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The Outer Membrane Proteins of Pse udomonos
fleruginosa: Immunotherapeutic Potential

R.E,'VV'. HancoCk, E.C.A. Mouat, S.L. Butters and D'P. Speert

Gram negative bacteria, like Pseudornonss aerugtnoso'
contaln aB one of thelr major eurface-located structures, the
outer membrana. Thie membrane hae an unusual asymmetric
composltlon compared to many btologlcal membranes slnce it
confaine a glycotipid lipopolysaccharide (tPS) in its outer
(surface) monolayer, whereas the inner monolayer apparently
contains phospholiplds, but no tPS. In addttior, the outer
membrane contains a limited number of- Itmajortr prpteins pres-
ent in very high copy number (2 x 10{ to 3 x 100 per cell) . r
Funetionally, the outer membrane is lnvolved in maintenance
of the struetural integrity of the cell, in exclusion of hydro-
phobic substances and resistance to detergents, and as a
major permeability barrler, with -a size-dependent exclusion
Umit fir hydropriUic compoundg. I Addttionally, since the
outer membrane^is surfaee-exposed and available to the host
lmmune system,z it probably ptays a signifrcant role in the
pathogenesis of grarn negative bacterial infections.

At least two classes of molecules are present on the
surface of P . aerugfnosc, LPS and outer membrane prgteins.
Although tPS is capable of eliciting a substantial immuhe
response that will &tr* type-specidc protection, S its variabll-
Ity -wifhin the organism (there are 1? different tPS O antigen
typesa) has somewhat limited ite ueefulneee as a target for
lmmunotherapy.: $imilar varlabiHty hap been observq,d for
other surface structures such 

"JpiU5 
and ftagelts.6 There-

fore, w€ have considered the poesibility that outer membrane

This work has been
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Flbroels Foundation '
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protelna will contsin etrongly
genie sltee that wlil serve 1,

IMMUNOGENICITY OF 6U,'*
MEMBRANE PROTEINS

connerved r $[ffece-locsted anti*
targete for lmmunotherapy.

To determlne whether outer membrgne protelns weregurface expos-ed and lmmunog";ioli 
"16, f"-"o-""Jrr"i tr,"

::-:1_1p?".t4o.p"tl"ntpop'"ratro""-roi"riu[.aiJ"tii'i,irtl"=mpTDrane protelng.T,u In bardeular, we examlned patientewrth cveue fibroere wrro ofien-;Gi"; fril;#;i Fi"o"n ginorolung infecflone. pafient" wrro-txi-i"9" *rirrrr"J *iilr"p, o*-stnosa for t8 months {s-!:""i"il;;isrrril;;;ilv i;il;;" ErrsAantibody tlters agalnst out6r memiit".protetne (p<0.001 by
;iTifi;ffi ,,Tll"dgil:fl.r'fr ,"T:it.i"Hjig$#",f i,,""tiof the coronrzed oadents r"" i.g'-i05, 

"q-oi""r""i-t?in"::l"r antlbody tiger of 
"rUUit"- 

fryplUrr.rnlzed wlth puriffedouter. membr_anee ; u-rn eontraet, 6a"io;i";;;;r";1; riJo 
"o"r-age titere of only 2.5 x LO2.

The nature-of the antrbodree rn theee and other sefa w.Eexamlned by Weete:n tnmunoUiotUrrsi *a eroeaed immuno_electrophoreeie.S e toiar oi-ieg 
-J"i? 

r*,n si-p"iri"i"**itr,cyetie fibrosis was e_xanrnea ror trre pnesence of entrbodes tothe major outer membrane pr"fi jiglgrn F; each of thege eeracontained anu-onotern r anfuuoar[;i;E-ie: ;.1-irgl'zii.ij. rn"sera from 19 of theae paue"le-weie lnteracted wtth western_eleetrophoretlc blots 9j _eep-1at"a-o'oi", membrane prot"fr".'zrnaddiHontotheanu,ipro:tern-1-;a;;di;;;-tja-"#""lin"r,
contatned anubodte-e-# -protenJ 

A-hr, t;-;";-; -rr-a-ieiv 
ormfunor-outer nembrarf6 pioteins. -' - 

iAnflbodiea to oute-r membrane pmiein F were aleo ob_served in the sera of eonvalesceni f,aflents wrto-t"a i"coveredtor l. -aenrginosa. u"o;"1"ri", ;il'i" the sera of rate wtthghtg+o lung tnfecflon.! h ea6rr-cae" o"r""tuea 
"ioJ"'] tr,"p"*"t" f an*gen, uged to aemongirate the pGfi;;;f and-bodlee ln the eera, was derlvea i*, our laboratory wlldtype etraln. Thus. thie data *""-"r""i"tJii *jit"it""'"lrr""ptthat protetn F wag ""Ug""f*fii*i""rved, espeetally elnce

!he-.P. aentginosa strd;8 
"u"i-ir"g 

IIL and_protein F and-
P_o{"_" ueually-dtfferea from it; il;;"tory wild type etratntn a number of charaeterreflcs, rncluar"g ;r"rotip,i.-i lurthereuggeetlon that aroge from thii a"ta w"g that these congervedandgenlc eltee on proteln f w&e lm-munogenle and poeslbtyeurface expoaed. \ 9rcle1 t" p*u"'ir,fs lurther at-ti" epf_tope (11!rgentc eite) level, ;;;;i;J;Ab-"A;; ieie-raaeagalnet P aerwginosa proteln F.

(
\
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FIGURE 2g.1. Weetern electrop_horettc blots of separatedouter-membrane components ot-p. aeiginosa etrain H10B afterlnteraction frrst wtth the eera from cyeUc Itbroels patientewtth a hietorv or p. aentanosJ-iuns'i"i"t-iJ# *a"itji'*rtr,goat antieerum to ror* r"mmunoglob-uu*t 
"j"i"i"J iol*"urr"phoaphatase and fi''aly a rristocl;emi""r st"r' rio "ll.iu* phos-p_hataee. The -specinciiv of trre an-utoai"" r" ih; ;;i;;l ""r"was rev_ealed by the- site- of depoaition of the rrietiJh;mLarstaln. Many weaker bande ,re"6 ro"i-a""'"g pri"iJi;;6;reproduction due to the wide range of antibodiee rn the serawhlch reeulted tn a.high ucrrgroind-. The locaflon of theouter membrane proteins indicitea on the left rrana sla; orthe. gel wae deteimrned usi{-rJioJio""l antibodleg to theseandgens.

t,

coNsBRvATIoN oF ANTrcENrc Eprroprs I
TN P. AERUCINOSA

A eerieg of monoclonal antibodies waa made againgt pro:teln F' and four of-theee were crraraeterized rn sfie dett"ir]toThe antibodies fell into two groupe-.n the basre 
"fih#ryaclfvfty with: l) the ptotein F'equivalent from t*o olrrerotraine of Peeudamoncs, p. puticta irrap. irt.tiioi'i-zi reauceaproteln F; ang-3)- cyanogen'bromlde o

,q1I;.Tllilroi{r'rhreeeeparate,"Ji":"fli!?:ltn"?"111";urmunoDlotuthg,rv and a hewly developed teet, colony immuno-
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TAtstE 29. 1. Features DtfferentlatJng Two Claeeee of
Monoclonal Antibodles Agatnet protetn F

Monoclonal Anttbody

Property
MA2-10, MA4-4,

MA6-8 MA{-10

Reactivity wlth purlfled proteln F.

Surfaee labeling of intact P.
aerrtgfnoso cells

fteactlvtty wlth the proteln F
equtvalent from P, puttda
and P. syrrn gae

Reaetivity with a 29 kD papain
and wtth a 31 kD trypsin pro-
teolytic fragment of proteln F.

Reacttvtty wlth cyanogen bromlde
fragments (23 ,28 kD) of
protein F

Antigenlc reactivtty stable to
2 mercaptoethanol

Binding to ollgomeric asgocl-
ationg of proteln F on
SDS polyacrylamide gele

Source; Data from refri'. 10 , 11 .

blottlngll (see below), $rere used to demonstrate the abiltty
of each of these monoclonal antlbodles to interact with elt
tested P. aeruginoso stralne (about ?0 to date) , includlng all
17 _serotypee of P. aerugfnosc and a wide variety of cllnical
ieolates (ffg. 29.2). Thug, these monoclonal antibodies defrne
at leaet two separate protein F epltopea whlch are conserved
ln the speeiee P. aer-rginosa.

Usittg slmllar methods, .We have {sp dembnstrated that
monoetonal antibodies MA1-612 and 58413 recognized conserved
epltopes on outer membrane lipoprotein HZ anA lipid A, re-
spectlvely. The Hptd A-speciflc monoclonal antibody 584
reaeted not only wlth P. oeruginosa, but also with g? percent
of the teeted speclee of gram negatlve bacteria.lS In cbn-
trast ' monoclonal antibodies against the rough eore or O
antigen of tPS recognized epitope,p present in only a Hmited
subset of P, aentglno$o stralns.lurLz

(
;e

I*ss

,rry

4'1
*,_'u€ tC b

rs

: tiri,, qg ,rlr*1ffi|['[)l4@

tun ro..,,t* 116l ffi& 1s*,

2A

FIGURE 29.2. A colony irnmunoblot ehowing a P. aerugtnosa
protein F epeciftc monoclohal antibody MA4-10 with the follow-
ing stralns (unless specified the strains are all P. aeruginosa)
1 CF832i 2 - PA01; 3 - P. stutzeri ATCC17588i 4 - CF6094;
5 Cr3660-1 ; 6 CF4522; 7 CF23L4; 8 CF1452; I
CF3?90 ; 10 CF284 ; 11 CFZ 2L i LZ - CF12?8 ; 13 - CF4349 ;
14 - L; 15 CFz1nm ; 16 - CF21m ; LT CFClnm ; 18 CFCIm;
19 CF9490; 20 P. pseudomallei; 2L CFCS1 i 22 - CFC6nm;
23 - CFC6m i 24 - CFC20; 25 - CF.C4? , 26 - CFC91. The
straine with the prefrx Cf are cyetic flbrosis patient ieolates.
The sufflxes ttmtf and ftnmft refer to mucoid stralns and thelr
spontaneous nonmucoid derivatlves, respectively. Stralns
PA01 and t urere originally blood isolates. In some of the
positive reactions (e.8., 1, 2, 4, and 13) a clear eenter is
surrounded by a ring demonstrating a positlve reaction. The
reason for this is probably that bacteria in the center of the
colony were transferred td the nitrocelluloee in greater num-
bers. Those bacteria from the ceirter of the colony, whlch
bound monoclonal antibodies, were associated wlth other bac-
teria rather than being bound directly to nitrocelluloee and
thus were lost during the immunostaining procedure (which
involved many washing steps). ,
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CCAT,IEATION OF ANTIGEHIC
IN P. AgRUCIIVOSA 

:

Two methode were uged to demonetrate that some of our
monoclonal andbodlee tnteracted q[th eurface located epttopee-..
1.e., lndlrect lmmunofluorescencel0 and colony lmmunoblottlng.u
In tire former technlquel lntact cellg were lnteracted wlth
monoclonal andbodeJ and then, ln turn, wlth a rabblt anti-
mouse Ig anttbody and a.fluoreseently tagge-d goa! lnq-,
rabblt ig anflmAy. Poeldve fluorescence lndlcated that the
flrgt (niuse mondclonal) anttbody had bqund to a eurface
epitopl. The second method was slmpler-and allowed screening
o? a targe number of stralne (Ftg. 29.2), althoug-h we con-
eldered ft reliable only when the approprlate controls were
performed. Bacterlal culturee were patched onto nutrleTt agar

lfatee aRd grown untll vtalble growth eould be eeen. The bac-

leria were then traneferred to nltrocellulose by contact,
non-epeclfic btndtng sltea blocked by lncubatlon wlth 3 per-
cent iSA, and thei the colony blot lncubeted wtth the mono-

clonal ant-tbody of lnterest. The blot wag eubsequently.incl-
bated wlth a feroddaae-tagged goat antt-morrse Ig antlbody
foll,owetl by a-lrlotoctre6tcaiitaln-for peroxldaee-. ?oeltlve
color indldated that the monoclond antlbody had bound to a
eurface locallzed epltoPe.

The resultg o? tneee two aeeaya were idendcd when the
eame etralnB were teeted. tt was demonotrated that both of
itre protetn F epttopes degcrlbed abgle were surfaee locallzedi
til c6ntraet, th; co-nserved proteln H2 epttope, recogrdlg{ !V
andbody MA1-6, waa only surface locallzed !r rou-gh'- LPS O
antlgen:defictent varlante of Peeudomonoe. Controle demon-
straiea that straine tacldng protelne F and H2 failed tg^i1!er-
act wlth monoclonals speciflc for the mlsslng protelns'ru'rr
Neither LpS O side ch-dhe nor mucoid eropolysaccharlde 1nflu-
enced advereely thgl'61"""otion of the proteln F-specifif
monoclonqf andbodt6g 1a1th thelr reepeptive gurface localized
epltopee. ll

OPSONOPHAGOCYTOSIS WITH A MONOCLONAL
ANTIBODY SPBCIFIC FOR PROTETN F

Becauae the protetn F-specific monoclonal antibodles
recognlzed conseried eurface locallzed-epttopes' we wished
to dltermlne whether they could opeontze P. oentgtnoec cella.
Therefore, antlbody MA4:4 was chosen for further studlee'
Deeplte repeated aitempts, we wete unaple to 9_h9y opeonizatlon
of cinplenient-medlated bactericldat ldlling- by Ma'4-4 (.t' M'
Mutharta and R. E. W. Hancock, unpubliehed obeervatione)'
However, tve $rere able to demonetrale that antlbody MA4-4
lncreased by alx-folh the phagocytosls of P. aeru,gnnosc 88

measured Ui tfre number of eellg which aesociated wlth hunan

( TABLE 29.2. Bnhancement of the AeEoc{gtlon ol P' aerynrnosa

\ dtratn 112 with ffi;;-iwmorphonuclear Leukocvtes u(
Uonoclonat AntibodY MA4-4

Antlbodles
added

Complement
added

Number of bacteria Per
potYmorPhonuclear

leukocYte
Percent
uptske

:+
MA4-4 -
MA4-4 +

00M -
cl OtVt +

pHs -

Notes; Human polymorphonuclear leukocytea {Xom healthv

volunteere *"". poriflid aJprevloualy deacrlbed'rr P' aeru-

slnosc straln rrz was-iid;d? 9 bagierta to teukocyte ratlo

6f tl:1. In additionlJrt i" i"aicated' an antlbody and/or a

comploment source ti"" f""i"a"d' The antlbodlee used were

etthlr afflntty p"tlfrJi ml"*r""af antlbodv MA'l-'l' lrluuft
antl-whole quter ;;;;;-eeia (aom) pripared ag deecrlbed

orevlously,u or poolsd human serum (p-ttSl' All were ueed

fi;;;;ti't. rfi" s"t"A Pig co.Tll-?Tent was used as a

8.26 percent 
"uspei*on 

oi dommerctal guinea pig conplement'

ffi 'J*fi 3l'Hffi :il"Jtffi{'["#;l:f'ffi ::i:!f iiiiiJ:i""J
retrattvely inaependent of the Prese-nce of conplement' The

suqht increase h ;;;;ilii;ti u trt" presencC of complement

c!,outa ue aecribed H"il;-;il;;ts 9f goiolement alone' opeoni-

ntlon by monoclo# ;A;;at rt1^lql wis observed wlth four

aeparate p. o"n i#ot?'li"ii" i"Jr"oi"g etrain M2 (aee below)'

i

PASSM TMMUNOTHERAPY WITq
iroxocLonAl ANTIBoDY MA{-4

Monoclonal antlbody MA4-4 had a eerles of propertiee

wlrich suggested ln* it lvas qn exeellent eandidate for lmmuno-

therapy. rrreretoiil'"; ;;i""a the protectlve capacity of

thle monoctonar aniiuoav ""i"S 
two moiee lnfection models' In

the flrat model, itiltt n mr-c6-were. iniected ln the tdl veln

wtth 0.1 mg of "tfr"iti ir"iln"a anttbodv MA4-{' Two hours

I

2.2 t 1.9

3.8 t 3.8

9.6 t 5.1

11.1 t 6.5

4.6 t 3.6

?.6 t 3.4

12.1 t 5.S

16

21

68

79

33

54

86
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|t!:"_-r( 'ecelved an tntraperitoneal chaltenge wtth one oftwo vlr\.'...rt P. aentginosc itraing, PA10g or'-me. In each
case ' srillnals whlch hsd received monoclonal antlbody p*or to
ghaugnge demonetrated 

^siqnlfreanily (p < 0.001 by ilie FisherExact test) better surdv;l during suir"qudnf 
"rt"u*trd. The

IPOO for monoclonal antlbody-proiected mlce was incrjasedabout three-fold over sqtrine:inlected mice (Taute zg.g). In-
iggttol with the monoclonat antiuoay MA1-6; which r", spe-eifrc for a conserved ' non-surfaeejlocated site on protein HZ,dtd not result ln protectlon i

Altho-ugh the proteetion mediated b51 antibody MA4-4 tnthis anlmal model wa? perhapa mnrgfnal, 
-Tt- 

ifrouf6 be notedthat the animal model iB sub-optimfr gince th; mice that diedln this t9d9l generalty lived dtrty z-LZ hours and tt required
masslve on"Uglges of bacterla to reeult in lethality. indeeO,
lmmunoprotection of mlee in thls model, even usin! t$;
speclfrc LPS &B an immunogenr rs.r€If, exceeds thr[e fbfOs.l{,llTherefore, we have more recglrtty trirned to the mouse burn
model of Stierltz and Hotder. 16 fne sHght thermal injuryinduced for this model reduces the I,niO for oni**unized
mlce about four to flve ordere of magn-liude. Using this model,
we could demonstrate 80-100 percent proteetion agiinst achallarge of etght I,Dggs (Table Zg.4).

In concluglon r w€- have demonstrated that outer membraneprotelns contaln antlgentq epitop_es whleh are eonserved through"out tlt" species P, aeruginoba. In the cage of P. aen ginosaproteln F, two of these conserved epltopes are surface local-lzed. The epeclflctty, reproduclbfUti, and avallability of

TABTE 29,8. Immunoprotectlon by Mohoclonal Antlbody MA4*dof Mlce Agalnet Subeeqqpnt Challenge with P. aerugfndsaStrains ,, 
.

' LDso

Strains Controls MA4-4 Protected

PA1O3

M2

L,4 x 106

2.8 x 106

4.g x 106

?.0 x 106

Notes; B6D2 Fl mice were injected in the tatl veln wtth
0. 1 mg of afflnity purlfred monoclonal antibody MA4-4 ln sallno.
Two hours later they utere given 1 to I x 106 bacteria ln
saline intraperltoneally and tneir survival recorded after thresdays. At leaet eight animals were used for each dose of bae*terla. Tbg l,Dggs were calculated by the method of Reed andMuench.lE vv

flturuUtlhr rfrr'utllI a"a{" ! ''r " ^

/.( BtE g . *. passlve protectlon in the Mouse Burn Mo
-of stterltz and noiaer uv prelniection of a Monocl0nal

Antlbody MA{*4

Amount of MA4-4 Administered Survlval After 8 DaYs

0 (saline control)

0.1 mg

1.0 mg

0110

416

s/5

Notes; Mlce of the B6/D2 subline were glven 0'01 ' of

1 mg of monoclonal antibody MA4-4 lntravenously ln the tatl

veln. Two hours later a 10t sec alcohol burn waB glven to the

ana*sthetired mice over a one square inch are& of thelr pre*

ehaved backs lthis burn *"t tuin"lent to cause a sltght red*

dening or tne eki" but no ounioor tissue damagel. one hun-

dred o*g"rrir*" of strain M2 in saline lequivalent to eight

tDSgel *** admlnietered bubcutaneousty and survival fol-

towed over time.

;

euch monoclonar antrbodies hae led us to eonsider them for

lmmunotherapy. Iniection of 
-mice 

wlth one of our protein F-

epeclfrc *orriitonat "trtiuodies 
ean protect against subsequent

lethal challenge with p . aeig*g*o. In vttro exper{ments have

Buggested tnit the 
-mechanlsil o! protection is through the

opgonization for phagocytdsis of iire P ' oeruginoso cells '
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30:
The Low Calcium Response and Virulence in the Yersiniae

Jon D. Goguen and Janet Yother

:

The three epeclde of the genus Yerelnla pathogenlc for
man ghare an unueual, eseentlil, and highly,complex plaamid

encoded vlrulence determtnant. Although under active.lnveeti-
;;t19n since its dlscovery in the 1950e, the role of this deter-
;dani G pathogeneele li lncompletely understood' Here' we

brleflv Dreeaent orrr- currettt view of some recent data pmvided
ui otir"i laboratoriesr as well as some of our own recent
observatione.-----Virul;nt etrains of Yersinic pestis, the causative-1gepi
of bubonlc plague, requlre nillimolar-coneentradons of Ca'-
iot-c"o*ih'at SZoC bui not 26oC (9,11). When shifted from
ii;c-to'ei;c n ct2*-free media, guch etrains cease growth
o""i 

"-pl"ioa 
of oneito two geneytio.ne aa the result of 8n

orderedehutdown of 'net mac-romolecular synthcete (25). The

oondlttone which arrdet growth aleo result ln induction of two

lroteine known t" [rr" v-ana W antigens (2,3)' In temperature-
ifrift experiments, theee proteins appear about one hour after
ffi;hilt;-io gf;c and a:re svntheeized r4til. grgqlh of the

ceUa ""d"et 
proteln synthesig eto-p (4,2{). A-elmilar sesponse

oc"ur" in virrilent atrains of Yersinio enterocoltticc and Yersinia
pseudotuberculosis (9,4). We refer to thlg pheaomeno:r-ceaaa-
h;;i **wth at gzbc ana eoordlnate erpreeaion of V and W-
ii lfr" l6w calctum reEponse (LCR). Other-lnvestlgatore have

O""iJ""i"a iCR+ etrdiis ae elther Vwaf, for productton of

The authors thsnk William S. Walker and Thomas P. Hatch

for lnvaluable asslstence with macrophage experiments, Loretta
Hatmaker for electron miscroscopy, and- both Ruby Bland and

Vtckle Van Cleave for aid ln the preparatlon of this manu-

script.
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