The American Journal of Medicine (2006) Vol 119 (6A), S11-S19

THE AMERICAN
JOURNAL of
MEDICINE o

ELSEVIER

Antimicrobial Resistance in Gram-Positive Bacteria

Louis B. Rice, MD

Department of Medicine, Case Western Reserve University, Cleveland, Ohio, USA, and Medical Service, Louis Stokes Cleveland VA
Medical Center, Cleveland, Ohio, USA

ABSTRACT

Gram-positive bacteria are common causes of bloodstream and other infections in hospitalized
patients in the United States, and the percentage of nosocomial bloodstream infections caused by
antibiotic-resistant gram-positive bacteria is increasing. Methicillin-resistant Staphylococcus aureus
(MRSA) and vancomycin-resistant enterococci (VRE) are of particular concern. In the United States,
approximately 60% of staphylococcal infections in the intensive care unit are now caused by MRSA,
and percentages continue to rise. Outbreaks of hospital-acquired MRSA (HA-MRSA) are typically the
result of clonal spread by MRSA being transferred from patient to patient, frequently using healthcare
personnel as intermediaries. HA-MRSA strains are generally multidrug resistant. Vancomycin is the
standard treatment for serious MRSA infections, but a few cases of vancomycin-resistant S aureus
(VRSA) have recently emerged in the United States. Community-acquired MRSA (CA-MRSA) is also
increasing. Soft tissue infections are the most frequent presentations of CA-MRSA, but life-threat-
ening invasive infections occur as well, including necrotizing pneumonia. The mechanisms of
methicillin resistance are the same for CA-MRSA and HA-MRSA, but susceptibilities to non—f3-
lactam antibiotics often differ. CA-MRSA exhibits broader antibiotic susceptibility than does HA-
MRSA. The proportion of enterococci resistant to vancomycin continues to rise in the hospital setting,
with the overwhelming majority of infections due to Enterococcus faecium. Clonal spread of VRE has
been documented, but polyclonal outbreaks associated with antimicrobial use are also common. The
relations between antibiotic use and VRE colonization are complex and related to the antienterococcal
activity, biliary excretion, and antianaerobic activity of the antibiotic. Recent results show a decline
in invasive pneumococcal disease (IPD) since the introduction of 7-valent pneumococcal conjugate
vaccine, and suggest that, where available, vaccines may be useful in the battle to slow the spread of
resistant gram-positive cocci. © 2006 by the Association for Professionals in Infection Control and
Epidemiology, Inc. and Elsevier Inc. All rights reserved.
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Gram-positive bacteria—particularly gram-positive cocci
like coagulase-negative staphylococci, Staphylococcus au-
reus, and Enterococcus spp—are extremely important
pathogens in the hospital environment. Data from the Sur-
veillance and Control of Pathogens of Epidemiologic Im-
portance (SCOPE) project, which monitors significant
bloodstream infections in hospitalized patients in the United
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States, indicated that 60% of nosocomial bloodstream in-
fections for the 3-year period from April 1995 through April
1998 involved gram-positive bacteria.! Coagulase-negative
staphylococci were the causes of 31.9% of monomicrobial
nosocomial bloodstream infections, followed by S aureus in
15.7%, enterococci species in 11.1%, and viridans strepto-
cocci in 1%. Updated figures from the SCOPE project
covering March 1995 through September 2002 revealed
similar findings.”> Although the percentage of nosocomial
bloodstream infections caused by gram-negative bacteria
has remained approximately constant for the overall and
pediatric populations over the years covered by the SCOPE
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project, the percentage of species resistant to standard an-
tibiotics has increased,>* and increasing resistance in gram-
positive bacteria can be expected to complicate treatment
and potentially lead to increased morbidity and mortality.

This article takes a closer look at the emergence and spread
of methicillin-resistant S aureus (MRSA) in the hospital and
community settings, as well as initial cases of S aureus with
intermediate or, more recently, high-level resistance to vanco-
mycin. The emergence and spread of vancomycin-resistant
enterococci (VRE) are also examined, as is the potential rele-
vance of VRE for emergence of vancomycin-resistant S aureus
(VRSA). Last, attention is focused on the potential role of
vaccines in reducing the occurrence of penicillin- and multi-
drug-resistant pneumococci.

METHICILLIN-RESISTANT STAPHYLOCOCCUS
AUREUS

Virtually all S aureus strains were susceptible to penicillin
G when the latter was initially introduced in the early 1940s,
but by 1944 the first reports of penicillin-resistant S aureus
had already appeared, and today virtually all strains of §
aureus are resistant to natural penicillins, aminopenicillins,
and antipseudomonal penicillins.** Resistance to these
drugs occurs because of the acquisition of genes that encode
drug-inactivating enzymes, initially known as penicillinases
and now called B-lactamases. At first, cases of penicillin-
resistant S aureus were limited and appeared only in health-
care settings, but over time resistant species were observed
and became increasingly prevalent in the wider community
as well.* Methicillin and other penicillinase-resistant peni-
cillins were developed to treat infections caused by penicil-
lin-resistant S aureus and met with initial success. However,
over time strains of methicillin-resistant S aureus (MRSA)
began to appear and to spread—first within the hospital
setting and more recently within the community, in many
ways paralleling the earlier emergence and spread of peni-
cillin-resistant S aureus.

Hospital-Acquired MRSA and the Emergence
of Vancomycin-Resistant Strains
Methicillin was introduced in Europe in 1959 and in the
United States in 1961, and the first cases of MRSA were
reported in the United Kingdom in 1961, followed soon
thereafter by reports in other European countries, Japan, and
Australia.® The first report of MRSA in the United States
appeared in 1968.” Periodic outbreaks of MRSA were ob-
served in various countries throughout the 1970s and were
typically associated with high methicillin use in intensive
care units (ICUs),° but it was not until the 1980s that MRSA
began to become a really significant problem in United
States hospitals—first in hospitals with a large number of
beds and then in community hospitals.®

MRSA is currently recognized as a major problem in
hospitals and the broader community in the United States
and throughout the world.” In the United States, the Na-

tional Nosocomial Infections Surveillance (NNIS) system
report for 2004 identified methicillin resistance in 59.5% of
S aureus infections in ICU patients.'® This represented an
11% increase in resistance compared with rates for the
period 1998 to 2002. The most recent SCOPE project report
showed that methicillin resistance was present in 44% of S
aureus bloodstream isolates from ICU infections.” More-
over, a trend analysis showed a significant increase in the
proportion of S aureus isolates resistant to methicillin from
1995 to 2001 (22% vs. 57%; P <0.001). In hospitalized
pediatric patients with staphylococcal bloodstream infec-
tion, the proportion expressing methicillin resistance in-
creased from 10% in 1995 to 29% in 2001.%

Nosocomial MRSA is remarkable for its clonal pattern of
spread. A recent study looking at 359 MRSA isolates col-
lected from 20 countries from 1961 to 1999 identified 11
major MRSA clones within 5 groups of related genotypes.''
Similarly, Oliveira and colleagues'* used molecular-typing
techniques to identify 5 major MRSA clones that accounted
for approximately 70% of >3,000 MRSA isolates obtained
primarily from hospitals in the United States, South Amer-
ica, and Europe. The major mover of this sort of clonal
spread is thought to be infection control lapses by healthcare
practitioners—physicians, nurses, or other persons who be-
come colonized with S aureus and then have contact with
hospitalized patients.'> MRSA, like any S aureus, is known
to colonize the skin and particularly the anterior nares®;
such colonization may be transient or persistent,*'? and
may spread faster during times of upper respiratory tract
viral infections.'*

In general, nosocomial MRSA is multidrug resistant.
Expression of the mecA gene encoding low-affinity penicil-
lin-binding protein PBP2a confers resistance to other 3-lac-
tams in addition to methicillin,'> but the resistance pattern
of MRSA typically includes other classes of antibiotics as
well. Results from a recent study in the United Kingdom
examining a new epidemic strain of MRSA, designated
EMRSA-17, illustrate this multidrug resistance.'®
EMRSA-17 expressed resistance to methicillin, fluoro-
quinolones (ciprofloxacin), macrolides (erythromycin), ami-
noglycosides (gentamicin, kanamycin, neomycin, and strep-
tomycin), tetracycline, rifampin, and fusidic acid. Virtually
all variants of this strain were multidrug resistant. Borderline
resistance was also noted for teicoplanin, a glycopeptide avail-
able in the United Kingdom but not the United States.

In particular, fluoroquinolone resistance is a hallmark of
nosocomial MRSA, although this was not always the case.
When ciprofloxacin was first licensed, it was recommended
as the first orally administered treatment effective against
MRSA. However, within 1 year many hospitals observed
dramatic increases in the rate of ciprofloxacin resistance in
MRSA. In 1 study, high-level ciprofloxacin resistance was
observed within 3 months of ciprofloxacin introduction, and
within 1 year, 79% of all MRSA from hospitalized patients
exhibited resistance.!” Ciprofloxacin resistance in methicil-
lin-susceptible S aureus (MSSA) increased from 0% to
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13.6% over the same period. Exposure to either ciprofloxa-
cin or levofloxacin has been shown to increase the risk for
MRSA but not MSSA in hospitalized patients.'®

For many years, vancomycin was the only effective treat-
ment for serious MRSA infections. But in the past 4 years,
4 new agents with anti-MRSA activity have been introduced
(quinupristin-dalfopristin, linezolid, daptomycin, and tige-
cycline). These new agents are most welcome, since the past
decade has seen the emergence of vancomycin resistance in
S aureus. S aureus with intermediate resistance to vanco-
mycin (vancomycin-intermediate S aureus [VISA]; mini-
mum inhibitory concentration [MIC], 8 to 16 mg/L) was
first observed in 1996 in a strain isolated from a hospitalized
patient in Japan.'® In the United States, the first 4 cases of
VISA were reported between 1997 and 1999.2°% In each
instance, emergence of VISA was associated with extensive
exposure to vancomycin, ranging from 25 days®' to 18
weeks.?’ These were patients, often on dialysis, who were
exposed to large amounts of vancomycin to treat MRSA
infections.

The mechanism of resistance in VISA has been linked to
cell wall thickening, which may cause vancomycin mole-
cules to become trapped in the outer layers of the cell wall,
thereby limiting access to the cytoplasmic membrane where
the functional targets of vancomycin are located.** It should
be noted that even among more susceptible strains, there are
subpopulations that emerge resistant to vancomycin or at
least intermediately susceptible after vancomycin exposure,
associated again with an increase in the size of the cell wall.
More recently, strains fully resistant to vancomycin or
VRSA (MIC, 64 mg/L) were isolated from 3 patients in the
United States.?* >’ The mechanism for this high-level van-
comycin resistance involves the horizontal transfer of a
transposon containing vanA and associated genes from
VRE.

Community-Acquired MRSA

Initially, MRSA was observed only in the hospital setting,
but it is now clear that MRSA may be acquired in the
community as well. In the United States, several instances
of community-acquired MRSA (CA-MRSA) were reported
in the upper Midwest in the early 1980s, but many of those
early cases involved illegal-drug users or individuals with
serious underlying disease or previous hospitalization.?®
However, it is now apparent that CA-MRSA infections can
occur in individuals without identifiable risk factors and that
the prevalence of CA-MRSA is increasing.’’ The exact
prevalence of CA-MRSA has been difficult to determine,
but it appears to be increasing, particularly in children,***?
and CA-MRSA is now recognized as a growing problem
worldwide.**

CA-MRSA infections are commonly observed in chil-
dren and young adults, although older adults may also be
affected. Clusters of CA-MRSA infections have been re-
ported in correctional facilities and athletic teams.*>~’ Skin
and soft tissue infections are the most common manifesta-
tions of CA-MRSA, and furunculosis is the most frequently

reported presentation.”> CA-MRSA may also be associated
with life-threatening invasive infections, including necrotiz-
ing pneumonia. The potential seriousness of CA-MRSA
was first highlighted in the late 1990s, when 4 children
infected with CA-MRSA died, 2 of them with necrotizing
pneumonia and severe sepsis.*® A high percentage of CA-
MRSA strains carry genes for Panton-Valentine leukocidin,
a cytotoxin that causes leukocyte destruction and tissue
necrosis. Lina and colleagues® screened isolates from pa-
tients in France with S aureus—associated infections and
identified Panton-Valentine leukocidin in 93% of the cases
of furunculosis and 85% of the cases of community-ac-
quired necrotic hemorrhagic pneumonia. More recently,
Francis and coworkers® described 4 cases of previously
healthy adult patients in the United States who developed
severe necrotizing pneumonia caused by MRSA-carrying
Panton-Valentine leukocidin genes. One patient died after 2
days, while the other 3 survived. All of the survivors expe-
rienced very prolonged hospitalizations, and 2 had substan-
tial ongoing morbidity related to their infection.

Besides being acquired in the community, there are a
number of other differences between CA-MRSA and hos-
pital-acquired MRSA (HA-MRSA). Both CA-MRSA and
HA-MRSA are resistant to methicillin and other 3-lactams
due to the presence of the mecA gene. However, the genetic
environment of the mecA gene differs in hospital-acquired
and community-acquired isolates. The mecA gene, which
encodes for PBP2a, is carried on a mobile genetic element
known as the staphylococcal chromosomal cassette (SCC)
mec.>* There are 4 types of SCCmec, designated I-1V,
which differ in size and the presence of additional resistance
genes. SCCmec types 1, 11, and III are relatively large (>30
kb) and contain significant quantities of DNA in addition to
the basic components of mecA, its regulators, and the ccrAB
genes that confer mobility. In some cases, the functions
encoded by the additional DNA are unknown; in other
instances, further antimicrobial resistance determinants are
included through the insertion of small plasmids or trans-
posons. In contrast, type IV SCCmec is relatively small,
containing little else than the basic components of SCCmec.
Type IV SCCmec—roughly 20-kb long—is a typical feature
of the CA-MRSA genome, compared with the SCCmec
mobile genetic elements prevalent in HA-MRSA strains (34
to 67 kb). The small size and lack of resistance genes
besides mecA have been implicated in the nonmultiresistant
nature of CA-MRSA,*' whose drug-susceptibility profile is
characterized by resistance to methicillin and other -lac-
tam drugs but by susceptibility to non—f-lactam drugs.
However, there are exceptions, and some CA-MRSA strains
exhibit resistance to a few non—@B-lactam drugs as well,
probably due to the acquisition of resistance via other mech-
anisms*? (Table 1). CA-MRSA strains have also been
shown to multiply much more rapidly than HA-MRSA
strains.*!

The rapid spread and polyclonal nature of CA-MRSA
has raised the intriguing question of whether methicillin
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Table 1  Community-acquired methicillin-resistant Staphylococcus aureus
antibiotic susceptibilities in 45 samples

Samples, n (%)

Antibacterial

Agent Susceptible Resistant Intermediate
Vancomycin 45 (100) — —

Rifampin 41 (91.1) 4 (8.9) —

TMP-SMX 45 (100) — —
Tetracycline 45 (100) — —
Ciprofloxacin 29 (64.4) 7 (15.6) 9 (20.0)
Linezolid 45 (100) = =
Clindamycin* 43 (95.6) 2 (4.4) —
Erythromycin 9 (20) 36 (80) —
Daptomycin' 45 (100) — —

TMP-SMX = trimethoprim-sulfamethoxazole.

*A total of 8 isolates (18.6%) demonstrated inducible resistance.
According to the manufacturer, =16-mm zone is considered susceptible.
Adapted with permission from Clin Infect Dis.“?

resistance is transferable from these strains. The small size
of type IV SCCmec would allow its incorporation into a
bacteriophage head (an option not available to the larger
versions of SCCmec), raising the possibility that transduc-
tion could be responsible for spread of the determinant
between different strains. Transfer has yet to be demon-
strated experimentally. Studies have shown that the pres-
ence of type IV SCCmec in CA-MRSA is the only thing that
distinguishes it from community-acquired MSSA,* sug-
gesting CA-MRSA may occur in the community when type
IV SCCmec is transferred into MSSA. Compared with
MSSA, CA-MRSA is more virulent. Only 3% of subjects in
a prospective observational study who were colonized with
MSSA at study onset went on to develop clinical infections
over the next 8 to 10 weeks, compared with an infection rate
of 38% in subjects originally colonized with CA-MRSA.**
These and other data suggest that CA-MRSA strains are
much more likely to cause infection once they colonize an
individual.

In summary, CA-MRSA strains are more susceptible to
other antibacterial drugs than are strains of HA-MRSA.
They tend to be more susceptible than hospital strains to
tetracyclines, trimethoprim-sulfamethoxazole, and in some
cases, clindamycin and ciprofloxacin, although there are
pockets where ciprofloxacin resistance is becoming preva-
lent in these strains as well. These strains are different from
the hospital strains in that they tend to cause infections at a
higher rate, and some of these infections can be quite se-
vere.

MULTIDRUG-RESISTANT ENTEROCOCCAL
SPECIES

Despite the fact that vancomycin has been in clinical use
since the late 1950s, VRE were not observed until the
mid-1980s, and in the United States, VRE were virtually
nonexistent as recently as 1989 (Figure 1).** During the

1990s, however, a dramatic rise in VRE occurred—first in
ICUs, then essentially throughout hospitals. The latest
NNIS report indicated that nearly 30% of all enterococci
isolated from patients infected in ICUs are now resistant to
vancomycin.'”

Perhaps an even more remarkable aspect of this outbreak
is the fact that an overwhelming majority of VRE are
Enterococcus faecium. The Surveillance Network Database
—USA showed that resistance to both vancomycin and am-
picillin was much more prevalent among E faecium than
among Enterococcus faecalis in patients with nosocomial
bloodstream infections in 1995 and 1997.*> By way of
comparison, 94.5% of E faecalis were susceptible to both
vancomycin and ampicillin versus only 25.4% of E faecium.
E faecalis strains tend to be susceptible to ampicillin even if
they express vancomycin resistance. This study also showed
progressive increases in the percentage of E faecium strains
exhibiting vancomycin resistance, from 26.2% in 1995 to
39.2% in 1996 to 48.8% in 1997. For the same years,
vancomycin resistance was observed in 1.9%, 1.3%, and
1.4%, respectively, of E faecalis strains. More recent results
from surveillance studies indicate that the proportion of E
faecium resistant to vancomycin (E faecium still represents
the vast majority of VRE strains) continues to rise in pa-
tients hospitalized in the United States, approaching 70% in
the most recent reports.>*¢

Vancomycin resistance is mediated by either of 2 classes
of related gene clusters: 1 class contains vanA and 1 class
contains vanB.*” Both produce resistance by altering the
target for vancomycin from p-alanine-p-alanine to p-ala-
nine-D-lactate.

A decade and a half of looking at and controlling VRE
has now passed. Based on a number of hospital outbreaks of
VRE and on measures taken to control them, both the
Centers for Disease Control and Prevention’s (CDC)
Healthcare Infection Control Practices Advisory Committee
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permission from Infect Control Hosp Epidemiol.**)

(HICPAC) and the Society for Healthcare Epidemiology of
America (SHEA) have developed practice guidelines to
prevent nosocomial transmission of VRE.*4°

Two studies illustrate the kinds of outbreaks that led to
current infection control guidelines. Both outbreaks were
clonal and occurred in Miriam Hospital in Rhode Island.
The first involved 37 patients seen in 1991 to 1992 with
vanB-type VRE,”® while the second involved 9 patients seen
in 1994 with vanA-type VRE.’! In each case, the outbreak
was aborted after institution of precautions that included the
use of gowns and gloves by those in contact with infected or
colonized patients. During the first outbreak, hospital per-
sonnel initially tried to control the outbreak by use of gloves
and patient isolation, but it was only when gowns were
added to the precautions that the outbreak was effectively
stopped. The quick control of the second outbreak was
attributed to the rapid initial institution of use of gowns and
gloves and patient isolation. The findings from these stud-
ies, and others like them, led to the development of the 1994
HICPAC guidelines, which recommended patient isolation,
cohorting staff who provide regular patient care, gowns and
gloves, and hand washing to prevent patient-to-patient
transmission of VRE. The guidelines also recommended the
use of active surveillance cultures to identify the reservoir
for spread and the use of good antibiotic stewardship, par-
ticularly as it relates to vancomycin use.

Unfortunately, it did not take long before some other
studies showed quite different results. For example, at the
University of Maryland Medical Center, a point-prevalence
survey for VRE colonization showed that 16.9% of patients
on the wards were colonized.>* In response, vancomycin use
became restricted, and the HICPAC recommendations were
instituted. Despite these precautions, point-prevalence sur-
veys performed approximately 1 year later showed that the
rates of VRE colonization had remained unchanged or had
even slightly increased (18.7%). The reason for the negative
findings, compared with the positive results from earlier
studies, probably is because the outbreak at the Maryland
medical center was not clonal, whereas those that occurred

Emergence of vancomycin resistance in enterococci. ICU = intensive-care unit. *Results through June 1999. (Reprinted with

at Miriam Hospital and at other hospitals reporting effective
control with these precautions were clonal. When pulsed-
field gel electrophoresis was used to examine 85 VRE
isolates from the Maryland study, 45 distinct patterns were
identified. So, in fact, the problem was greater than the
spread of a single strain around the hospital, which one
might reasonably hope to contain by strict infection control
procedures.

In cases in which poor infection control is not the cause
of a VRE outbreak, selective pressures exerted by antimi-
crobial use are most likely to be involved. This raises the
question of which antibiotics are associated with vancomy-
cin-resistant enterococcal colonization and infection. Sev-
eral antibiotics and antibiotic classes have been associated
with colonization or infection by VRE in clinical studies,
including extended-spectrum cephalosporins and agents
with potent activity against anaerobic bacteria.’® In the
1990s, we looked at the relation between vancomycin pur-
chases and VRE infection (defined as isolation of VRE from
a normally sterile site) in 5 hospitals in the greater Cleve-
land area and found no association between hospital pur-
chases of vancomycin and clinical infection rates with
VRE.> The results did show, however, a statistically sig-
nificant association between whether hospitals purchased
large quantities of the (3-lactam—@-lactam inhibitor combi-
nation ticarcillin-clavulanate and VRE (P = 0.005). There
was also a nonsignificant trend toward a positive association
between purchase of third-generation cephalosporins and
VRE (P = 0.188), and there was a nonsignificant negative
trend between purchases of piperacillin-tazobactam, ampi-
cillin-sulbactam, and piperacillin together and VRE, sug-
gesting that these penicillins may protect against VRE col-
onization (P = 0.188).%*

We used an animal model to further examine the relation
between antibiotic use and VRE colonization. In the model,
VRE was established in the gastrointestinal tract by gavage
of large numbers of organisms (about 10° colony-forming
units) from mice fed by water supplemented by vancomy-
cin.”® In this model, large quantities of VRE were present in
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Figure 2  Change in vancomycin-resistant enterococci (VRE) density based on antibiotic drug use. The zero point represents the level of

colonization at the time the antibiotic dose was given postdischarge. TMP-SMX = trimethoprim-sulfamethoxazole. (Reprinted with

permission from N Engl J Med.>®)

the mouse feces as long as oral vancomycin was given, but
VRE fecal counts decreased to below the detectable range
by 3 weeks after oral vancomycin was discontinued. After
vancomycin discontinuation, various antibiotic agents were
administered subcutaneously to determine whether they
would promote persistent high levels of stool VRE. Surpris-
ingly, and in contrast to the clinical study mentioned earlier,
ampicillin-sulbactam and piperacillin-tazobactam were as-
sociated with persistent high levels of VRE colonization.
Other agents associated with persistent high-level VRE col-
onization included cefoxitin, clindamycin, metronidazole,
ticarcillin-clavulanate, and subcutaneous or oral vancomy-
cin. There was no association between administration of the
extended-spectrum cephalosporin cefepime, ciprofloxacin,
aztreonam, or saline and persistent VRE colonization.>?
Results associated with administration of ceftriaxone or
ampicillin were mixed. What is noteworthy about these
findings is that all of the antibiotics associated with persis-
tence of high levels of VRE colonization have potent activ-
ity against anaerobic bacteria. These observations were ex-
tended to the clinical setting by obtaining periodic
posthospital fecal cultures from patients determined to be
colonized with VRE while in the hospital and then deter-
mining the patients’ subsequent level of colonization after
discharge.’® In a 7-month prospective study of patients
who were colonized with VRE, the density of VRE in
stool during and after therapy with antibiotic regimens
showed that a patient colonized in the gastrointestinal
tract with VRE who received an antibiotic regimen potent
against anaerobes was likely to show increases in VRE

colonization (Figure 2), suggesting that limiting the use
of antianaerobic antibiotics in these patients may mini-
mize the level and duration of colonization by these
organisms.>® This study also has important infection con-
trol implications in that VRE could be found on surfaces
in the room if the colony counts in the stool were >10*
colony-forming units per gram of stool, but not if the
counts were less than that.

The aforementioned studies addressed the persistence of
colonization in patients already colonized, but what about
establishment of colonization in the first place? Again, that
question was addressed by turning to a mouse model. In this
case, the goal was to colonize the gastrointestinal tract of
mice with 10? colony-forming units of VRE. Stool colony
counts were determined for a subset of mice prior to any
intervention and on day O, after receiving subcutaneous
ceftriaxone, ticarcillin-clavulanate, piperacillin-tazobactam,
or saline for 2 days before inoculation with oral VRE.?’
Ceftriaxone and ticarcillin-clavulanate were chosen because
they have minimal activity against the VRE strain compared
with the modest efficacy of piperacillin-tazobactam. The
results showed that animals treated with ceftriaxone or ti-
carcillin-clavulanate established high-level colonization,
whereas the animals treated with piperacillin-tazobactam or
saline were not heavily colonized. The apparent protection
of piperacillin-tazobactam against establishment of VRE
colonization was overcome only when the VRE inoculum
was increased to 1 million organisms. Therefore, the pro-
tective effect of piperacillin-tazobactam may have been
related to its modest activity against VRE, combined with
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substantial biliary excretion of piperacillin, which together
may have led to sufficient inhibition of VRE growth in the
upper gastrointestinal tract to prevent high-level coloniza-
tion.

Taken together, the results from the studies reviewed
here suggest that establishment of colonization is pro-
moted by certain antibiotics, while other antibiotics pro-
mote persistence of colonization already established.
Some antibiotics, such as ticarcillin-clavulanate, promote
both establishment and persistence. Some of the factors
that appear to be involved include the intrinsic activity of
the different agents against VRE, excretion in bile, and
potency against anaerobic bacteria. The next logical
question is whether cephalosporins that differ in these
respects also differ in their ability to promote establish-
ment of VRE colonization. Turning again to the mouse
model, we showed that cephalosporins that (1) do not
have significant antienterococcal activity and (2) are not
secreted into human bile at high concentrations (cefazo-
lin, cefepime, and to a lesser extent ceftazidime) do not
promote significant VRE colonization.”® Conversely,
cephalosporins that lack significant antienterococcal ac-
tivity but are secreted into human bile at high concentra-
tions (ceftriaxone and cefotetan) were associated with
high-level colonization. In summary, it appears that the
effect of various antibiotics on VRE colonization is com-
plex; it is related to antienterococcal activity, biliary
excretion, and activity against anaerobes. One cannot
simply say that a particular antibiotic class promotes
VRE colonization.

PENICILLIN-RESISTANT PNEUMOCOCCI AND
VACCINES

Penicillin resistance is common in Streptococcus pneu-
moniae, and many strains of S pneumoniae are resistant to
other antibiotics as well.>® Resistance has been linked to use
of several different antibiotic classes. Invasive disease
caused by antibiotic-resistant S pneumoniae is a particular
concern, and the incidence of invasive S prneumoniae infec-
tions in the United States is highest among children aged
<2 years.®® To address these concerns, a 7-valent pneumo-
coccal conjugate vaccine (PCV7) was developed and be-
came approved for use in infants and young children in the
United States in 2000.°" This conjugate vaccine was de-
signed to cover the 7 serotypes most commonly occurring in
United States children with invasive pneumococcal disease
(IPD) and most commonly associated with drug-resistant
strains.

The good news is that a number of studies have now
reported that IPD rates have declined since the introduc-
tion of PCV7, including rates of disease associated with
antibiotic-resistant or nonsusceptible strains of S pneu-
moniae.®~%* For example, among children aged <2
years, IPD rates were reported to have decreased signif-
icantly from 235 cases per 100,000 in 1999 to 46 cases
per 100,000 in 2002, 2 years after PCV7 licensure

(P <0.001).°%> There was also a significant decline in the
proportion of IPD cases associated with penicillin-non-
susceptible pneumococcal species in this age group—
from 59.8% in 1999 to 30.4% in 2002 (P <0.01). The
impact of the vaccine was greatest in children who re-
ceived the vaccine, but there was a positive impact in
older patients as well.°> Rates of IPD due to PCV-asso-
ciated serotypes declined in all age groups after PCV7
introduction. These findings are encouraging because
they indicate that there are many ways to fight antibiotic
resistance and that vaccines, when they are available and
effective, may be useful in the fight.

SUMMARY

Antibiotic resistance in gram-positive cocci is a persistent
problem. Both infection control and antibiotic selective
pressure are important factors in its spread. In some cases,
as with HA-MRSA, infection control measures appear to be
the most important mechanisms for limiting spread. In oth-
ers, such as VRE, both infection control and antimicrobial
exposures are important. Unfortunately, different antibiotics
may exert different effects depending on the preexisting
colonization state of the patient. Multipronged efforts, per-
haps with altered emphases for different bacteria, are re-
quired to limit the spread of resistance. New antibacterial
agents effective for treating serious gram-positive infections
would also be welcome.
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