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We tested the combined activity of vancomycin and seven (3-lactam antibiotics against Staphylococcus aureus
clinical strain Mu3, which displays heterogeneous resistance to vancomycin. When combined with vancomycin,
four of the seven tested -lactams exhibited an additive effect at or near their MICs, while all showed an
antagonistic effect at lower, sub-MIC levels. This study implicated the unpredictable nature of combination
therapy of B-lactams and vancomycin against S. aureus with reduced susceptibility to vancomycin.

Mu3 (ATCC 700698) is a methicillin-resistant Staphylococ-
cus aureus (MRSA) strain with heterogeneous resistance to
vancomycin, designated heterogeneously vancomycin-resistant
Staphylococcus aureus (hetero-VRSA) (8, 12, 13). Here VRSA
is equivalent to vancomycin-intermediate S. aureus (22); the
difference in meaning between “intermediate” and “resistant”
derives from the NCCLS definition of a MIC of 8 pg/ml as
intermediate, while in other locations, the breakpoints are
lower (e.g., “resistant” is used for MICs of =8 pg/ml in Great
Britain and =4 pg/ml in Japan). We define a hetero-VRSA
strain as an S. aureus strain that satisfies all of the following
criteria. (i) Its vancomycin MIC is less than 8 pg/ml when
determined by NCCLS-based broth dilution methods. (ii) It
contains subpopulations of cells resistant to higher concentra-
tions of vancomycin, including 4 pg of vancomycin/ml. (iii)
Mutant strains with increased vancomycin resistance (a MIC of
=8 wg/ml) can be obtained from the strain by one-step vanco-
mycin-selection procedure with a frequency of 1 in 1,000,000 or
greater (12).

To screen clinical S. aureus isolates for hetero-VRSA strains,
we proposed a plating efficiency test on brain heart infusion
(BHI) agar containing 4 pg of vancomycin/ml (12). Strains
yielding countable numbers of colonies on the plate by plating,
about 107 CFU, are considered candidates for hetero-VRSA.
Confirmation of a heterogeneous susceptible pattern by sub-
sequent population analysis and by the derivation test of resis-
tant mutants (with a MIC of =8 wg/ml) is required for the final
identification of hetero-VRSA (12).

Researchers earlier noticed a property of Mu3, an antago-
nistic phenomenon between vancomycin and B-lactam antibi-
otics, when they were searching for an effective combination
therapy against infection caused by Mu3-like MRSA strains
(11). The antagonism was demonstrated as a thick growth of
Mu3 cells around the paper disks that were impregnated with
B-lactam antibiotics and placed on the above screening agar
(11). In the present study, we adopted a broth dilution method
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to better quantify the antagonistic phenomenon between van-
comycin and B-lactam antibiotics observed on the screening
agar plate.

The 1.0-ml BHI broth (Difco, Detroit, Mich.) containing
various concentrations of vancomycin (0, 0.5, 1, 2, 4, and 8
pg/ml) and B-lactam antibiotics (0 to 1,024 pg/ml) was inocu-
lated with 107 CFU of Mu3. Tested B-lactams were oxacillin,
ampicillin, cefoxitin, cefmetazole (Sigma Chemical Co., St.
Louis, Mo.); penicillin G (Meiji Pharmacy Co., Tokyo, Japan);
piperacillin (Toyama Pharmacy Co., Toyama, Japan); and imi-
penem (Banyu Pharmacy Co., Tokyo, Japan). The optical den-
sity at 578 nm (ODs-g) of the cultures after a 24-h incubation
at 37°C was measured using a U-3200 spectrophotometer (Hi-
tachi Inc., Tokyo, Japan), and expressed as “OD curves” after
smoothing using Kaleidagraph (version 3.0.5; Synergy Soft-
ware, Reading, Pa.). Correlation coefficients were calculated
with a simple regression analysis program (StatView version
4.11; Abacus Concepts, Inc, Berkeley, Calif.).

To test the effect of B-lactam on the cell wall synthesis, test
tubes holding 5 ml each of BHI broth with 4 pg of vancomy-
cin/ml plus varied concentrations of 3-lactam antibiotics rang-
ing from 0 to 1,000 pg/ml were prepared. To them were added
Mu3 cells to a final cell density of 3 X 10 7 CFU/ml and 8 pl
of ["*C]GlcNAc (1.48 MBg/ml; Amersham Life Science, Little
Chalfont, Buckinghamshire, England). The tube preparations
were then incubated at 37°C with shaking. A 0.5-ml portion of
the culture was taken from each test tube after 0, 1, 2, and 3 h
of incubation and was subjected to the measurement of incor-
porated radioactivity as described previously (8).

Figure 1A shows that addition of ampicillin in the concen-
tration range of 0.01 to 1 pg/ml helped Mu3 cells grow in an
otherwise inhibitory concentration of vancomycin (4 pg/ml).
There was an optimal ampicillin concentration within the
range of antagonism that elicited maximum cell growth beyond
an ODs.¢ of 1.7. The optimal concentration for antagonism
(OCA) was thus defined from the OD curve (with a procedure
illustrated in Fig. 1A) as the concentration of B-lactam that
allows cells to grow to the highest opacity in the presence of
inhibitory concentrations of vancomycin. On the other hand, a
slight additive effect was observed at higher ampicillin concen-
trations of 8 and 16 pg/ml, which corresponded to one-fourth
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FIG. 1. The effect of ampicillin on the growth and peptidoglycan synthesis of Mu3 in the presence of vancomycin. (A) Growth of Mu3 cells in
4 pg of vancomycin/ml and various concentrations of ampicillin. Turbidity of the culture was monitored after 24-h incubation at 37°C. The
concentration of a B-lactam that makes the cell grow to maximum opacity in 4 g of vancomycin/ml is defined as the OCA of the B-lactam. (B)
Ampicillin reverses vancomycin-mediated suppression of peptidoglycan synthesis of Mu3. Uptake of ['*C]N-acetyl-D-glucosamine by Mu3 cells was
measured in the broth containing 4 pg of vancomycin/ml with and without various concentrations of ampicillin. Symbols: empty circles, no
antibiotic; solid circles, 4 pg of vancomycin/ml alone; other symbols, 4 pg of vancomycin/ml plus ampicillin. Ampicillin concentrations in
micrograms per milliliter were 0.001 (open triangles), 0.01 (solid triangles), 0.1 (empty squares), 1 (solid squares), 10 (empty diamonds), 100 (solid

diamonds), and 1,000 (crosses). CPM, counts per minute.

and one-half of the MIC against Mu3 (Table 1). Antagonism
similar to that demonstrated with ampicillin in Fig. 1A was
observed with all seven tested B-lactams, although the range of
concentrations eliciting antagonism and the OCA varied con-
siderably among them (Table 1). The additive effect demon-
strated with ampicillin was observed with four of the seven
tested B-lactams at concentrations near their MICs. Table 1
summarizes the ranges of concentrations eliciting either antag-
onism or an additive effect for each antibiotic and shows that
the OCA of each antibiotic was considerably less than the MIC
of the antibiotic against Mu3. On the other hand, the OCA for
B-lactam with Mu3 was very close to the MIC of each B-lactam
against the methicillin-susceptible S. aureus type strain FDA
209P (ATCC 6538P): there was a significant correlation be-
tween the OCA for Mu3 and the MIC for FDA 209P (corre-
lation coefficient = 0.994, P < 0.0001).

Figure 1B shows the uptake of N-acetyl-p-1-'*C-glu-

cosamine ([**C]GIcNAc) by Mu3 cells, a major precursor nu-
trient of cell wall peptidoglycan synthesis. Vancomycin at 4
pg/ml suppressed GIcNAc uptake to less than 17% of that with
the drug-free control throughout the measured period. In the
copresence of ampicillin, however, there was a significant re-
covery of uptake at the range of ampicillin concentration be-
tween 0.1 and 10 pg/ml, and maximum recovery was observed
at 1 pg/ml. These values coincided well with the antagonism-
eliciting concentrations of ampicillin (Fig. 1A). The reversal of
vancomycin-mediated suppression was also demonstrated
within the range of antagonistic concentrations for each of the
seven B-lactam antibiotics (not shown).

We and others have reported isolation of Mu3-like hetero-
VRSA strains from clinical specimens (6, 9, 12, 23, 24) which
are sometimes associated with infections that were refractory
to vancomycin therapy (9, 12, 23, 24). Whether such cases
could be or should be treated with vancomycin plus a 3-lactam

TABLE 1. B-Lactam in combination with vancomycin elicits both additive and antagonistic effects against Mu3, depending on
the concentration

Properties of additive effect

Properties of antagonistic effect

MIC (pg/ml) against®:

p-Lactam Range Minimum FIC Range Maximum FIC .
(ug/ril) (vancomycin concn)” (,.Lg/ril) (vancomycin concn)” OCA Mu3 FDA 209p

Penicillin G — 0.016-1 2.03 (8) 0.4 32 0.25
Ampicillin 8-16 0.75 (2) 0.125-4 2.125 (8) 0.3 32 0.5
Oxacillin 512 1.0 (2) 0.03-4 2.004 (8) 1.0 1,024 1
Piperacillin — 0.016-32 2.25(8) 32 128 4
Imipenem 128 1.0 (2) 0.002-0.5 2.002 (8) 0.01 256 0.016
Cefoxitin — 0.016-32 2.03 (8) 1.0 1,024 1
Cefmetazole 128 1.0 (2) 0.125-8 2.03 (8) 0.3 256 0.5

“ MIC was determined as the concentration which inhibited cell growth in BHI broth without vancomycin. At the MIC, the OD values were less than 0.008 for all

B-lactam antibiotics.

® The minimum or maximum FIC and the vancomycin concentration (in micrograms per milliliter) of the culture that recorded the FIC are given. The FICs were
calculated as (MIC of vancomycin in combination with a B-lactam)/(MIC of vancomycin alone) + (MIC of a B-lactam in combination with vancomycin)/(MIC of a

B-lactam alone).

¢ OCA was defined as the concentration of B-lactam that allowed maximum growth of Mu3 culture in the presence of the MIC of vancomycin (4 pg/ml).

4 indifferent.
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combination is a focus of argument (9). Besides Mu3, we have
tested 20 such hetero-VRSA clinical isolates obtained from 10
hospitals in Japan for the antagonism between selected B-lac-
tam antibiotics and vancomycin: all showed antagonism OD
curves and OCAs similar to those demonstrated with Mu3 (N.
Aritaka, unpublished observation).

Currently, the mechanism for B-lactam-elicited antagonism
or the reversal of vancomycin-mediated suppression of cell
wall synthesis is unknown. These observations may indicate
existence of a novel sub-MIC effect of B-lactam antibiotics,
inducing activation of cell wall synthesis of S. aureus. It has
been demonstrated recently that B-lactams can induce expres-
sion of certain cell wall synthesis-associated genes, such as
pbp2, in S. aureus (17). Recently, we have also found that
B-lactams induce increased transcription of a response regula-
tor gene, vraR, which is considered to be at least partially
responsible for the increased vancomycin resistance in Mu3
(16). Therefore, it seems plausible to postulate that B-lactams
induce activation of cell wall synthesis of Mu3 cells. If we
consider that the induction is triggered upon saturation by
B-lactams of the intrinsic set of S. aureus penicillin-binding
proteins, the reason why OCA values are close to the MICs of
B-lactams for S. aureus type strain FDA 209P would be ex-
plained. An alternative and equally attractive explanation for
the antagonism is that B-lactams act by reducing cross-linking
of peptidoglycan of Mu3. Reduced cross-linking increases the
number of p-alanyl-p-alanine residues in the cell wall, which
serve as “false targets” of vancomycin (11). More false targets
trap and consume more vancomycin molecules within the cell
wall layers, preventing efficient access of vancomycin molecules
to their “real target,” lipid II, on the cytoplasmic membrane.

There have been many contradictory observations with re-
gard to the combination effect of vancomycin and B-lactam
against S. aureus clinical isolates, including additive and/or
synergistic effects (2, 4, 15, 18, 19, 20, 21) and antagonistic
effects (7, 9, 14; H. Hanaki, S. Ohkawa, Y. Inaba, T. Hashi-
moto, and K. Hiramatsu, Abstr. 38th Intersci. Conf. Antimi-
crob. Agents Chemother., abstr. C-132, 1998; this study). With
Mu3, both additive and antagonistic effects were seen at high
and low concentrations of B-lactams, respectively. However,
the additive concentrations (=128 wg/ml) (Table 1) are likely
difficult to achieve in patients for most of the tested B-lactam
antibiotics. The exception was ampicillin, which is known to
have relatively high antimicrobial activity against MRSA
among extant B-lactam antibiotics as long as B-lactamase is
countered (1, 3). (Ampicillin per se has potent activity against
Mu3, because it does not produce penicillinase.) In terms of
clinical application, however, both the additive and antagonis-
tic ranges of concentration of ampicillin are achievable in pa-
tients for various time periods, which makes the prediction of
the clinical effect of the combination difficult. We are con-
cerned, therefore, that B-lactam antibiotics may not provide a
significant advantage in combination with vancomycin against
Mu3-like hetero-VRSA strains.
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