,

r i bosomes wer e f i r st seen l i ni ng t he vacuol e ( Fi g . 3, A- D) and 90%of vacuol es

had associ at ed r i bosomes . The r i bosomes wer e separ at ed f r om t he phagosome

membr ane by a gap of ^ - 100 A. Adj acent r i bosomes wer e f r equent l y at t ached

t o a common membr ane whi ch was somet i mes an i sol at ed segment of membr ane

and at ot her t i mes t he membr ane of a r ough vesi cl e ( Fi g . 3, A and B) . These

membr ane- bound r i bosomes wer e evi dent l y par t of or der i ved f r om r ough

endopl asmi c r et i cul um. Somet i mes, phagosomes wer e f ound appar ent l y f usi ng

wi t h a smal l er r i bosome- st udded vacuol e whose membr ane r esembl ed t he pha-

gosome membr ane i n t hat t he r i bosomes wer e separ at ed f r om i t by a gap of

- 100 A ( Fi g . 3, C) . Possi bl y, t he smal l er r i bosome- st udded vacuol e was i n f act

par t of t he same phagosome, but appear ed separ at e as a r esul t of sect i oni ng t he

phagosome t hr ough an i nvagi nat ed r egi on of t he phagosome membr ane, or was

par t of anot her phagosome ext endi ng f r oma di f f er ent pl ane of t he cel l . At 4 h,

t he l ocat i on of phagosomes wi t hi n t he monocyt e r el at i ve t o t he pl asma membr ane

and nucl eus was about t he same as at 1 h af t er i nf ect i on . Al so as at 1 h, vacuol es

wer e f ound wi t hi n i nvagi nat i ons of t he nucl ear membr ane .

By 8 h, near l y al l L . pneumophi l a- cont ai ni ng vacuol es ( >95%) wer e l i ned wi t h

r i bosomes ( Fi g . 3, F. and F) . For t he f i r st t i me, vacuol es f r equent l y cont ai ned

mor e t han one bact er i um. Under t he condi t i ons of t hi s exper i ment , i t was not

possi bl e t o t el l whet her t hi s occur r ed as a r esul t of bact er i al mul t i pl i cat i on or

because of f usi on of L. pneumophi l a- cont ai ni ng vacuol es wi t h each ot her . I n

exper i ment s not i ncl uded her e, L. pneumophi l a have been f ound t o begi n mul t i -

pl yi ng i n monocyt es, as measur ed by col ony- f or mi ng uni t s, 4- 10 h af t er i nf ect i on .

I nt er act i on bet ween Fonnal i n- ki l l ed L. pneumophi l a and Monocyt es. Monocyt es

wer e al so i ncubat ed wi t h f or mal i n- ki l l ed L. pneumophi l a . Al l i nt r acel l ul ar f or -

mal i n- ki l l ed L. pneumophi l a wer e f ound wi t hi n membr ane- bound cyt opl asmi c

vacuol es ( Fi g . 4) . I n cont r ast t o t he si t uat i on wi t h l i ve bact er i a, vacuol es cont ai n-

i ng f or mal i n- ki l l ed L. pneumophi l a f r equent l y had mor e t han 1 or gani sm at 15

mi n, 1 hr , and 4 h ( Fi g . 4, A, D, and E) , and occasi onal l y, vacuol es cont ai ned >10

FI GURE 3.

	

Mor phol ogy of L. pneumophi l a- cont ai ni ng vacuol es i n monocyt es 4 h and 8 h af t er

i nf ect i on . Monocyt es i n monol ayer cul t ur e wer e i nf ect ed wi t h L. pneumophi l a f or 15 mi n and

washed t o r emove non- monocyt e- associ at ed bact er i a as i n Fi g. 2 . The monocyt es wer e t hen

i ncubat ed f or 4 h ( A- D) or 8 h ( E and F) and f i xed f or el ect r on mi cr oscopy as descr i bed i n

Mat er i al s and Met hods . ( A) The L. pneumophi l a vacuol e i s l ocat ed wi t hi n an i nvagi nat i on of

t he monocyt e nucl eus . The vacuol ar membr ane i s par t i al l y l i ned by r i bosomes ( ar r ows and
ar r ow heads) , some of whi ch ar e at t ached t o a common membr ane on t he si de opposi t e t he

phagosome ( ar r ows) . X 52, 000. ( B) The L. pneumophi l a vacuol e i s sur r ounded by r i bosomes

and a l ar ge r ough vesi cl e, i . e . a vesi cl e t o whi ch r i bosomes ar e at t ached ( ar r ow) . X 75, 000 . ( C)

The L. pneumophi l a vacuol e i s par t i al l y sur r ounded by r i bosomes ( ar r ow heads) and has a
mi t ochondr i on cl osel y apposed t o t he vacuol ar membr ane ( l ar ge ar r ow) . A r i bosome- st udded

vacuol e ( smal l ar r ow) appear s i n t he pr ocess of f usi on wi t h t he phagosome membr ane ; t he
r i bosomes ar ound t hi s vacuol e, l i ke t hose ar ound t he phagosome, ar e separ at ed f r om t he
vacuol ar membr ane by a gap of ^ - 100 A. X 50, 000 . ( D) The L. pneumophi l a vacuol e i s par t i al l y
l i ned by r i bosomes . At one poi nt , t he vacuol ar membr ane i s evagi nat ed as i f f usi on has j ust

occur r ed wi t h a smal l er r i bosome- st udded vacuol e ( ar r ow) . X 33, 000 . ( E) L. pneumophi l a

vacuol es at 8 h ar e al l sur r ounded by r i bosomes ( ar r ows) . X 41, 700 . ( F) The t hr ee L.

pneumophi l a vacuol es ar e f ul l y sur r ounded by r i bosomes. The l ower t wo vacuol es and per haps

al l t hr ee vacuol es may be f usi ng wi t h each ot her . x 27, 000 .
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FI GURE 4 . Mor phol ogy of monocyt e vacuol es cont ai ni ng f or mal i n- ki l l ed L . pneumophi l a .

Monocyt es i n monol ayer cul t ur e wer e i ncubat ed wi t h 5 x 10 9 f or mal i n- ki l l ed L . pneumophi l al

ml at t he same t i me t hat t hey wer e i ncubat ed wi t h l i ve bact er i a and under t he same condi t i ons .

Af t er 15 mi n, t he monocyt e monol ayer s wer e washed t o r emove non- monocyt e- associ at ed

bact er i a . They wer e t hen ei t her f i xed i mmedi at el y ( A) , or af t er a t ot al i ncubat i on t i me of 1 h
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FI GURE 5.

	

Di agr am of t he sequence of cyt opl asmi c event s i nvol ved i n f or mat i on of t he L.
pneumophi l a phagosome . ( a) L. pneumophi l a i s phagocyt i zed by an unusual pr ocess i n whi ch a
monocyt e pseudopod i s coi l ed ar ound t he bact er i um as t he bact er i um i s i nt er nal i zed . ( b)
I mmedi at el y af t er phagocyt osi s, no cyt opl asmi c or ganel l es ar e f ound sur r oundi ng t he L.

pneumophi l a- cont ai ni ng vacuol e . ( c) By 15 mi n af t er i nf ect i on, t he maj or i t y of L. pneumophi l a

vacuol es ar e sur r ounded by smoot h vesi cl es, appar ent l y f usi ng wi t h or buddi ng of f f r om t he
vacuol ar membr ane . ( d) By 1 h af t er i nf ect i on, t he maj or i t y of vacuol es ar e sur r ounded by at
l east one mi t ochondr i on, cl osel y apposed t o t he vacuol ar membr ane . Smoot h vesi cl es ar e
usual l y al so pr esent about t he vacuol e . ( e) By 4 h af t er i nf ect i on, f ewer smoot h vesi cl es and
mi t ochondr i a sur r ound t he vacuol e, but now r i bosomes and r ough vesi cl es l i ne t he vacuol e .
( / ) By 8 h af t er i nf ect i on, t he L. pneumophi l a vacuol e i s st udded wi t h r i bosomes . ( g) The
bact er i a mul t i pl y wi t hi n t he r i bosome- l i ned vacuol e wi t h a doubl i ng t i me of about 2 h . ( h) The
bact er i a mul t i pl y unt i l hundr eds of or gani sms f i l l t he vacuol e . The monocyt e becomes packed
f ul l wi t h bact er i a and r upt ur es .

or gani sms .

No cel l ul ar or ganel l es wer e f ound sur r oundi ng vacuol es cont ai ni ng f or mal i n-

ki l l ed L . pneumophi l a at 15 mi n, 1 h, 4 h, or 8 h ( Fi g . 4) . At no t i me wer e smoot h

vesi cl es, mi t ochondr i a, or r i bosomes f ound gat her ed about t hese vacuol es .

Vacuol es cont ai ni ng f or mal i n- ki l l ed L. pneumophi l a wer e of t en l ar ger t han

( B- D) , 4 h ( E) , or 8 h ( F) . As wi t h l i ve L. pneumophi l a, al l i nt r acel l ul ar f or mal i n- ki l l ed bact er i a
wer e f ound i n membr ane- bound vacuol es . However , i n cont r ast t o t he si t uat i on wi t h l i ve
bact er i a, cyt opl asmi c or ganel l es wer e not f ound sur r oundi ng vacuol es cont ai ni ng f or mal i n-
ki l l ed L . pnei m?ophi l a . ( A) At 15 mi n, t hi s sect i on of t he vacuol e cont ai ns f i ve f or mal i n- ki l l ed
L . pneumophi l a . The vol ume of t he vacuol e i s l ar ge r el at i ve t o t he vol ume of t he bact er i a wi t hi n
i t . x 20, 000 . ( B) At 1 h, t he vacuol e cont ai ns a si ngl e i nt act f or mal i n- ki l l ed bact er i um. The
vol ume of t he vacuol e i s onl y sl i ght l y gr eat er t han t hat of t he bact er i umcont ai ned wi t hi n i t .
x 50, 000 . ( C) At 1 h, t hi s vacuol e cont ai ns one bact er i um, but as i n A, t he vol ume of t he
vacuol e i s l ar ge r el at i ve t o t he vol ume of t he bact er i um wi t hi n i t . X 27, 000 . ( D) At I h, t hi s
vacuol e cont ai ns at l east t hr ee f or mal i n- ki l l ed L. pneumophi l a ; t he bact er i a appear i n var i ous
st ages of degener at i on . x 18, 400 . ( E) at 4 h, t hi s sect i on of a monocyt e cont ai ns f our or f i ve
l ar ge vacuol es, t hr ee of whi ch ( ar r ows) cont ai n f or mal i n- ki l l ed L. pneumophi l a at advanced
st ages of degener at i on . Bact er i al membr ane ghost s ar e evi dent i n t hese vacuol es . x 7, 500 . ( F)

at 8 h, t hi s monocyt e cont ai ns sever al smal l vacuol es and one enor mous vacuol e . The vacuol es
ar e f i l l ed wi t h degener at ed f or mal i n- ki l l ed bact er i a and bact er i al membr ane ghost s . x 6, 100 .
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t hose cont ai ni ng l i ve L . pneumophi l a, ( Fi g . 4, A and C) . The i ncr eased vol ume

may r ef l ect f usi on of l ysosomes wi t h t hese phagosomes si nce phagosomes con-

t ai ni ng f or mal i n- ki l l ed but not l i ve L . pneumophi l a f use wi t h l ysosomes ( 8) .

At 1 h, many of t he i ngest ed f or mal i n- ki l l ed bact er i a appear ed degener at ed

( Fi g. 4, D) . Such bact er i a wer e most f r equent l y obser ved i n vacuol es cont ai ni ng

sever al or gani sms . At 4 h, onl y l ar ge vacuol es cont ai ni ng many bact er i a wer e

f ound and most of t he bact er i a wer e i n an advanced st age of degener at i on .

Fr equent l y onl y membr ane ghost s wer e evi dent ( Fi g . 4, E) . At 8 h, f ew i nt act

bact er i a r emai ned . Somet i mes, vacuol es cont ai ni ng bact er i al r emai ns wer e huge,

appar ent l y occupyi ng mor e t han hal f t he cel l vol ume ( Fi g . 4, F) .

I r t f uence of Er yt hr omyci n on Vacuol e For mat i on .

	

Er yt hr omyci n ( 1 . 25 Ag/ ml )

i nhi bi t s t he i nt r acel l ul ar mul t i pl i cat i on of l ogar i t hmi c phase L. pneumophi l a wi t hi n

1 h of addi t i on t o monocyt e cul t ur es, but does not ki l l t he bact er i a . Upon

r emoval of t he ant i bi ot i c, t hese bact er i a r esume mul t i pl yi ng . The i nf l uence of

er yt hr omyci n on vacuol e f or mat i on was st udi ed next .

Er yt hr omyci n had no appar ent ef f ect on vacuol e f or mat i on whet her added

bef or e or af t er i nf ect i on . By 4- 8 h, L. pneumophi l a i n er yt hr omyci n- t r eat ed

monocyt e cul t ur es wer e i n r i bosome- l i ned vacuol es .

Di scussi on

Thi s st udy demonst r at es t hat t he f or mat i on of t he L . pneumophi l a phagosome

ent ai l s an unusual sequence of cyt opl asmi c event s t hat t ake pl ace dur i ng t he f i r st

8 h af t er phagocyt osi s of t hi s bact er i um. Thi s sequence of event s i s shown

di agr ammat i cal l y i n Fi g . 5 . Dur i ng t he f i r st hour af t er ent r y by phagocyt osi s,

smoot h vesi cl es f use wi t h or bud of f f r om t he membr ane of t he L. pneumophi l a-

cont ai ni ng vacuol e, and mi t ochondr i a cl ust er about t he vacuol e i n cl ose apposi -

t i on t o t he vacuol ar membr ane . By 4 h, r ough vesi cl es and r i bosomes l i ne up

about t he vacuol ar membr ane . These r i bosomes ar e separ at ed f r om t he vacuol ar

membr ane by a gap of - 100 A. By 8 h, near l y al l L . pneumophi l a- cont ai ni ng

vacuol es ar e st udded wi t h r i bosomes . Pr evi ous st udi es have shown t hat at about

t hi s t i me t he bact er i a begi n mul t i pl yi ng wi t h a doubl i ng t i me of ^- 2 h ( 1) . The

bact er i a r emai n wi t hi n t he r i bosome- l i ned vacuol e unt i l hundr eds of or gani sms

f i l l t he vacuol e and t he monocyt e r upt ur es ( 1) .

The mechani smby whi ch L . pneumophi l a or chest r at es t hi s compl ex ser i es of

cyt opl asmi c event s i s unknown . The f act t hat l i ve, but not f or mal i n- ki l l ed,

bact er i a i nduce t he f or mat i on of t he speci al i zed vacuol e suggest s t hat a secr et or y

or met abol i c pr oduct of l i ve bact er i a i s r esponsi bl e, but does not excl ude t he

possi bi l i t y t hat a bact er i al sur f ace ant i gen al t er ed by f or mal i n t r eat ment i s

i nvol ved . Er yt hr omyci n, an ant i bi ot i c t hat bl ocks bact er i al pr ot ei n synt hesi s, had

no i nf l uence on vacuol e f or mat i on when admi ni st er ed t o monocyt es at a concen-

t r at i on t hat compl et el y i nhi bi t s i nt r acel l ul ar mul t i pl i cat i on of L. pneumophi l a .

Er yt hr omyci n al so does not i nf l uence t he capaci t y of L . pneumophi l a t o i nhi bi t

phagosome- l ysosome f usi on ( 8) . Thi s i ndi cat es t hat ongoi ng bact er i al pr ot ei n

synt hesi s i s not r equi r ed f or ei t her vacuol e f or mat i on or i nhi bi t i on of phagosome-

l ysosome f usi on .

s Hor wi t z, M. A. 1983 . The Legi onnai r es' di sease bact er i um ( Legi onel l a pneumophi l a) i nhi bi t s

phagosome- l ysosome f usi on i n human monocyt es . Submi t t ed t of . Exp . Med .
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The or i gi n of t he smoot h vesi cl es t hat appear t o f use wi t h and/ or bud of f

f r omt he phagosome membr ane i s not cl ear f r omt hi s st udy . They may be der i ved

f r om smoot h endopl asmi c r et i cul um or be of endocyt i c or i gi n . Possi bl y, t he

membr anes of t hese vesi cl es r epl ace or mar kedl y al t er t he phagosome membr ane

t hat was or i gi nal l y der i ved f r om t he monocyt e pl asma membr ane dur i ng phag-

ocyt osi s . I sol at i on and bi ochemi cal anal ysi s of t he phagosome membr ane may

cl ar i f y i t s or i gi n .

The or i gi n of t he r i bosomes sur r oundi ng t he vacuol e, but separ at ed f r om i t

by a gap of - 100 A, i s al so not cl ear f r om t hi s st udy . Those r i bosomes t hat ar e

membr ane- bound, i . e . at t ached t o i sol at ed segment s of membr ane or par t of

r ough vesi cl es sur r oundi ng t he phagosome, ar e evi dent l y der i ved f r om r ough

endopl asmi c r et i cul um. Ri bosomes t hat ar e not membr ane- bound al so may be

der i ved f r om endopl asmi c r et i cul um but have become separ at ed f r om i t . Al t er -

nat i vel y, t hey may have been f r ee r i bosomes . What ever t hei r or i gi n, t he r i bo-

somes do not bear t he same r el at i onshi p t o t he phagosome membr ane t hat t hey

bear t o endopl asmi c r et i cul um, si nce t hey ar e separ at ed f r om t he phagosome

membr ane by a l ar ge gap. Fur t her st udi es ar e under way i n t hi s l abor at or y t o

cl ar i f y t he or i gi n and r ol e of t hese r i bosomes .

The sequence of event s i nvol ved i n f or mat i on of t he L. pneumophi l a- cont ai ni ng

vacuol e has not been descr i bed f or ot her or gani sms . However , i n ot her st udi es,

host cel l vacuol es cont ai ni ng cer t ai n obl i gat e i nt r acel l ul ar par asi t es, not abl y

Toxopl asmo go?t di i and Chl amydi a speci es, have been descr i bed t hat shar e at l east

some of t he f eat ur es of t he L. pneumophi l a- cont ai ni ng vacuol e ( 9- 11) . Lawn et

al . ( 9) f ound t hat when BHK- 21 cel l s wer e i nf ect ed wi t h t he chl amydi al agent s

of t r achoma and i ncl usi on conj unct i vi t i s ( Chl amydi a ocul ogeni t al i s ; Chl amydi a t r a-

chomat i s) , vacuol es cont ai ni ng t he or gani sms wer e i mmedi at el y sur r ounded by

cyt opl asmi c smoot h vesi cl es . Fr i i s ( 10) f ound t hat L- cel l cyt opl asmi c vacuol es

cont ai ni ng Chl amydi a psi t t aci , t he agent of psi t t acosi s, wer e sur r ounded by mi t o-

chondr i a cl osel y apposed t o t he vacuol ar membr ane 20 h af t er ent r y by phago-

cyt osi s . Jones and Hi r sch ( 11) obser ved t hat host cel l vacuol es cont ai ni ng T.

gondi i , t he agent of t oxopl asmosi s, wer e al so sur r ounded by mi t ochondr i a and

t hat " st r i ps of ( r ough) endopl asmi c r et i cul um" wer e cl osel y apposed t o t he

vacuol ar membr ane ; t hey obser ved t hi s i n vacuol es cont ai ni ng l i vi ng but not

dead T. gondi i i n mouse per i t oneal macr ophages, L929 f i br obl ast s, and HeLa

cel l s . I t i s not ewor t hy t hat t hese i nt r acel l ul ar par asi t es ar e among t he f ew known

t o shar e wi t h L. pneumophi l a t he capaci t y t o i nhi bi t phagosome- l ysosome f usi on

( 8- 10) . I t i s i nt er est i ng t o specul at e t hat t hese di spar at e mi cr oor gani sms may

shar e a common mechani sm f or vacuol e f or mat i on and i nhi bi t i on of phagosome-

l ysosome f usi on .

Summar y

Pr evi ous st udi es have shown t hat L. pneumophi l a mul t i pl i es i nt r acel l ul ar l y i n

human monocyt es and al veol ar macr ophages wi t hi n a membr ane- bound cyt o-

pl asmi c vacuol e st udded wi t h r i bosomes . I n t hi s paper , t he f or mat i on of t hi s

novel vacuol e i s exami ned .

Af t er ent r y i nt o monocyt es, L. pneumophi l a r esi des i n a membr ane- bound

vacuol e . Dur i ng t he f i r st hour af t er ent r y, vacuol es cont ai ni ng L. pneumophi l a
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ar e f ound sur r ounded by smoot h vesi cl es f usi ng wi t h or buddi ng of f f r om t he

vacuol ar membr ane and by mi t ochondr i a cl osel y apposed t o t he vacuol ar mem-

br ane . By 4 h, vacuol es ar e f ound l ess f r equent l y sur r ounded by t hese cyt opl asmi c

or ganel l es, but now r i bosomes and r ough vesi cl es ar e f ound gat her ed about t he

vacuol e . By 8 h, t he r i bosome- l i ned vacuol e has f or med . Er yt hr omyci n, at

concent r at i ons t hat compl et el y i nhi bi t t he i nt r acel l ul ar mul t i pl i cat i on of L. pneu-

ni ophi l a, has no ef f ect on vacuol e f or mat i on .

For mal i n- ki l l ed L . pneumophi l a al so r esi de i n a membr ane- bound vacuol e af t er

ent r y i nt o monocyt es . I n cont r ast t o t he si t uat i on wi t h l i ve L . pneumophi l a,

cyt opl asmi c or ganel l es ar e not f ound sur r oundi ng vacuol es cont ai ni ng f or mal i n-

ki l l ed L . pneumophi l a at any t i me af t er ent r y . For mal i n- ki l l ed bact er i a ar e r api dl y

di gest ed, and by 4 h, f ew r emai n i nt act .

The L . pneumophi l o- cont ai ni ng vacuol e has cer t ai n f eat ur es i n common wi t h

ot her i nt r acel l ul ar or gani sms t hat i nhi bi t phagosome- l ysosome f usi on ; t hese

or gani sms may shar e a common mechani smf or vacuol e f or mat i on and i nhi bi t i on

of phagosome- l ysosome f usi on .

I am gr at ef ul t o Ms. Di ane Chodkowski f or excel l ent t echni cal assi st ance, t o Ms . Judy
Adams f or pr epar i ng t he el ect r on mi cr oscopy speci mens and pr i nt i ng t he phot ogr aphs i n
t hi s paper , and t o Dr . Zanvi l Cohn f or r evi ewi ng t he manuscr i pt .
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