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VRS1 is the first isolated strain of vancomycin-resistant Staphylococcus aureus (VRSA) found to carry the
vanA gene complex previously described in Enterococcus. Under vancomycin pressure, VRS1 makes aberrant
cell walls consisting of stem tetrapeptide and depsipeptide that lack the terminal p-Ala-p-Ala residues targeted
by vancomycin. Previous data have suggested that this aberrant cell wall is not cross-linked by PBP2a, the
enzyme responsible for cell wall transpeptidation in the presence of -lactam antibiotics. We examined the
efficacy of treating VRS1 with a combination of vancomycin and 3-lactam antibiotics in vitro and in vivo. We
found that the MIC of oxacillin for VRS1 decreased from >256 pg/ml to <1 pg/ml in the presence of
vancomycin. Using the rabbit model of endocarditis, we treated VRS1-infected rabbits with nafcillin alone,
vancomycin alone, or a combination of nafcillin and vancomycin. Treatment with nafcillin in combination
with vancomycin cleared bloodstream infections within 24 h and sterilized 12/13 spleens (92%), as well as 8/13
kidneys (62%), following 3 days of treatment. Mean aortic valve vegetation counts were reduced 3.48 log,,
CFU/g with the combination therapy (compared to untreated controls) and were significantly lower than with
either vancomycin or nafcillin given alone. VRS1 was extremely virulent in this model, as no untreated rabbits
survived the 3-day trial. Treatment of clinical infections due to VRSA with the combination of vancomycin and

B-lactams may be an option, based on these results.

Staphylococcus aureus causes serious infections in both the
hospital and the community. The growing prevalence of
methicillin-resistant Staphylococcus aureus (MRSA) as a cause
of these infections has increased the use of the glycopeptide
antibiotic vancomycin over the past 3 decades (17). As a result,
vancomycin-resistant S. aureus (VRSA) strains that exhibit two
different resistance mechanisms have emerged. The first, ini-
tially noted in Japan in 1996 and subsequently in the United
States in 1997, is believed to be due to a thickened cell wall that
produces intermediate vancomycin MICs of 4 to 16 pg/ml (2,
14). The second, first noted in 2002 in S. aureus, is identical
to the mechanism seen in vancomycin-resistant Enterococ-
cus, involving the van genes that produce an altered stem
pentapeptide with reduced affinity for vancomycin (1). The
terminal peptide in the stem pentapeptide of the peptidogly-
can layer of the cell wall is altered from p-Ala-D-Ala, the
target of vancomycin, to the depsipeptide, p-Ala-D-Lac,
which is not recognized by vancomycin. This mechanism of
resistance results in high-level resistance to vancomycin,
with MICs greater than 32 pg/ml.

Four cases of VRSA infection due to acquisition of the van
gene complex have been described (1, 3, 4). Although the
plasmid and van genes carrying the resistance determinant
have varied, all have been of the vanA type, as originally de-
scribed in Enterococcus (27). The first VRSA strain described
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was found in Michigan and is known as VRSA-MI, HIP11714,
or VRS1. The genetics of this strain were examined by Weigel
et al. (26). VRSI1 was found to have acquired the vanA gene
complex on Tnl/546 from a strain of Enterococcus faecalis
coisolated from the patient’s infection site. Tnl546 was in-
serted on a conjugative plasmid between aac-aphD and blaZ
carried on a plasmid, creating pLW1043. Tn1546 also con-
tained the two-component regulatory genes, vanRS, indicating
that, as in enterococci, the van resistance genes would not be
fully expressed unless the bacterial cell were exposed to the
inducer, vancomycin.

The interaction between vancomycin resistance due to the
vanA gene complex and methicillin resistance due to mecA was
initially studied by Severin et al., who transferred pLW1043
from VRS1 to the MRSA strain COL by conjugation, creating
strain COLVA (20). The authors examined the muropeptide
composition following growth in vancomycin or oxacillin and
concluded that the two major resistance mechanisms carried in
the same S. aureus strain functioned independently in cell wall
assembly. In fact, growth of the vancomycin-resistant strain in
the presence of low concentrations of oxacillin resulted in a
prompt decrease in the vancomycin MIC, from 512 pg/ml to 12
pg/ml. In a subsequent study, Severin et al. determined that
PBP2, and not PBP2a, encoded by the methicillin resistance
determinant mecA, was essential for cell wall biosynthesis in
COLVA grown in the presence of vancomycin (21). The au-
thors noted that this was due to the inability of PBP2a to use
the depsipeptide-containing precursor for transpeptidation.

We hypothesized that treatment of infections due to vanco-
mycin-resistant S. aureus with combinations of vancomycin and
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B-lactams would be effective. When strains were induced with
vancomycin, forcing the cell to make only cell walls containing
D-Ala-p-Lac depsipeptide, the cell walls could not be cross-
linked by PBP2a. Thus, the cells would be, in effect, methicillin
susceptible, and infections would respond to a B-lactam anti-
biotic. In order to test this hypothesis, we assessed the efficacy
of vancomycin—-lactam combinations, both in vitro and in
vivo, in the rabbit model of infective endocarditis.

MATERIALS AND METHODS

Antimicrobial susceptibility testing. Vancomycin and oxacillin MICs were
determined by Etest (AB Biodisk, Piscatway, NJ). A single colony of VRS1 was
picked from a Mueller-Hinton agar (MHA) plate containing 32 pg/ml vancomy-
cin, inoculated into 5 ml Mueller-Hinton broth (Becton Dickinson, Cockeysville,
MD) with or without 32 pg/ml vancomycin (Sigma-Aldrich, St. Louis, MO), and
shaken at 220 rpm at 37°C overnight. The culture was diluted to 0.5 McFarland
standard and plated on brain heart infusion (Becton Dickinson) agar with or
without 16 pg/ml vancomycin. The appropriate Etest strip was placed on the
plate and incubated at 37°C. MICs were determined at 24 and 48 h.

Time-kill assays were performed in Mueller-Hinton broth inoculated with
VRS grown in the absence of antibiotic at approximately 1 X 10> CFU/ml. The
culture was grown at 37°C with shaking at 220 rpm for 2 h. The single culture was
divided into four 25-ml cultures and treated with no antibiotic, 25 pg/ml nafcillin
(Sigma-Aldrich), 30 wg/ml vancomycin, or nafcillin and vancomycin in combina-
tion. Bacterial counts were determined at —2, 0, 1, 4, 6, 8, and 24 h (where time
zero represents the time when drug was added) by plating 0.1 ml of 10-fold serial
dilutions onto Mueller-Hinton agar containing 32 pg/ml vancomycin.

Experimental infection. The rabbit model of aortic-valve endocarditis, which
has been described previously, was used to evaluate treatment regimens (9, 11,
19). Seventy-two hours after transcarotid placement of a polyethylene catheter
across the aortic valve, rabbits were injected intravenously through the marginal
ear vein with 1 ml of an overnight culture of VRS1 containing 5 X 10° to 1 x 107
CFU/ml. Blood samples were taken 24 h following infection, and the rabbits were
randomly assigned to one of the following treatment groups and treated for 3
days with the following regimens: no treatment (control), nafcillin (Bristol-
Meyer Squibb, Princeton, NJ) given at 200 mg/kg of body weight intramuscularly
every 8 h, vancomycin (Abbott Laboratories, Chicago, IL) given at 30 mg/kg
intravenously every 12 h, or nafcillin given at 200 mg/kg intramuscularly every 8 h
and vancomycin given at 30 mg/kg intravenously every 12 h. Pharmacokinetic
data for similar dosing regimens has been previously described (9, 16). Briefly,
the mean peak serum nafcillin concentrations were 58 mg/liter when given
intramuscularly at 180 mg/kg, while mean peak serum vancomycin concentra-
tions were 69.16 * 6.46 mg/liter when given intravenously at 30 mg/kg. The
surviving animals were euthanized with intravenous pentobarbital after 3 days of
antibiotic treatment. Additional rabbits were treated for 7 days with vancomycin
(30 mg/kg intravenously every 12 h) or the combination of vancomycin (30 mg/kg
intravenously every 12 h) and nafcillin (200 mg/kg intramuscularly three times a
day). Rabbits with a negative blood culture 24 h after infection were excluded
from subsequent analysis. To reduce the possibility of antibiotic carryover, the
rabbits were not euthanized until at least 14 h after administration of the last
dose. The heart, kidneys, and spleen were removed aseptically from each rabbit.
Aortic-valve vegetations were removed from each rabbit’s heart and weighed,
and serial dilutions of vegetation homogenates were made. The kidneys were
examined, and areas of abscess or infarct were removed, weighed, homogenized
in Mueller-Hinton broth, and serially diluted. The spleens were weighed, and
serial dilutions of the homogenate were made. Tissue homogenates were plated
on Mueller-Hinton agar containing no antibiotic, agar containing 6 pg/ml
oxacillin, and agar containing 32 pg/ml vancomycin. The cultures were read after
48 h at 37°C. Titers of bacteria were expressed as log,, CFU/gram of vegetation
or tissue. Sterile vegetations of aortic valves contained =2 log,, CFU/g (limit of
detection), and kidney or spleen tissue contained =1 log;, CFU/g (limit of
detection).

Inclusion criteria. For the final analysis, animals that met the following criteria
were included: (i) positive blood culture at 24 h postinfection, (ii) survival for at
least 24 h after the first treatment, (iii) proper placement of the catheter across
the aortic valve at necropsy with macroscopic evidence of aortic-valve endocar-
ditis (visible vegetations), and (iv) aortic-valve vegetations, kidney tissue, and
spleen tissue yielding pure cultures of VRSI.

Statistical analysis. The mean numbers of bacteria per gram vegetation, kid-
ney tissue, and spleen tissue were compared by analysis of variance. The Student-
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Newman-Keuls test was used to adjust for multiple comparisons. For analysis of
sterilization of tissue cultures, we used Fisher’s exact test. A P value of <0.05 was
considered statistically significant for all tests.

Cell wall preparation and HPLC. Isolated cell walls were prepared by the
method of Stranden et al. as described previously (22). Lyophilized peptidogly-
can was digested with mutanolysin (Sigma), and the resulting muropeptides were
reduced to their muramitol derivatives. Separation of muropeptides was
achieved by reversed-phase high-pressure liquid chromatography (HPLC) using
a Waters 2695 Separation Module system with the Waters 2487 Dual Lambda
Absorbance Detecter. Samples were applied to a Beckman ODS column (4.5 mm
by 250 mm) protected by an Altex Ultrapshere-ODS precolumn (4.6 mm by 4.5
mm). The column was eluted with a methanol-NaH,PO, gradient as previously
described (12). Muropeptides were detected at 206 nm.

RESULTS

VRS1 susceptibility to each antibiotic was determined indi-
vidually and in combination using the Etest (Fig. 1). The MIC
of oxacillin or vancomycin alone for VRS1 was >256 pg/ml
(Fig. 1A and B). In contrast, when the oxacillin Etest strip was
placed on agar containing vancomycin, the oxacillin MIC was
reduced to 0.38 pg/ml (Fig. 1C). When VRS1 was incubated
overnight with vancomycin before being applied to vancomycin
agar, the oxacillin MIC was still 1.0 pg/ml.

Figure 2 shows the results of a 24-h time-kill assay of VRSI.
The antibiotic concentrations used were approximately half
of the maximum serum antibiotic concentrations achievable in
the rabbit (9). After 8 hours of incubation, the number of
VRS1 CFU was increased over the starting number in the
presence of either nafcillin or vancomycin alone. However,
nafcillin and vancomycin in combination reduced the number
of bacteria at 8 hours by 2 log units over the starting concen-
tration and by 3 and 5 log units, respectively, over nafcillin and
vancomycin alone.

The muropeptide composition of VRS1 was examined by
HPLC elution. VRS1 was grown in the absence of antibiotics,
as well as in the presence of vancomycin (256 pg/ml) and
oxacillin (32 pg/ml) alone. VRS1 grown in the absence of
antibiotics demonstrated the presence of two major mono-
meric species corresponding to the native stem peptide and the
altered muropeptide stem peptide terminating in p-Ala-p-Lac,
as previously described (20). In the absence of antibiotics,
there were nearly equal distributions of the native monomeric
species and the altered muropeptide. Once exposed to high
levels of vancomycin, the altered monomeric muropeptide re-
placed the native muropeptide species.

Based on the data generated in vitro demonstrating the
bactericidal activities of vancomycin and B-lactam antibiotics
against VRS1 when used in combination, we examined their
effectiveness in the rabbit model of endocarditis. The results of
both 3- and 7-day treatment regimens are summarized in Fig. 3
(valve vegetations) and Table 1 (kidneys and spleens). Infec-
tion with VRS1 among control rabbits was uniformly lethal,
with all control rabbits dying within 48 h of infection. The
mean aortic-valve vegetation counts were 9.64 = 0.73 log,,
CFU/g (= standard deviation), comparable to previously re-
ported trials of MRSA experimental endocarditis (8, 13, 15).
All treatment groups had significant reductions in mean
aortic-valve vegetation counts compared to those of the
controls. However, treatment with the combination of van-
comycin and nafcillin was significantly better than treatment
with either nafcillin or vancomycin monotherapy, with mean



VoL. 50, 2006

um;wmms-gi ] ] ﬂ:l-‘

VANCOMYCIN AND B-LACTAM COMBINATION THERAPY OF VRSA 2953

LonesseiEEHET!

FIG. 1. Susceptibility testing of VRS1. An overnight culture of VRS1 grown in the presence (D) or absence (A, B, and C) of 32 pg/ml
vancomycin was diluted to 0.5 McFarland standard and swabbed onto brain heart infusion agar with (C and D) or without (A and B) 16 pg/ml
vancomycin. Oxacillin (A, C, and D) or vancomycin (B) Etest strips were placed on the plates, and the plates were incubated at 37°C for 24 h. The

marks within the zone of clearing on plates C and D are not colonies.

reductions in aortic-valve vegetation bacterial counts of 3.48
log,, CFU/g (P < 0.05).

After 3 days of treatment, the rates of sterilization of kidneys
and spleens by treatment with nafcillin in combination with
vancomycin showed the combination to be significantly (P =
0.0001) more effective than either nafcillin or vancomycin
alone in spleen sterilization, while the combination was signif-

CFU/ml (logio)

-2 4 10 186 22

Time (hours)

FIG. 2. Time-kill curves for VRS1. VRS1 was grown in the absence
of antibiotic for 2 h. Antibiotics were added at 0 h. Control (#),
nafcillin at 25 pg/ml (A), vancomycin at 30 wg/ml (m), and nafcillin at
25 pg/ml in combination with vancomycin at 30 pg/ml (X) are shown.

icantly (P = 0.0288) more effective than nafcillin alone in
kidney sterilization.

The bacterial burdens in vegetations, kidneys, and spleens
were also significantly decreased (P < 0.05) in the 7-day naf-
cillin-vancomycin combination group compared to the vanco-
mycin monotherapy group. There was a mean reduction in
aortic-valve vegetation bacterial counts of 2.75 log,, CFU/g
in the nafcillin-vancomycin group compared to the vancomycin
monotherapy group. Significantly more kidneys (P = 0.0076)
and spleens (P = 0.0303) were sterile after 7-day combination
treatment than after vancomycin monotherapy for 7 days.
However, the 7-day nafcillin-vancomycin combination regimen
did not significantly decrease bacterial burdens compared to
the 3-day combination regimen.

Treatment with nafcillin in combination with vancomycin
cleared bloodstream infections in all rabbits within 24 h. In
contrast, over half of the blood cultures returned to positive by
48 h after the first antibiotic treatment in the nafcillin-alone
group. Only one-third of the rabbits treated with vancomycin
alone had negative blood cultures 48 h after the initial dose of
vancomycin, as shown in Fig. 4.

The only 3-day treatment regimen that achieved 100% sur-
vival of infected rabbits was the combination of nafcillin and
vancomycin. In contrast, as can be seen in Fig. 5, 10 to 20% of
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FIG. 3. Bacterial counts in valve vegetations after 3- or 7-day treatment. Control (#), nafcillin at 25 pg/ml (A), vancomycin at 30 pg/ml (m),
and nafcillin at 25 pg/ml in combination with vancomycin at 30 wg/ml (X) are shown. The horizontal lines represent the mean log;, CFU/gram.
Each symbol represents one rabbit. *, P < 0.05 compared to the control group. **, P < 0.05 compared to the control, nafcillin, or vancomycin

group. **%, P < 0.05 compared to the vancomycin group (7-day).

the rabbits died during treatment with nafcillin or vancomycin
alone. All rabbits that did not receive treatment died before
the 3-day treatment period ended.

In order to determine whether the treatment regimens
altered antibiotic susceptibility, all rabbit valve vegetations
and tissue homogenate dilutions were plated on MHA,

MHA with 6 pg/ml oxacillin, and MHA with 32 pg/ml van-
comycin to screen for the loss of either vancomycin or
oxacillin resistance. For all animals treated for 3 days, bac-
terial counts on all plates with or without oxacillin or
vancomycin were similar, indicating no loss of mecA or vanA
in any of the treatment groups (data not shown). However,

TABLE 1. Outcomes of 3- and 7-day treatments of experimental VRSI aortic-valve endocarditis

No. sterile at site/total no. of rabbits

Mean bacterial count (log,, CFU/g) = SD

Treatment regimen Valve

vegetation Kidney Spleen Valve vegetation Kidney Spleen

3-Day

Control 0/5 0/5 0/5 9.64 + 0.73 7.70 = 1.56 5.89 = 0.94

Nafcillin 0/10 1/10 1/10 7.61 = 1.12° 5.36 = 3.16 3.21 = 1.60°

Vancomycin 0/10 2/10 1/10 8.54 + 1.11¢ 4.59 +2.31¢ 4.14 = 1.81¢

Nafcillin-vancomycin 1/13 8/13¢ 12/13¢ 6.16 = 1.93" 2.57 213" 1.06 = 0.21°
7-Day

Vancomycin 0/6 0/6 0/6 8.93 = 1.19 5.84 £2.79 4.88 = 0.87

Nafcillin-vancomycin 0/6 5/6" 4/68 6.18 = 0.61°¢ 2.13 = 2.76° 1.30 = 0.53¢

“ P < 0.05 compared to control group.

bp <0.05 compared to control, nafcillin, or vancomycin group.

¢ P = 0.0288 compared to nafcillin group (Fisher’s exact test).

4P = 0.0001 compared to nafcillin or vancomycin group (Fisher’s exact test).
¢P < 0.05 compared to vancomycin group.

/P = 0.0076 compared to vancomycin group (Fisher’s exact test).

&P = 0.0303 compared to vancomycin group (Fisher’s exact test).
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FIG. 4. Percent positive blood cultures by treatment day for rabbits
with endocarditis caused by VRS1. Control (), nafcillin at 25 pg/ml
(A), vancomycin at 30 pg/ml (m), and nafcillin at 25 wg/ml in combi-
nation with vancomycin at 30 pwg/ml (X) are shown.

in one animal treated for 7 days with the combination of
nafcillin and vancomycin, VRS1 appeared to lose vancomy-
cin resistance. Further investigation of the vancomycin-sen-
sitive strain recovered from the animal is under way.

DISCUSSION

The increasing incidence of infections caused by methicillin-
resistant Staphylococcus aureus in conjunction with the emer-
gence of S. aureus with reduced susceptibility or high-level
resistance to vancomycin has heightened awareness of the lim-
ited number of treatment options for S. aureus infections.
While VRS is reported to be susceptible to a number of other
antibiotics available for treatment, most of the MICs reported
for these agents are only one dilution below the susceptibility
breakpoint (7). Additionally, two agents to which the Pennsyl-
vania VRSA strain remains susceptible, linezolid and quinu-
prinstin-dalfopristin, show only bacteriostatic activity (23).
Here, we have examined the potential to treat S. aureus resis-
tant to vancomycin and B-lactam antibiotics with a combina-
tion of currently prescribed antibiotics, nafcillin and vancomy-
cin. Previous work has shown different mechanisms of action
for these antibiotics, as well as separate mechanisms of resis-
tance (5, 18, 24, 25).

Combination therapy with nafcillin and vancomycin showed
significant bacterial-load reduction and organ sterilization
compared to monotherapy with either antibiotic or no treat-
ment. Sixty-two percent of kidneys and 92% of spleens were
sterile after 3-day combination therapy compared to 10 to 20%
sterilization of end organs following 3-day monotherapy. The
mean bacterial burden in valve vegetations was reduced by 1.5
log,, CFU/g or greater after 3 days of combination therapy
compared to monotherapy.

Combination therapy with vancomycin plus a B-lactam an-
tibiotic for treatment of a VRSA infection has been previously
suggested but disregarded due to heterogeneous expression of
vancomycin resistance during cotreatment with oxacillin in
vitro. By population analysis profiling, Severin et al. showed
that resistant subpopulations of COLVA were able to grow at
200 pg/ml oxacillin in the presence of 50 pg/ml vancomycin
(20, 21). In contrast, our oxacillin Etest results for VRS1 grown
in the presence of 16 pwg/ml vancomycin gave an oxacillin MIC
of =1 pg/ml and showed no resistant subpopulations within
the zone of inhibition after 24 h of growth. Even after extend-
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FIG. 5. Survival curves for rabbits with endocarditis caused by
VRSI. Control (#), nafcillin at 25 wg/ml (A), vancomycin at 30 pg/ml
(m), and nafcillin at 25 pg/ml in combination with vancomycin at 30
pg/ml (X) are shown.

ing incubation to 48 h, very few colonies had formed within the
zone of inhibition.

Both the oxacillin and vancomycin MICs of VRSI1 are >256
pg/ml, which is well above the level achievable in vivo based on
the previously established pharmacokinetics for the nafcillin
and vancomycin treatment regimens used (9, 16). However, the
VRS1 oxacillin MIC of =1 wg/ml achieved in the presence of
vancomycin is below the trough level of nafcillin, 8 pwg/ml,
reached 7 h posttreatment in the study conducted by Miller
et al. (16). This suggests that in the presence of vancomycin,
the level of nafcillin in serum was above the MIC for the
duration of treatment, accounting for the success of combi-
nation therapy.

It was previously suggested that VRSA strains may not be
highly virulent because of their recovery from catheter exit
sites and foot ulcers, where they were possibly only colonizing
the site but not infecting the patients (6). The survival curve
from this study contradicts this suggestion, demonstrating the
virulence of VRS1, and likely other VRSA strains carrying the
van genes, as well as the need to treat VRSA infections ag-
gressively. All untreated rabbits died within 72 h of infection;
their deaths were characterized by high bacterial counts in
valve vegetations, kidneys, and spleens. Four other rabbits
were excluded from the data due to death within the first 24 h
of treatment.

Interestingly, treatment with either nafcillin or vancomycin
alone, two antibiotics to which VRS1 is known to be homoge-
neously resistant, decreased the severity of the infection. In the
case of vancomycin therapy, it is likely that the induction of van
genes, leading to generation of an aberrant cell wall, reduces
bacterial virulence. The limited success of nafcillin therapy is
likely due to the basal level of tetrapeptide and depsipeptide
achieved in the absence of vancomycin induction. The partial
aberrant cell wall decreases bacterial virulence and cannot be
cross-linked by PBP2a, making the bacterium susceptible to
killing by B-lactam antibiotics.

Two automated methods of vancomycin susceptibility test-
ing, MicroScan (Dade Behring, Deerfield, Illinois) and Vitek
(bioMérieux, Hazelwood, Missouri), failed to detect the sec-
ond and third clinical cases of VRSA in Pennsylvania and New
York, respectively (3, 23). This highlights the need for other,
more sensitive tests for vancomycin resistance in S. aureus and,
based on currently available screening methods, increases the
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time required to reliably detect vancomycin resistance levels to
at least 24 h. The mortality data from this study suggest that
this may be too long to wait before beginning effective antibi-
otic treatment, highlighting the potential use of combination
therapy early in the course of a known vancomycin-resistant S.
aureus infection.

Finally, it has been noted that vancomycin and B-lactam
antibiotics also show synergy against S. aureus with reduced
susceptibility to vancomycin mediated by a thickened wall (10).
In each case of VRSA infection seen clinically thus far, the
patient was infected with a MRSA strain prior to acquiring the
van genes and developing a VRSA infection (1, 3, 4). Com-
pared to vancomycin alone, the current drug of choice for
many MRSA infections, vancomycin in combination with a
B-lactam may improve the outcome for patients who acquire
either S. aureus with reduced susceptibility to vancomycin or a
VRSA infection.

Thus, when a patient is infected with S. aureus known to be
resistant to vancomycin by any mechanism, combination van-
comycin—3-lactam therapy may prove effective. The data from
this study demonstrating the severity of the VRS1 infection, as
well as previously described difficulties in rapidly detecting
VRSA infections, indicate the need for implementation of an
effective treatment protocol, such as the one examined here,
early in the course of infection.
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