
cols available at http://cmgm.stanford.edu/pbro~vn/ 
mguide/index.html). After printing, free amino groups 
of the poly-L-lysine-coated sl~des were acetylated with 
5.5 g of succinic anhydride in 350 ml  of borate-buffered 
I-methyl-2-pyrrolidinone (pH 8). 

9. Bacteria listed above were grown in 7H9 broth wi th 
ADC enrichment, and DNA was extracted after 14 t o  
21 days' growth as described [D, van Soolingen, P. W. 
Hermans, P. E, de Haas, D. R. Soll, J. D, van Embden, 
] Clin. Microbial. 29, 2578 (1991)l. Whole genomic 
DNA from either H37Rv or BCC strain (2 lpg) was 
used as templates for direct incorporation of fluores- 
cent nucleotide analogs (Cy3 and Cy5 dUTP, Amer- 
sham) by a randomly primed polymerization reac- 
tion, In brief, 50-1~1 labeling reactions contained 2 p g  
of template DNA, 5 1 ~ 1  of 10X buffer, 1.5 1 ~ 1  of 
fluorescent dUTP, 0.5 1 ~ 1  each of 5 m M  dATP, dCTP, 
and dCTP, 1 pi of random hexamers and decamers, 
and 2 1 ~ 1  of Kleno~v (Escherichia coli DNA polymerase 
3 '  t o  5'exo-, New England Biolabs) Labeled DNA8 
from the strains being compared were mixed togeth- 
er to 14.75 1 ~ 1  total volume in a solution wi th final 
concentration of 4 X  SSC buffer, tRNA (0.7 p g i l ~ l ) ,  
and 0.3% SDS. The hybridization mixture was dena- 
tured at 98°C for 2 min, cooled t o  65"C, applied t o  
the microarray, and covered wi th a 22-mm2 cover 
slip. The slide was then placed in a waterproof hy- 
bridization chamber for hybridization in a 65°C water 
bath for 3 hours After hybridization, slides were 
washed 2 min in 1X SSC buffer wi th 0.06% SDS 
followed by 2 min in 0.06X SSC buffer. 

10. S. Sreevatsan et a/., Proc. Natl. Acad. Sci. U.S.A. 9 4  
9869 (1997). 

11. W I. PhiliDp et ai., Microbioloav 142, 3135 (1996). . , ,  -2 , , 
12. Slides were scanned wi th a custom-built scanning 

laser microscope as described [J. L. DeRisi, V. R. lyer, 
P. 0 .  Brown, Science 278, 680 (1997)l. Fluorescent 
spot intensities were quantified using custom soft- 
ware as described by DeRisi and available at http.11 
rana.Stanford.EDU/software. For each spot, back- 
ground fluorescence was subtracted from t'he average 
spot fluorescence t o  produce a channel-specific val- 
ue. Spots were excluded from analysis when back- 
ground intensity was greater than the spot intensity. 
The ratio of Cy3ICy5 hybridization was calculated 
and log-transformed for representation according t o  
genomic location implementing ProbeBrowser soft- 
ware (designed and written in our laboratory and 
available at http://molepi.stanford.edu/free_soft- 
ware.html). This software integrates microarray ex- 
perimental results wi th the genomic positions of the 
hybridization targets and displays corresponding ORF 
annotations (see Fig. 1, B and C) 

13. For any single experimental spot, a mismatched hy- 
bridization could represent (i) a repeated element 
more numerous in H37Rv, such as S6110, (ii) an 
element present in H37Rv and absent from BCC, or 
(iii) a false positive result that may occasionally occur 
during thousands of simultaneous hybridizations. We 
observed that spots representing IS6110 reliably re- 
sulted in high ratios of H37Rv:BCC, corresponding t o  
their known 1 6 : l  genomic presence. For assigning 
deletions, we restricted our investigation t o  regions 
where probes from at least two  adjacent ORFs ex- 
hibited mismatched hybridization. This strategy was 
invoked t o  maximize the likelihood of detecting true 
deletions at the expense of decreased resolution. For 
putative deletions identified by the array experi- 
ments, we performed Southern (DNA) hybridization 
using probes independent of those on the array t o  
confirm their absence in BCG strains. Then, t o  char- 
acterize confirmed deletions, we designed PCR prim- 
ers t o  approach the predicted edges of each deletion 
so that the amplified region would span the missing 
genomic locus for those strains in which it is deleted 
These amplicons were sequenced using the PCR prim- 
ers at the Protein and Nucleic Acid (PAN) Core Fa- 
cility, Stanford University, by ABI dye terminator 
chemistry. Sequences obtained were aligned t o  the 
known sequence of H37Rv by BLAST search [S F 
Altschul et ai., Nucleic Acids Res. 25, 3389 (1997)] t o  
determine the precise site of each deletion (details 
available at http:/lmolepistanford.edu/bcg). Based 
on the site and the predicted ORFs from the H37Rv, 
we documented which reading frames were partially 

or completely missing from BCC strains To classify 
deleted regions as BCC-specific or as differences 
between H37Rv and virulent M, bovis, we repeated 
PCR wi th the primers spanning the missing genetic 
region using DNA from virulent M,  bovis (four human 
and four bovine isolates) 

14. C. C. Mahairas, P. j .  Sabo, M j .  Hickey, D. C Singh, 
C. K. Stover, 1. Bacteriol. 178, 1274 (1996). 

15. R. Brosch et a/., lnfect. lmmum. 66, 2221 (1998). 
16. L. M. O'Reilly and C. J. Daborn, Tuberc. Lung. Dis. 7 6  

(suppl. I ) ,  1 (1995). 
17. K. A johansen, R. E. Gill, M. L. Vasin, lnfect. immun. 

64, 3259 (1996) 
18. C. A. Parra et a/., ibid. 59, 341 1 (1991). 
19 in the previous work, there were two  discrepancies 

between genotype data and the written record; in 
both we have subsequently obtained new informa- 
t ion indicating that our historical information was 
incorrect. During the American Indian trial, Aronson 
obtained BCG-Pasteur (passage) 575 in 1938 [J .  D 
Aronson, E. I. Parr, R. M. Saylor,Am. Rev. Tuberc. 42, 
651 (1940)]: this likely became the stock from which 
BCC-Phipps was derived According t o  Birkhaug him- 
self, BCC-Birkhaug appears t o  have been obtained 
from the lnstitut Pasteur in 1927 [K. Birkhaug, Psy- 
chiatr Q. 21, 453 (1948)l. 

20. J. D. Aronson, E. I .  Parr, R M. Saylor, Am. Rev. Tuberc. 
42, 651 (1940). 

21. M. Glieorghiu, j .  Augier, P. H, Lagrange, Bull, lnst. 
Pasteur 81, 281 (1983). 

22. A. Calmette and C. Cuerin, Ann, lnst. Pasteur 25, 625 
(1911). 

23. K. A. jensen, Acta Tuberc. Scand. 20, 1 (1946). 
24. C. Dreyer and R L. Vollum, Lancet i, 9 (1931). 
25. Indian 1. Med. Res. 725, 1 (1980). 
26. The genomic hierarchy proposed by Cole et 31. is avail- 

able at \vww.sanger ac.uk/Pro jects /M~tubercu los is /  
Gene-list/. 

27. R, j .  Dubos and C. H. Pierce,Am. Rev Tuberc. Puimon. 
Dis. 74, 655 (1956). 

28. For strains and DNA of M, tubercuiosis, M, bovis, and 
M. bovis BCC, we thank M. Cheorghiu and S. Cole, 
lnstitut Pasteur, Paris (BCG-Pasteur 1173); A. Lade- 
foged, Statens Serum nst i tut ,  Copenhagen (BCC- 
Sweden and BCG-Prague): M. Takahashi, Japanese 
Anti-Tuberculosis Association (BCC-Japan); P. Rous- 
seau, nst i tut  Armand Frappier, Canada (BCG-Mo- 
reau); U. Kosecka, Connaught Laboratories, Canada 
(BCC-Connaught); M. D. Cave, University of Arkansas; 
and C. Hewinson, Central Veterinary Laboratories, 
Surrey, UK. For technical assistance we thank J. DeRisi 
and members of P. Brown's laboratory For assistance 
wi th the gene annotation database, we thank S. Cole 
and his laboratory at the nst i tut  Pasteur. 

27 January 1999; accepted 8 April 1999 

Broadly Protective Vaccine for 
Staphylococcus aureus Based on 

an in Vivo-Expressed Antigen 
David McKenney,' Kimberly L. Pouliot,' Ying Wang,' 
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Donald A.Goldmann,' Gerald B. Pier1* 

Vaccines based on preferential expression o f  bacterial antigens during human 
infection have not  been described. Staphylococcus aureus synthesized poly- 
N-succinyl p -1-6  glucosamine (PNSG) as a surface polysaccharide during hu- 
man and animal infection, bu t  few strains expressed PNSG in  vitro. ALLS. aureus 
strains examined carried genes for PNSG synthesis. Immunization protected 
mice against kidney infections and death f rom strains tha t  produced l i t t le PNSG 
in vitro. Nonimmune infected animals made antibody t o  PNSG, bu t  serial in 
v i t ro cultures o f  kidney isolates yielded most ly cells tha t  did no t  produce PNSG. 
PNSG is a candidate for  use in  a vaccine t o  protect against 8, aureus infection. 

Sriipi1,~lococc~ls i~ili.eils 1s the nlost frequently 
isolated bacterial pathogen in hospital-ac- 
quired infections ( I )  and is a con~inon cause 
of co1lllllu11ity-acq~1ired ~nfections. including 
endocarditis, osteomyelitis. septic arthritis. 
pneunnonia, and abscesses ( 1  ) .  Sriipi1~./ococ- 

ells ciili.eils is also a significant pathogen in 
economically important animals (3) .  Staphy- 
lococcal resistance to first-line drugs such as 
synthetic penicillins has resulted in nlajor 
problems in treating methicillin-resistant S. 
ii~l?.el(.s ( X f R S A j  strains. n.hic11 are increas- 
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*To w h o m  correspondence should be addressed. E-  
mail: gpier@channing.harvard.edu 

ingly connnon. especially in hospitalized pa- 
tients. Of greater concern ls the recent emer- 
gence in several countries of l l R S X  strains 
n.it11 reduced susceptibility to \rancomycin. 
the antibiotic of last resort ( 3 )  The appear- 
ance of these vancomycin-interil~ediate S 011- 

i.elis ( V I S A )  strains raises the specter of un- 
treatable staph>-lococcal infections. necessi- 
tating a search for alternative therapies (1. 3). 

One potential therapeutic target for bacte- 
rial infections is products of bacterial genes 
activated duriilg in vivo ~nfections (4) .  Pre- 
sumablq- these genes encode factors crltical 
for illfection and disease progression. Strate- 
gies deslgned to discover 111 vivo-expressed 
genes have, of necessity, used aninla1 models 
for gene identification. and in vivo-ex- 
pressed bacterial factors have not yet been 
detected 111 human infections. I11 addition, the 
usefulness in vaccines of any factors encoded 
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by these genes has not been demonstrated. 
We now provide evidence that antibodies to a 
distinct surface polysaccharide antigen of S. 
aureus that is preferentially elaborated in 
vivo in infected humans and experimental 
animals are broadly protective against many 
S. aureus strains. 

Lung tissue removed from two S. aureus- 
infected cystic fibrosis (CF) patients con- 
tained organisms that elaborated a surface 
polysaccharide that reacted positively with 
immune rabbit serum specific for po1y-N- 
succinyl P-1-6 glucosamine (PNSG), previ- 
ously determined to be the Staphylococcus 
epidermidis capsular polysaccharide adhesin 
(5) (Fig. 1A). PNSG is distinct from the 
serologically and structurally defined S. au- 
reus capsular polysaccharides (CP), includ- 
ing CP5 and CP8, which are made by >70% 
of all S. aureus strains (6). Only background 

Fig. 1. PNSC is syn- 
thesized in infected hu- 
man tissues, and 5. au- A antitipNSG 

fluorescence was observed in the lung sec- 
tions with antibodies to CP antigens (Fig. 
1A). In addition, six of nine sputum samples 
from S. aureus-infected CF patients were 
positive for PNSG expression by immunoflu- 
orescent microscopy (Fig. 1B; 80 to 90% of 
cells fluorescent) (7), whereas bacteria in 
these samples expressed little CP antigen 
(<lo% of cells were positive) (8). In vitro 
cultivation of the S. aureus lung and sputum 
isolates in trypticase soy broth under aerobic 
conditions resulted in high expression of CP 
antigen by all isolates as previously shown 
(9) and decreased expression of PNSG (8), 
indicating that PNSG is an in vivo-expressed 
bacterial factor in human infection. 

A set of animal and human clinical isolates 
of S. aureus was inveegated for PNSG pro- 
duction. With the use of a colony immunoblot 
assay '(lo), 29 of 82 (35%) freezer-stored S. 

Lung 
DAPI anti-CP8 

munofluorescent stain- 
ing of 5. aureus-infected 
lung as seen by reaction 
with antiserum to PNSC I 
h i b i t  IgG (yelloifluo- 
rexencel 1271. (Middle) 

ground immunofluo- 
rexence is seen when 
antibody to  the CP 
miaoca~sule (anti-CP81 

,. , . 
DAPl staining of 5. au: B 
reus cells in a lung sec- 

' PNSa 
tion. (Right) Only back- 

is react'ed with 5. au- 
reus cells in an infected 
lung. (B) Immuriofluo- 
rescent micrographs of 
a sputum sample from 
an 5. aureus-infected C 

.-.-- 
seen by reaction with 
ant ise~m to PNSG (an- 
ti-PNSC) and fluorexe- 
in-conjugated mine an- 
tibodv to  rabbit 16. 

eleGron mi&oxopic demonstration of expression of surface PNSC by three fresh dinical isolates of 5. 
aureus (5). Only 8 of 43 fresh isolates elaborated detectable PNSC on primary agar plates obtained from 
the microbiology laboratory. When three of these positive strains were reacted with normal rabbit 
serum (NRS) and protein A conjugated to  20-nm gold particles, there was little binding of the gold to 
the extracellular surface, whereas reaction with immune rabbit serum (IRS) to  PNSC and protein A-gold 
resulted in binding of gold partides to  the cell surface. Bars, 0.5 p,m. (D) Staphylococcus aureus isolates 
contain the ica locus needed for PNSC synthesis (5, 72). PCR performed on chromosomal-DNA from 
controls and eight isolates of 5. aureus (73). Lane 1, molecular weight markers; lane 2, 5. camosus 
TM300, negative control; and lane 3, positive control DNA from 5. epidermidis RP62A. Staphylococcus 
aureus strainc lane 4, Reynolds; lane 5, MN8; lane 6, 5827; lane 7, 5836; lane 8, Vas; lane 9, VP; lane 
10, 265; and lane 11, Por. Primers were designed to amplify a 2.7-kilobase pair fragment [migrates 
between 2036-base pair (bp) and 3054-bp markers] containing the icaA, icaD, and icaB genes and a 
section of icaC genes (72). 

aureus isolates from the milk of cows and 
sheep and 14 of 82 (17%) stored human isolates 
were PNSG-positive; the latter comprised 
strains from blood, wounds, and vaginas (asso- 
ciated with toxic shock syndrome). To deter- 
mine if the low expression of PNSG among 
these isolates was a result of laboratory storage 
and passage of strains, we used an enzyme- 
linked immunosorbent assay (ELISA) inhibi- 
tion technique (11) to detect PNSG production 
by 43 fresh clinical bloodstream isolates of S. 
aureus growing on primary blood agar plates 
obtained from a hospital microbiology labora- 
tory. The geometric mean percentage of inhibi- 
tion of antibody binding was only 13% (95% 
confidence interval of 8 to 20%), and only 8 of 
43 (19%) isolates inhibited >50% of the anti- 
body binding to PNSG. However, on some 
isolates, material on the cell surface bound an- 
tibody to PNSG when visualized by immuno- 
electron microscopy (Fig. 1C). Although in 
vitro expression by S. aureus of the immunore- 
active PNSG antigen was low or absent among 
most strains, it was detectable as a surface 
polysaccharide on some strains. 

Because immunoreactive PNSG antigen 
production appeared to undergo an in vivo-in 
vitro phenotypic variation in S. aureus, we in- 
vestigated whether S. aureus strains had the 
intercellular adhesin (ica) locus of S. epidermi- 
dis made up of four genes (icaADBC) whose 
protein products synthesize PNSG (5, 12). The 
icaADBC genes were detected in eight S. au- 
reus strains by polymerase chain reaction 
(PCR) (Fig. ID) (13), whereas a Staphylococ- 
cus carnosus strain known to lack the ica locus 
was negative. In addition, the icaADBC genes 
are present in the genomes of both S. aureus 
strains, COL and NCTC 8325-4, that are cur- 
rently being sequenced (14). 

To purify and characterize the antigen from 
S. aureus reactive with antisera to PNSG, we 
used strain MN8m, which was recovered from 
a chemostat culture of strain MN8. Strain 
MN8m is a constitutive, copious producer of 
immunoreactive material (Fig. 2). Using the 
method previously developed for isolating 
PNSG from S. epidennidis (3, we obtained 
from strain MN8m an antigen identical to the S. 
epidennidis PNSG as determined by proton 
nuclear magnetic resonance (NMR) and chem- 
ical analysis (15) (Fig. 2). 

A mouse model of renal infection was used 
for active immunization with PNSG to evaluate 
protective efficacy against S. aureus infection 
(16). Because heavily infected kidneys are 
found in animals with S. aureus infections of 
other tissues resulting in endocarditis, arthritis, 
and bacteremia (1 7), the colony-forming units 
(CFU) of S. aureus in the kidneys reflect sys- 
temic infection of a variety of tissues. Mice 
immunized with either PNSG derived from S. 
aureus MN8m or a control, irrelevant bacterial 
polysaccharide developed high titers (>500) of 
immunoglobulin G (IgG) antibodies to the im- 
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munizing, but not heterologous, antigen. Five 
days after intravenous challenge with two dif- 
ferent doses of two S. aureus strains (CP5 strain 
Reynolds and CP8 strain MN8) phenotypically 
negative for PNSG production in vitro, the 
PNSG-immunized mice had significant reduc- 
tions in CFU of S. auras per gram of kidney 
compared with the groups immunized with an 
irrelevant polysaccharide (Fig. 3A). 

Rabbits immunized with PNSG responded 
by producing high titers (>2500) of PNSG- 
specific IgG that persisted for at least 8 months. 
To document that PNSG-specific antibody me- 
diated the protection afforded by active immu- 
nization, we passively immunized mice with 
rabbit antibody before and again 18 hours after 
intravenous (IV) challenge with eight strains of 
S. aureus. Controls received comparably titered 
antisera to an irrelevant polysaccharide from 
Psadomonas aeruginosa. Seven of the S. au- 
reus challenge strains produced little to no 
PNSG at challenge (0 to 21% ELISA inhibitory 
activity), whereas the S. auras strain 5827 in- 
hibited PNSG antibody binding by 48%. The 
challenge strains had a broad range of minimal 
doses that resulted in kidney infections in 100% 
of animals (range of 10' to lo6 CFU per mouse), 
but for all eight strains tested, passive immuni- 
zation with antibodies to PNSG significantly 
reduced or completely eliminated bacteria from 
the kidneys (Fig. 3B) compared with controls. 
Although it was possible to overwhelm the pro- 
tective effect with higher challenge doses in 
some cases (for example, strain Reynolds at a 
challenge dose of 8 X lo5 CFU per mouse), it 
was also possible to achieve total protection 
against at least one challenge dose for four of the 
eight strains (Fig. 3B). The lower numbers of S. 
auras in the kidneys of some control animals in 
the passively immunized groups compared with 
the numbers in control animals in the actively 
immunized control groups (Fig. 3A) were likely 
due to a modest enhancement of resistance to 
infection from the control antiserum in the pas- 
sive protection studies. 

An additional study was done comparing 
protection by rabbit IgG antibodies to PNSG 
with human IgG to CP5 and CP8. The dose of 
the human IgG that was used (300 ~g of CP5- 
specific and 246 ~g of CP&specific antibody 
per mouse) was greater than that necessary to 
protect mice against lethal infection with a vir- 
ulent, CP5 MRSA strain when both the antibod- 
ies and bacteria were injected intraperitoneally 
(IP) (18). However, in mice injected IP with 
antibodies and challenged IV with lo6 CFU of 
strain 5836 (a CP5 MRSA-VISA strain), there 
was no reduction in bacteria in the kidneys by 
CP-specific antibodies compared with animals 
given control human antibodies to an irrelevant 
bacterial polysaccharide [mean log,, CFU per 
gram of kidney = 3.3 ? 1 .l (SEM) and 3.7 2 
1.1 (SEM), respectively]. In contrast, PNSG- 
specific rabbit antibodies significantly reduced 
S. aureus 5836 in infected kidneys [mean log,, 

R E P O R T S  

CFU per gram of kidney = 0.71 + 0.3; P 5 
0.03, one-way analysis of variance (ANOVA) 
and Fisher probable least significant difference]. 
CP-specific IgG also did not prevent infection 
by the representative CP5 and CP8 S. aureus 
strains Reynolds and MN8 (8). 

The protective efficacy of antisera to 
PNSG against lethal challenge (5 X 10' CFU 

per mouse) with two MRSA-VISA strains 
was also tested. None of the 10 infected mice 
given antibodies to PNSG died (five mice per 
strain). In contrast, 80% (415; P = 0.02, 
Fisher exact test) of mice infected with strain 
5836 and 100% (515; P = 0.004, Fisher exact 
test) of mice infected with strain 5827 died 
after administration of control antibodies spe- 

- 

0 

HO 
NHR 

R = -COCH2CH2COO- (succinate) or -COCH3 (acetate) 

Fig. 2. PNSC elabora- 
tion by 5. aureus strain 
MN8m. (Top) Probing 
of strain MN8m with IRS 
to purified PNSC fol- 
lowed by gold-labeled 
protein A showed bind- 
ing of the gold particles 
to a thick extracellular 
antigen surrounding the 
bacterial cells in electron 
micrographs (77). NRS 
produced only a mini- 
ma1 binding of the gold 
particles. Bars, 0.5 Fm. 
(Bottom) Proton NMR 
spectrum of the acid-hy- 
drolyzed PNSC antigen 
isolated from 5. aureus 
MN8m and analyzed as 
described (75). The de- 

I 
, ..-- , duced chemical struc- 

ture of PNSC is drawn 
above the spectrum. 

2.0 
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6 7 4 5 
Challenge 2x10 3 x10 5x10 3x10 7 4 5 

Challenge 2x10 I xlO 5x10 8x10 
dose: R0.017 ROMM R0.037 ROD15 d m :  M.067 P<O.WI W.021 W.192 - 

P 
Fig. 3. Protective efficacy of PNSC. (A) 5 
Active immunization of mice with PNSC 
provides protection against challenge with 
5. aureus (76). Bars indicate mean CFU per 
gram of kidney in mice immunized with E 
PNSC (solid bars) or with an irrelevant 8 
bacterial polysaccharide (speckled bars); Challenge 2x10' I xio7 3x1; 6x1; 

challenge doses in CFU per mouse are given d-: P<O.Mn M.025 M . W 3  P;O.W5 

below each pair of bars, and P values below 
the challenge doses were derived by two- 
tailed, unpaired t tests. N = 5 mice per 
group. (B) Concentration of 5. aureus in 
infected mouse kidneys 5 days after IV 

4 5 injection of bacteria and IP injection of c.l,nge ax lo  
4 5 6  

1x10 1x10 1x10 
either antibodies raised to  PNSC (solid d m :  m.014 m.026 W.MO m.m P<O.WI 

bars) or antibodies raised to  an irrelevant 
bacterial polysaccharide (speckled bars) (28). Zeros (0) indicate no infected kidneys in any mice 
(lower limit of detection -5 CFU per gram of kidney), bars represent geometric means, and error 
bars represent the upper standard deviation; challenge doses in CFU per mouse are given below 
each pair of bars, and P values given below the challenge doses were derived by two-tailed, 
unpaired t tests. Staphylococcus aureus strains MN8 and Reynolds represent CP8 and CP5 strains, 
respectively; 5. aureus 5827 and 5836 are MRSA-VISA strains; 5. aureus 265 is methicillin resistant; 
5. aureus Vas and VP are freezer-stored human isolates; and 5. aureus Por is a fresh clinical isolate 
from a patient with bacteremia. N = 5 mice per group. 
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Fig. 4. Detection of PNSC expression during and A 
after infection. (A) ELISA inhibitions for detection 

B 
of PNSC were performed on 5. aureus strains 1 0 0  

before infection of mice (solid bars; percentage of 
inhibition value of 0 is shown only with error bar) 
and on strains freshly isolated from kidney ho- 8 0 

s mogenates (diagonal-stripped bars) and after pas- 0 ;; 
0 sage on TSA one (cross-hatched bars), two (hori- d 

zontal-lined bars), three (speckled bars), and four 6 0  s 
(clear bars) times. Staphylococcus aureus produc- 5 
tion of PNSC is lost after passage on TSA. Bars '- B 

D 
depict mean percentage of inhibition of antibody 40 - 
binding and error bars the SE. (0)  PNSC elicits $ 
specific antibody during 5. aureus infection. Mice ; 
infected IV with four different strains of 5. aureus 20 
(Reynolds, solid bars; MN8, speckled bars; 5827, 
diagonal-stripped bars; and Por, cross-hatched 
bars) developed PNSC-specific IgM antibodies on 0 
the indicated day after infection. Bars depict mean Por 5836 5827 

absorbance (A405) and error bars the SE achieved Strain 
with a serum dilution of 1: 100. All postinfection 
values were significantly different (P < 0.01, ANOVA and Fisher PLSD) from preinfection (day 0) 
values. (C) Microscopic evidence for PNSC production during animal infection (29). Probing of 5. 
aureus cells growing on primary platings of kidney homogenates from infected mice (postinfection) 
with antisera to purified PNSC followed by gold-labeled protein A showed binding of the gold 
particles to an extracellular antigen surrounding the bacterial cells. 5taphylococcus aureus cells used 
to infect the mice (preinfection) showed minimal binding of antibody to PNSC, with small clusters 
of surface-localized eold  articles seen on a minoritv of cells for most of the strains. as shown in the " 8 

figure. Bars, 0.5 Fm. 

Days after infection 

C S. aunua isolaks 

MN8 Reynolds 5827 Pw 

cific to an unrelated bacterial polysaccharide 
from P. aeruginosa. 

Evidence for in vivo production of PNSG 
after injection of mice with PNSG-low S. au- 
r a s  challenge strains was investigated. As 
PNSG is only soluble at pH < 4 (5), kidney 
homogenates were extracted with 0.1 M HCI to 
solubilize PNSG, which was then precipitated 
at neutral pH for probing with PNSG-specific 
antibodies. Only extracts from kidneys infected 
with S. aureus reacted with antibodies to PNSG 
(8). ELISA inhibition assays confirmed that 
PNSG elaboration was induced during in vivo 
infection, but expression was reduced or lost 
after in vitro passage of these bacterial cells on 
trypticase soy agar (TSA) (Fig. 4A) (19). In- 
creased detection of PNSG expression on the 
mouse-kidney isolates compared with the fresh 
human blood isolates was attributed to environ- 
mental differences in these tissues that affect 
induction and stabilization of PNSG expression 
in vivo. Serum antibody responses to PNSG 
after S. aureus infection were also analyzed. 
Between 6 and 14 days after infection, specific 
IgM antibody responses to PNSG were detect- 
ed (Fig. 4B), and all of the mice had high 
concentrations (> lo5 CFU per gram of kidney) 
of S. aureus in their kidneys on day 14. In 
contrast to the vigorous IgG responses elicited 
in PNSG-immunized mice and rabbits, no IgG 
responses to PNSG were detected by day 14 in 
any of the infected animals, possibly explaining 
the persistence of S. aureus infection in spite of 
the immune response to PNSG. Finally, the 
results of immunoelectron microscopy revealed 

that S. aureus cells cultivated directly from 
infected kidneys produced extracellular PNSG 
(Fig. 4C). 

Our findings indicate that all S. aureus 
strains examined had the ica genes needed for 
PNSG synthesis but that PNSG was expressed 
as a surface polysaccharide antigen principally 
in vivo during human and animal infection 
where it was a target for protective antibodies. 
Several in vivo expression strategies have been 
specifically used with S. aureus (20), although 
none identified the ica locus in the screens. This 
may be due to the small number of genes char- 
acterized against a background of a large num- 
ber of candidate genes identified by these strat- 
egies. In addition, PNSG may not be made 
under the conditions used in the various in vivo 
expression screening approaches. In S. epider- 
midis, expression of PNSG potentiates infection 
but PNSG-negative strains can still cause infec- 
tions if a high enough challenge dose is used 
(21). 

Development of a vaccine for S. aureus is 
considered a high priority, and current candi- 
dates include the CP5 and CP8 microcapsules 
(18,22), the recently described RNAIII activat- 
ing protein that regulates the production of 
many S. auracs virulence factors (23), and na- 
tive and recombinant fragments of S. aureus 
protein adhesins for host extracellular matrix 
proteins (24). However, an advantage of a 
staphylococcal PNSG vaccine would be that 
PNSG is also elaborated by the majority of 
clinically important isolates of coagulase-nega- 
tive staphylococci (CoNS) (25). Together, S. 

auras and CoNS account for 40 to 60% of 
bacterial blood isolates from hospitalized pa- 
tients (I). PNSG is effective in laboratory ani- 
mals as a vaccine against CoNS infections (26). 
Thus, PNSG has potential as a vaccine for 
protection against hospital-acquired staphylo- 
coccal infections, community-acquired S. au- 
reus infections, and infections in farm animals, 
where staphylococcal diseases have substantial 
economic impact (2). 
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tracellular event after stimulation by hor
mones, autacoids, and neurotransmitters. 
IP3 mobilizes Ca2+ from intracellular stores 
through the IP3 receptor, resulting in acti
vation of Ca2+-dependent cellular events 
such as contraction, secretion, gene expres
sion, and synaptic plasticity (7, 2). Ca2 + 

mobilization occurs in complex temporal 
and spatial patterns, including Ca2+ oscil-
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Inositol 1,4,5-trisphosphate (IP3) is a second messenger that elicits complex 
spatiotemporal patterns of calcium ion (Ca2+) mobilization and has essential 
roles in the regulation of many cellular functions. In Madin-Darby canine kidney 
epithelial cells, green fluorescent protein-tagged pleckstrin homology domain 
translocated from the plasma membrane to the cytoplasm in response to 
increased concentration of IP3. The detection of translocation enabled monitoring 
of IP3 concentration changes within single cells and revealed spatiotemporal 
dynamics in the concentration of IP3 synchronous with Ca2 + oscillations and 
intracellular and intercellular IP3 waves that accompanied Ca2+ waves. Such 
changes in IP3 concentration may be fundamental to Ca2+ signaling. 
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