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An in vitro model was used to compare the effects of linezolid, clindamycin, and penicillin, alone and in
combination, on streptococcal pyrogenic exotoxin A (SPE A) release against virulent group A streptococci
(GAS). All regimens exhibited lower (P < 0.05) SPE A release at 1 h than those with penicillin alone. Linezolid
and clindamycin, alone or in combination with penicillin, may optimize the treatment of GAS infections by
reducing bacterial burden and exotoxin release.

Management of severe infections due to Streptococcus pyo-
genes requires aggressive antibiotic treatment and supportive
measures. S. pyogenes continues to be susceptible to penicillin
and other �-lactam antibiotics. Although penicillin remains the
drug of choice for uncomplicated S. pyogenes infections, the
overall response to treatment with penicillin has decreased and
can be associated with high morbidity and mortality (4, 5, 17,
18). Clindamycin, whether used in monotherapy or in combi-
nation with antimicrobial agents, has been shown to be bene-
ficial in in vitro evaluations and in the clinical treatment of
invasive S. pyogenes infections (5, 11, 18). Linezolid is active
against S. pyogenes and is similar to clindamycin in that it
inhibits protein synthesis by binding to the 50S ribosomal sub-
unit and exhibits a relatively long postantibiotic effect (3, 22,
23). In an effort to characterize the effects of antimicrobial
agents on bacterial killing and the exotoxin release of S. pyo-
genes, we simulated regimens of linezolid, penicillin, and clin-
damycin, alone and in combination, by using an in vitro model.

A known streptococcal pyrogenic exotoxin A (SPE A)-pro-
ducing S. pyogenes isolate (MGAS166; hereafter referred to as
166) and its hypervirulent mutant (MGAS2616; hereafter re-
ferred to as 2616) were acquired from Cary Engleberg at the
University of Michigan (Ann Arbor, Mich.) (8, 13). Suscepti-
bility testing was determined by broth microdilution according
to NCCLS guidelines (14).

Todd-Hewitt broth supplemented with 0.5% yeast extract
(Difco Laboratories, Detroit, Mich.) was utilized for imple-
mentation of the previously described in vitro pharmacody-
namic models (2). Simulated regimens included linezolid
(Pharmacia, Kalamazoo, Mich.) at 600 mg every 12 h, clinda-
mycin (Sigma Chemical Co., St. Louis, Mo.) at 900 mg every
8 h, and penicillin G (Sigma Chemical Co.) at 4,000,000 U
every 4 h. In addition, combinations of penicillin and clinda-

mycin, penicillin and linezolid, and clindamycin and linezolid
were evaluated. A peristaltic pump (Masterflex; Cole-Parmer
Instrument Company, Chicago, Ill.) was used to simulate the
half-lives of linezolid (6 h), clindamycin (3 h), and penicillin G
(1 h). For the combination regimens, an additional supplemen-
tal compartment was used to compensate for different half-
lives (1). Growth control simulations were performed at the
shortest half-life of the tested antimicrobial agents (1 h). Each
model was placed in a water bath and maintained at 37°C for
the entire 24-h study period. Model experiments were per-
formed in duplicate to ensure reproducibility.

Samples were obtained at 0, 0.5, 2, 4, 8, and 24 h for bacterial
quantification and antibiotic concentrations. Bacteria were
quantified by plating serial saline dilutions of samples onto
tryptic soy agar with 5% sheep blood (Difco Laboratories),
followed by overnight incubation. Antimicrobial carryover was
minimized with serial dilutions. Concentrations of linezolid
were determined by a validated high-performance liquid chro-
matography assay. The standards ranged from 0.5 to 30 mg/ml,
and the intraday coefficient of variation percentages across all
standards were 1.04 to 4.39%. Concentrations of penicillin G
and clindamycin were determined by microbioassay with Ba-
cillus subtilis ATCC 6633 and Micrococcus luteus ATCC 9341,
respectively (2). Correlation coefficients for both assays were
�0.95, and the intraday coefficient of variation percentage was
less than 6.25% across all standards. The lower limits of de-
tection for the microbioassays were 0.0625 �g/ml. Additional
samples were drawn from the model at 0, 1, and 6 h for SPE A
quantification. SPE A was measured by an enzyme-linked im-
munosorbent assay technique previously described by K. Miwa
of Pioneering Research Laboratories, Toray Industries, Inc.
(Otsu, Shiga, Japan) (12). Optical density demonstrated a lin-
ear relationship (r � 0.999), with standard concentrations of 0
to 800 pg/ml and a lower limit of detection of 1.40 pg/ml.
Changes in log10 CFU per milliliter and in SPE A concentra-
tions (picograms per milliliter) for each simulation were com-
pared by using one-way analysis of variance with Tukey’s
posthoc test. A P value of �0.05 was considered significant.

Linezolid, clindamycin, and penicillin MICs for strains 166
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and 2616 were 2.0 and 1.0, 0.125 and 0.125, and 0.008 and 0.008
�g/ml, respectively. Regimen simulations were within 10% of
target concentrations and half-lives. Figure 1 portrays the ac-
tivity of all regimens against strains 166 and 2616, respectively.
Against strain 166, the time to 99.9% kill (3-log reduction in
CFU per milliliter) was achieved within 6 h for penicillin alone,
8 h for penicillin-containing combinations, and 24 h for the
linezolid-clindamycin combination. A 2- to 2.5-log reduction in
CFU per milliliter was achieved within 24 h by linezolid and
clindamycin alone. Against strain 2616, penicillin alone
achieved 99.9% kill within 4 h and reached the limit of detec-
tion by 8 h. All other regimens achieved 99.9% kill by 24 h. No
regrowth was observed.

Figure 2 portrays the SPE A quantification results for S.

pyogenes 166 and 2616, respectively. Clindamycin (2.00 and
1.40 pg/ml), linezolid (1.40 and 1.40 pg/ml), penicillin-clinda-
mycin (1.40 and 1.40 pg/ml), penicillin-linezolid (4.41 and
2.57), and linezolid-clindamycin (1.61 and 1.40 pg/ml) each
displayed significantly (P � 0.05) lower SPE A levels at 1 h
than penicillin (14.23 and 12.11 pg/ml) against both study iso-
lates (166 and 2616, respectively). All antibiotics, alone and in
combination, displayed significantly lower (P � 0.05) SPE A
levels at 6 h (1.40 pg/ml) than the growth control (�18,000
pg/ml). Standard deviations for all quantified samples were
�2.3 pg/ml.

Numerous in vitro and in vivo studies have investigated the
efficacy of clindamycin in the treatment of group A strepto-
coccus infections (5, 15, 18, 20, 21). Stevens et al. investigated

FIG. 1. In vitro pharmacodynamic activity of study antimicrobial regimens against S. pyogenes 166 (A) and 2616 (B). Since no statistically
significant differences were observed between growth controls that were run at the three drug elimination rates, the growth curve for the fastest
elimination rate (1 h) is depicted for each respective study isolate. GC, growth control (F); P, penicillin (E); C, clindamycin (ƒ); L, linezolid (�);
P/C, penicillin plus clindamycin (�); P/L, penicillin plus linezolid (■ ); L/C or C/L, linezolid plus clindamycin (�).
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the relative efficacies of penicillin, clindamycin, and erythro-
mycin in a mouse model of myositis due to S. pyogenes (19).
They suggested that the enhanced efficacy of clindamycin could
be related to several inherent properties, including activity
unaffected by inoculum size or growth stage, a long postantibi-
otic effect, and the inhibition of S. pyogenes virulence factors,
particularly M protein (19). M proteins contribute to exotoxin
release and resistance to opsonization and subsequent phago-
cytosis (7, 10, 16, 18). Furthermore, Gemmell et al. have de-
termined that, in the presence of varying concentrations of
clindamycin and linezolid, enhanced opsonization and phago-
cytosis of S. pyogenes are seen (5, 6).

In our experiments, clindamycin and linezolid displayed less

antibacterial activity than penicillin; however, these experi-
ments were conducted in an in vitro model and the effect of
polymorphonuclear lymphocytes and macrophages could not
be evaluated. In vivo, the bacterial susceptibility of protein
synthesis inhibitors such as clindamycin and linezolid is im-
proved due to the increased phagocytosis (5, 6). Combination
regimens exhibited similar or enhanced bacterial density re-
ductions compared to the most active respective monoregi-
mens. The slow bactericidal activity seen with the penicillin
combination regimens compared to that seen with penicillin
alone may be due to the inhibition of synthesis of penicillin
binding proteins by the protein synthesis inhibitors linezolid
and clindamycin (20, 24). No antagonism was observed with

FIG. 2. SPE A quantification (pg/ml) with S. pyogenes 166 (A) and 2616 (B). GC, growth control; P, penicillin; C, clindamycin; L, linezolid; P/C,
penicillin plus clindamycin; P/L, penicillin plus linezolid; L/C, linezolid plus clindamycin. The lower limit of this assay was 1.4 pg/ml.

1754 NOTES ANTIMICROB. AGENTS CHEMOTHER.



these regimens. The effect of staggered dosing administration
times with combination regimens was not tested in these ex-
periments. This might have an impact on the release of SPE A
and should be evaluated in future studies.

This study was unique in that we utilized in vitro models to
quantify SPE A levels in relation to antimicrobial therapy and
included linezolid simulations (2, 9). As opposed to the utili-
zation of fixed concentrations in traditional time-kill experi-
ments, these models permit us to characterize SPE A release in
response to changing antimicrobial concentrations according
to population pharmacokinetics. We were able to demonstrate
significant decreases in SPE A production at 1 h for all regi-
mens containing clindamycin or linezolid compared to that for
penicillin alone, despite their respective contrast in the bacte-
rial kill. In conclusion, our study demonstrated that clindamy-
cin and linezolid, alone and in combination with penicillin,
significantly reduce the early release of SPE A. The treatment
of necrotizing fasciitis and streptococcal toxic shock due to
group A streptococci with linezolid and clindamycin, alone or
in combination with penicillin, may optimize the treatment of
these severe and acute infections.
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