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Enterococci are important nosocomial pathogens that are increasingly difficult to treat due to intrinsic and
acquired resistance to antibiotics, including vancomycin. A recently described capsular polysaccharide (CP)
isolated from Enterococcus faecalis 12030 was used to evaluate the potential efficacy of active or passive
immunotherapy regimens as adjunctive treatments. Evaluation of protective efficacy was carried out in im-
munocompetent mice challenged intravenously (i.v.) with live enterococci. In nonimmune mice, i.v. inocula-
tions resulted in high levels of bacteria in kidneys, spleens, and livers 5 days after challenge. Mice immunized
with four 10-mg doses of CP antigen/mouse were protected against challenge with the homologous E. faecalis
strain. High-titer opsonic immunoglobulin G was also induced by immunizing rabbits with the purified CP, and
passive transfer of this antiserum to mice produced significantly lower bacterial counts in organs than did
normal rabbit serum or sterile saline. Antibodies to the polysaccharide isolated from E. faecalis 12030 were
protective against Enterococcus faecalis OG1RF and against two serologically related, vancomycin-resistant
Enterococcus faecium clinical isolates. Antibodies to this CP antigen were also effective as a therapeutic reagent
in mice when passive therapy was initiated 48 h after live bacterial challenge. These data indicate that CP
antigens from enterococci are potential targets of protective antibodies and that these antibodies may be useful
for prophylaxis and treatment of enterococcal infections.

Enterococcal infections are an increasing threat in modern
medicine and especially in intensive care unit (ICU) patients
and immunocompromised patients such as neonates, oncology
patients, and transplant recipients. In some medical ICUs,
enterococci are the second most common bloodstream isolate,
more common even than Staphylococcus aureus (31). The Na-
tional Nosocomial Infection Surveillance System reported in
1998 that Enterococcus spp. were responsible for 10% of
bloodstream infections, 14% of urinary tract infections, and
20% of cardiovascular infections in coronary care units (23).

The increasing occurrence of multidrug-resistant enterococ-
cal infections, including vancomycin-resistant strains, has re-
sulted in some cases of infection that are difficult to treat with
routinely used antimicrobials. Current rates of about 14 to
25% vancomycin resistance in enterococcal isolates in ICUs
raise the prospect of a “postantibiotic era” of untreatable bac-
terial infections (7, 8, 24). Recently, we identified an entero-
coccal surface antigen that is a target of opsonic killing (13), a
hallmark of antibodies protective against bacterial pathogens
(5). Purification and chemical characterization of this antigen
revealed a glycerol-teichoic acid-like molecule with a backbone
structure of -6-alpha-D-glucose-1-2-glycerol-3-PO4- substituted
on carbon 2 of the glucose molecule with an alpha-2-1-linked
molecule of -D-glucose (38). The purified antigen was immu-
nogenic in rabbits, and the resulting high-titer antibodies
bound to an extracellular capsule layer as observed by electron

microscopy (13). The present study was performed to evaluate
the protective efficacy of antibodies to this enterococcal cap-
sule in an in vivo model of enterococcal infection.

MATERIALS AND METHODS

Antigen. Enterococcal capsular polysaccharide (CP) antigen and antibodies to
this antigen were prepared as described earlier (13). In brief, a high-molecular-
weight carbohydrate-rich fraction was isolated from Enterococcus faecalis 12030
bacteria grown in Columbia broth. The bacterial cells were recovered by cen-
trifugation, suspended in phosphate-buffered saline, and digested with mutano-
lysin and lysozyme (0.1 mg/ml) for 16 to 18 h at 37°C. Treatment of the cell
suspension with nucleases (100 mg/ml) at 37°C for 4 h was followed by addition
of proteinase K (100 mg/ml) and further incubation at 56°C overnight. The
insoluble cell wall fragments and cell bodies were removed by centrifugation. The
supernatant was collected, filtered, and size fractionated on a Sephacryl S-500
column, with 0.4 M ammonium carbonate buffers. Material that eluted in the
void volume was pooled, dialyzed, and lyophilized. This material was further
purified by dissolution in 50 mM bicarbonate buffer (pH 8.0) and application to
an anion-exchange Q-column. Bound antigen was eluted from the column with
increasing concentrations of NaCl (0 to 1 M, linear gradient), and fractions
containing polysaccharides were identified with immuno-dot blots and rabbit
antiserum to E. faecalis 12030. Fractions were pooled, dialyzed, and lyophilized.
Gas chromatography-mass spectrometry and nuclear magnetic resonance spec-
troscopy were used for structural analysis as described elsewhere (13, 38).

Antibodies. Antibodies to purified enterococcal polysaccharides were elicited
in New Zealand White rabbits by subcutaneous immunization with two 100-mg
doses of polysaccharide emulsified in 0.5 ml of complete Freund adjuvant fol-
lowed by three intravenous (I.V.) injections of 10 mg of antigen in saline spaced
3 days apart. After the final injection the animals were bled periodically for
determination of antibody opsonic activity and boosted monthly by i.v. injection
of 10 mg of CP antigen in saline.

Swiss-Webster mice were injected intraperitoneally with 10 mg of purified
polysaccharide (dry weight) dissolved in 0.2 ml of sterile saline at 5-day intervals
for 15 days (i.e., four injections). A control group of animals received an identical
amount of P. aeruginosa mucoid exopolysaccharide (MEP) as an unrelated an-
tigen (28, 29).

ELISA and opsonophagocytic assay. Immunologic analysis of antibody titers
and determination of the effectiveness of serum absorption with bacterial cells
were carried out by enzyme-linked immunosorbent assay (ELISA) as described
elsewhere (13). Opsonic killing of bacteria was measured in vitro as described
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elsewhere (13); the percentage of CFU killed by immune serum was calculated
respective to the absolute number of CFU of enterococci surviving in normal
rabbit serum using the following formula: percent killed 5 100 2 [(CFU surviv-
ing in immune serum/CFU surviving in normal serum) 3 100].

Animal model. Female Swiss-Webster mice (6 to 8 weeks old) were used to
evaluate the protective efficacy of antibody to the enterococcal CP. Outbred mice
were used to mimic the genetic situation of humans and to minimize artifactual
contributions from host factors related to inbreeding that could exacerbate or
reduce innate susceptibility to infection. The challenge inoculum of the entero-
coccal strains was suspended in saline and injected i.v. into the tail vain of actively
or passively immunized mice. The actual inoculum was verified by viable counts.
For evaluation of passive protection, the mice received 0.2 ml of rabbit serum
adsorbed at 4°C for 60 min with 109 CFU of E. faecalis 12107 (heterologous
strain) per ml. Bacterial cells were removed by centrifugation and filter steril-
ization. Serum was given i.v. via the tail vein 24 h before challenge and again 4
and 24 h after bacterial challenge. Mice were sacrificed after 5 days unless
otherwise indicated; livers, spleens, and kidneys were removed under sterile
conditions, weighed, homogenized, and cultured quantitatively on enterococcal
selective agar medium (Enterococcosel agar; Becton Dickinson).

Statistical analysis. ELISA titers were calculated by linear regression plotting
of optical density (OD) values versus the log10 of the serum dilutions. The
reciprocal of the calculated dilution giving a reading of 0.2 OD was arbitrarily
defined as the endpoint titer. The significance of the percentage of organisms
killed using immune sera in the opsonophagocytic assay was determined by a t
test. Statistical analysis of the bacterial counts in the animal experiments em-
ployed the Mann-Whitney U test (two-group comparison) or the Kruskal-Wallis
nonparametric analysis of variance (multigroup comparison) with the Dunn
procedure used for pairwise comparisons. Comparisons of rate of infection were
carried out with the Fisher exact test. Calculations were done with either the
Statview statistical software program (Abacus Concepts, Berkeley, Calif.) or in
an Excel spreadsheet (Microsoft Corp., Redmond, Wash.) on a Macintosh com-
puter.

RESULTS

Expression of glycerol-teichoic acid capsule by enterococcal
strains. The bacterial strains used in this study are listed in
Table 1. We have previously reported (13, 38) that the CP of E.
faecalis 12030 is also made by a vancomycin-resistant Entero-
coccus faecium strain, 838970VRE, as shown by immunologic
and structural analysis of the isolated CP antigen. Serologic
studies with specific antibodies raised to purified CP antigen
from strain 12030 identified additional E. faecalis strains that
expressed an antigen seroreactive with antibodies raised to this
purified CP (i.e., E. faecalis OG1RF and a vancomycin-resis-
tant clinical isolate from a patient, E. faecium 805370VRE). E.
faecalis OG1RF is commonly studied and has been extensively
characterized by a number of investigators (12, 22, 30, 32, 35,
39, 40). Another clinical isolate, E. faecalis 12107, has been
shown to be only minimally opsonized and killed by serum

against strain 12030 CP (13) and served as a negative control
for the strain 12030 CP antigen.

Active immunization studies. Ten outbred Swiss-Webster
mice were injected with purified enterococcal CP antigen, and
an additional 10 animals were injected with the MEP antigen
of P. aeruginosa (28, 29) as a control immunogen. Antibody
titers were measured by ELISA after three or four injections
with 10 mg of either purified CP or MEP that were given i.v.
and spaced 5 days apart. Sera from mice injected with the P.
aeruginosa MEP antigen were no more reactive with the en-
terococcal CP antigen than were preimmunization sera (data
not shown). Five days after the third injection of enterococcal
CP antigen, the mean immunoglobulin M (IgM) titer was
.500, but IgG antibodies were not detected (Fig. 1a). Five
days after the fourth injection of CP antigen, the mean IgG
titer was 550, while the IgM antibody titers had dropped to
about 100 (Fig. 1a). Five days after i.v. challenge of these
immunized mice with 6 3 106 CFU of the homologous E.
faecalis 12030, the median CFU of bacteria/g of tissue was ,10
(lower limit of detection) in livers, spleens, and kidneys com-
pared with medians of 771, 1,420, and 42,790 CFU of bacte-
ria/g of tissue, respectively, in the group of animals receiving P.
aeruginosa MEP (Fig. 1b; P , 0.001 for all three comparisons,
Mann-Whitney U test). Kidneys and spleens from only 1 of 10
immune mice contained $10 bacteria/g of tissue compared
with all 10 of the kidneys and spleens from control animals
(P 5 0.00006, Fisher’s exact test for both comparisons). Four
of ten livers from CP-immunized mice had detectable bacteria
compared with all 10 livers from controls (P 5 0.005, Fisher’s
exact test).

Passive immunotherapy studies. Prophylactic immunother-
apy for at-risk patients with antibody to the CP antigen is a
potential approach to prevent enterococcal infections. To eval-
uate this strategy, we prepared an antiserum to purified CP
antigen from E. faecalis 12030. Comparable to previous results
(13), a 1:500 dilution of this serum mediated killing of .65%
of the E. faecalis strains 12030 and OG1RF and the E. faecium
strains 838970VRE and 805370VRE (Table 1). Adsorption of
this immune rabbit serum (IRS) with heterologous E. faecalis
12107 whole bacterial cells did not alter the opsonic killing
activity against any of the strains susceptible to these antibod-
ies (data not shown). Adsorption with cells of the homologous
E. faecalis 12030 or inhibition with purified CP reduced the
opsonic killing activity of the specific antiserum to ,10%
against all of the E. faecalis 12030 CP-positive enterococcal
isolates (data not shown).

We then used this CP-specific antiserum to evaluate passive
protective efficacy in comparison with normal rabbit serum
(NRS) and normal saline. Sera or saline were given to mice
24 h before infection and again 4 and 24 h after infection. To
ensure that serum antibodies were not directed at enterococcal
antigens other than the CP, we chose to routinely adsorb all
sera with heterologous E. faecalis 12107 (13). There was no
difference in the CFU of E. faecalis/g of tissue 5 days after
challenge with 107 CFU of E. faecalis 12030/mouse in animals
given the adsorbed NRS or saline (Fig. 2a). In contrast, im-
mune serum to the CP antigen, similarly adsorbed with the
heterologous E. faecalis 12107 strain, drastically reduced tissue
levels of E. faecalis 12030 (Fig. 2a, P ,0.004 in the liver, spleen,
and kidney; Kruskal-Wallis test and Dunn procedure for pair-
wise comparisons with normal serum or saline). However, if
the specific immune serum was adsorbed with whole cells of
the homologous E. faecalis strain 12030 the protective efficacy
was removed following challenge of mice with 6 3 106 CFU of
E. faecalis 12030 (Fig. 2b, P . 0.7 for CFU/g of tissue in the
liver, spleen, and kidney). An ELISA of the adsorbed serum

TABLE 1. Bacterial strains used in the present study and their
susceptibilities to opsonic killing by antibodies specific

to E. faecalis 12030 CP

Bacterial strain Origin %
Killeda Pb

E. faecalis
12030 Clinical isolate; prototype

strain for CP antigen
81 ,0.01

12107 Clinical isolate 25 NS
OG1RF G. Dunneyc 71 ,0.01

Vancomycin-resistant
E. faecium

838970 Clinical isolate 64 ,0.01
805370 Clinical isolate 78 ,0.01

a Opsonophagocytic assay using immune rabbit serum raised against polysac-
charide of E. faecalis 12030. Percent killed 5 100 2 [(CFU surviving in immune
serum/CFU surviving in normal serum) 3 100].

b Calculated by t test, with a hypothesized mean difference from CFU surviving
in normal serum of zero.

c University of Minnesota.
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evaluating antibody levels against the purified CP antigen con-
firmed the removal of specific antibody (not shown).

Additional groups of Swiss-Webster mice given IRS or NRS
adsorbed with E. faecalis 12107 were then challenged with

either E. faecalis OG1RF, E. faecium 805370VRE, or E. fae-
cium 838970VRE. These three strains express a CP antigen
structurally or serologically related to that from E. faecalis
12030. Significant reductions in CFU/gram of tissue with all

FIG. 1. Immune response and protective efficacy of E. faecalis 12030 CP antigen. (a) Mean and standard deviation (error bars) of antibody titer to the CP antigen
after three or four immunizations of 10 mice with purified antigen. (b) CFU of E. faecalis 12030 per gram of liver, spleen, or kidney of mice immunized with enterococcal
CP antigen (immune) or P. aeruginosa MEP (nonimmune) after challenge with 6 3 106 CFU of E. faecalis 12030. Each point represents the bacterial counts from a
single mouse. Bars indicate the median CFU/gram of tissue for the group. P was ,0.001 for comparisons in all three tissues between immune and control animals as
determined by the Mann-Whitney U test.

FIG. 2. Passive protective efficacy of rabbit antibodies to E. faecalis 12030 CP antigen. (a) CFU of E. faecalis strain 12030/gram of liver, spleen, or kidney of mice
receiving either IRS, NRS, or saline and challenged with 107 CFU of E. faecalis 12030 per mouse. Sera were adsorbed with whole cells of heterologous E. faecalis 12107
before administration to the mice. Each point represents the bacterial counts from a single mouse. Bars indicate the median CFU/gram of tissue for the group. P was
#0.004 for reductions in CFU/gram of tissue in the liver, spleen, and kidney for IRS-treated mice versus the other two treatments as determined by the Kruskal-Wallis
test and Dunn procedure for pairwise comparisons with NRS or saline. (b) CFU of E. faecalis per gram of liver, spleen, or kidney of mice after prophylactic
administration of IRS or NRS adsorbed with E. faecalis 12030 and challenge with 6 3 106 CFU of E. faecalis 12030 per mouse. Each point represents the bacterial counts
from a single mouse. Bars indicate the median CFU/gram of tissue for the group. P was .0.7 for all comparisons as determined by the Mann-Whitney U test.
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three of the additional enterococcal isolates were achieved in
the organs of animals receiving IRS compared to animals re-
ceiving NRS (Fig. 3). Further confirmation of the specificity of
the antibodies to the CP antigen from strain 12030 was docu-
mented in an experiment using passive administration of anti-
bodies to the strain 12030 CP antigen and challenge with the
heterologous E. faecalis strain 12107. Two groups of mice were
given either unabsorbed NRS or unabsorbed IRS to E. faecalis
12030 CP antigen, followed by challenge with strain 12107. No
protection was observed (not shown; P . 0.7, Mann-Whitney
U test for comparison of IRS versus NRS for the CFU/gram of
tissue in the liver, kidney, and spleen).

Therapy of established infection. Since therapy for estab-
lished infection would be another important potential use of
antibodies to enterococcal capsules, we infected Swiss-Webster
mice with 3 3 107 CFU of E. faecalis 12030 and initiated
immunotherapy with normal or immune serum starting 1, 2, 3,
or 4 days after infection. Three injections of antiserum in 24-h
intervals were given per mouse, and infected animals were
sacrificed 8 days after infection. The bacterial counts in the
tissues of animals in all groups were statistically significantly
lower (P , 0.01, Mann-Whitney U test) when immune serum
was given, the only exception being the CFU/gram of kidney in
the group starting therapy on day 2 after infection (Fig. 4).

We next evaluated the therapeutic potential of the entero-
coccal-CP-specific immune serum using the panel of strains
against which there was protection in the prophylaxis trial.
Serum was given three times at 24-h intervals, with the first
dose administered 48 h after infection; animals were sacrificed
9 days after infection. There was a significant reduction in the
CFU/gram of tissue for all three of the enterococcal strains in
mice treated with IRS compared with those given NRS (Fig.
5), and 30 of the 45 cultures of infected organs had ,10 CFU/g

of tissue (lower limit of detection) compared with none of the
45 cultures from NRS-treated animals (P 5 5.1 3 10213, Fish-
er’s exact test).

DISCUSSION

Enterococci are among the most important nosocomial
pathogens, especially in patients in ICUs and in severely im-
munocompromised individuals. Because of their intrinsic and
acquired resistance to multiple antibiotics, the effective treat-
ment options available for enterococcal infections are quite
limited (36). Thus, immunotherapy, particularly prophylactic
and passive therapies, offer an alternative for treatment of
these infections. We have previously reported on the structure,
surface occurrence, and ability to elicit opsonic antibodies of a
glucose-glycerol-teichoic acid molecule from E. faecalis 12030
(13, 38). In this report we demonstrate that this CP antigen
also elicited protective antibodies in a mouse model of sys-
temic enterococcal infection. Rabbit antibodies made in re-
sponse to the CP antigen passively protected mice against
serologically related enterococcal strains that were susceptible
to the opsonic killing activity of this serum. The specificity of
the activity for the CP antigen was shown by the inability of an
E. faecalis strain that did not express the same CP antigen to
remove protective activity from the IRS, whereas adsorption of
the serum with the homologous E. faecalis strain 12030 re-
moved protective antibody. All sera were routinely adsorbed
with the heterologous E. faecalis strain to ensure the specificity
of the protective activity for the CP antigen. Of critical impor-
tance is the fact that the antibodies to this CP antigen also
reduced tissue levels of enterococcal strains if given therapeu-
tically after initiation of an infection, a situation analogous to
that routinely encountered with human patients.

FIG. 3. Passive protective efficacy of rabbit antibodies to E. faecalis 12030 CP antigen against challenge with heterologous enterococcal strains that express this
antigen. Bars indicate the median CFU/gram of tissue for the group. P values were determined by the Mann-Whitney U test for comparisons between immune and
normal serum. Challenge doses: E. faecalis OG1RF, 1 3 107 CFU/mouse; E. faecium 805370VRE, 7.6 3 107 CFU/mouse; E. faecium 838970VRE, 1.1 3 107

CFU/mouse.
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Effective immunotherapies for bacterial pathogens are usu-
ally directed at microbial virulence factors, and a number of
such factors, including a hemolysin-bacteriocin (6, 14, 16, 17,
37) and aggregation and binding substances involved in bacte-
rial conjugation (6, 18, 19, 32), have been described for en-
terococci. However, only limited information is available on
the specific role of polysaccharide antigens in the pathogenicity
of enterococcal infections (1, 2, 13, 39, 40). CP antigens and
teichoic acids from enterococci have been identified and par-
tially characterized by a number of investigators in the past (3,
4, 9, 25–27), but the host immune response to these antigens
and their potential usefulness as vaccines have not previously
been elucidated. Only one attempt at a systematic seroepide-
miologic approach to classifying enterococci based on CP
structures has been reported (33, 34). Sharpe (34) defined 11
different type strains but, because of recent taxonomic changes,
it is not clear that all of these strains belong to the genus
Enterococcus. Importantly, we found that the glucose-glycerol-
teichoic acid CP isolated from E. faecalis 12030 is also made by
E. faecium. While infections with E. faecalis predominate in
humans, multiple resistances to antibiotics such as vancomycin
and penicillin are more commonly found in E. faecium strains.

Numerous attempts to demonstrate a capsule on enterococci
by conventional electron microscopy have been inconclusive
(1, 19, 21). However, we recently were able to show a capsule-

like structure on a number of enterococcal strains by immu-
noelectron microscopy using antibodies raised against the CP
antigen from E. faecalis 12030 to stabilize this surface polysac-
charide (13). Ongoing studies by our group indicate there are
several more serologically distinct enterococcal capsules that
may prove to be targets for immunotherapy. However, the
extent of structural and serologic variability among enterococ-
cal capsular antigens is not known.

Most antibodies that mediate elimination of live bacterial
pathogens in vivo also mediate opsonic killing. There was com-
plete correlation in our study between the ability of an anti-
serum raised to the E. faecalis 12030 CP antigen to mediate
opsonic killing in vitro and protect mice from enterococcal
challenge. Previous studies investigating the potential immu-
nologic mechanisms associated with resistance to enterococcal
infections concluded that neutrophil killing of enterococci is
mediated primarily by complement, with antibodies playing a
less-important role (1, 2, 11). However, one more recent study
found that E. faecalis-specific antibodies promoted neutrophil
killing; the authors speculated that an adjunctive therapy using
antibodies specific to enterococcal antigens could augment the
host response to enterococcal infections (10). Our results on
the opsonic and protective efficacy of antibodies to CP antigens

FIG. 4. Passive protective efficacy of immune serum to E. faecalis 12030 CP
antigen administered after establishment of infection with 3 3 107 CFU of E.
faecalis 12030 per mouse. Serum was administered three times at 24-h intervals
starting 1, 2, 3, or 4 days after bacterial challenge with E. faecalis 12030. Bars
indicate the median values for the group; P values were determined by the
Mann-Whitney U test for comparisons between immune and normal serum.

FIG. 5. Passive protective efficacy of immune serum administered after es-
tablishment of infection with three different enterococcal strains. IRS or NRS
were administered three times at 24-h intervals starting 2 days after bacterial
challenge with the indicated strains, all of which express the E. faecalis 12030 CP
antigen. Bars indicate the median values for the group, and P values were
determined by the Mann-Whitney U test for comparisons between immune and
normal serum. Challenge doses: E. faecalis OG1RF, 107 CFU/mouse; E. faecium
805370VRE, 107 CFU/mouse; E. faecium 838970VRE, 107 CFU/mouse.
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support the findings of Gaglani et al. (10) on a role for anti-
body in promoting killing of enterococci.

The data presented here demonstrate that, in addition to
eliciting opsonic killing by antibodies in animals, the CP anti-
gen from E. faecalis 12030 also induces protective immunity in
mice. The animal model used in the present study was chosen
to mimic the clinical condition of systemic enterococcal infec-
tions in hospital patients. Significantly more bacteria were iso-
lated from the livers, spleens, and kidneys of mice receiving
NRS than from those receiving IRS against the purified CP
antigen from the homologous strain. Furthermore, serum
raised against E. faecalis 12030 CP also protected mice against
challenge with E. faecalis OG1RF and against two clinical
isolates of vancomycin-resistant E. faecium (13). These data
suggest that CP antigens from enterococci (E. faecalis and E.
faecium) are targets of opsonic antibodies and that these an-
tibodies are potentially useful for immunotherapy of systemic
enterococcal infections.
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