
Human Cathelicidin LL-37 Resistance and Increased Daptomycin MIC
in Methicillin-Resistant Staphylococcus aureus Strain USA600 (ST45)
Are Associated with Increased Mortality in a Hospital Setting

George Sakoulas,a Kripa Guram,a Katherine Reyes,b Victor Nizet,a Marcus Zervosb

University of California San Diego School of Medicine, La Jolla, California, USAa; Henry Ford Hospital, Wayne State University School of Medicine, Detroit, Michigan, USAb

Bacteremia caused by methicillin-resistant Staphylococcus aureus (MRSA) USA600 has been associated with increased patient
mortality. We found that USA600 MRSA exhibited significantly increased resistance to human cathelicidin LL-37 killing and
daptomycin MIC creep compared to non-USA600 MRSA. Virulent health care-associated MRSA strains may coevolve innate
host defense peptide and antibiotic resistances.

Methicillin-resistant Staphylococcus aureus (MRSA) is respon-
sible for 10,000 to 20,000 annual deaths in the United States

and is no longer confined to the health care setting (1). While
USA100 is the most common health care-associated MRSA geno-
type and USA300 predominates in community-onset infections,
considerable overlap is emerging (2). In addition, significant dif-
ferences in local epidemiology complicate the attempt to general-
ize recommendations for therapy. For example, a gradual increase
in the central tendency of vancomycin MICs (MIC creep) is rec-
ognized in some centers as a predictor of vancomycin treatment
failure, but it is not seen in other hospitals. Such local differences
are often lost in large susceptibility analyses (3). Furthermore,
some hospitals report specific clones that are associated with
worse patient outcomes.

To initiate a study of the fundamental biological differences of
problematic MRSA clones at specific hospitals, we focused on
USA600 MRSA at Henry Ford Hospital, a tertiary 800-bed hospi-
tal in Detroit, MI. In a prior study, the USA600 MRSA lineage was
a significant independent risk factor for vancomycin treatment
failure in bacteremia, with a mortality rate of 60%, compared to
20% with USA100 MRSA (4, 5). Interestingly, these strains
showed 53% heteroresistance to vancomycin (heteroresistant
vancomycin-intermediate S. aureus [hVISA]), a rate much higher
than that previously reported for MRSA, yet only 25% of patients
had received vancomycin in the previous 90 days (5). This led us to
pursue the possibility that resistance to a host immune defense
factor was increased in USA600 MRSA compared to that of non-
USA600 MRSA bloodstream isolates from the same hospital.

Sixty-eight MRSA clinical bloodstream isolates (45 USA600
and 23 non-USA600 isolates consisting of the USA100 and
USA300 strains) were subjected in duplicate to 90-min in vitro
killing assays (6) with 16 �M human cathelicidin LL-37, a critical
antimicrobial host defense peptide produced by phagocytic and
epithelial cells (7, 8). The assays were performed by K. Guram,
who was blinded to all genotypic, susceptibility, and clinical data
surrounding the isolates that were previously determined by the
Detroit investigators (4, 5).

Figure 1A displays bacterial survival stratified by USA600 ver-
sus other MRSA (consisting of the USA100 and USA300 lineages),
noting a highly significant increased resistance to LL-37 killing of
the USA600 strain (P � 0.001). Stratification by individual USA
types showed significant increased resistance to killing of USA600

by LL-37 compared individually to the USA100 (P � 0.021) and
USA300 (P � 0.017) strains (see Fig. S1A in the supplemental
material).

We previously reported cross-susceptibility between daptomy-
cin and thrombin-induced platelet microbicidal proteins (tPMP),
another class of cationic defense peptides (9, 10). A similar rela-
tionship was noted with the current MRSA collection and LL-37.
Figure 1B shows the percent survival in LL-37 assays of 46 MRSA
isolates with daptomycin MIC data (Etest) from the prior study
stratified by daptomycin MIC (�0.5 versus �0.5 mg/liter), as de-
termined by Etest (4, 5). MRSA isolates with a daptomycin MIC of
�0.5 mg/liter were significantly more susceptible to killing by
LL-37 than were those with MICs of �0.5 mg/liter (P � 0.001).

Given the above findings, we hypothesized that a trend toward
a higher daptomycin MIC may be present in USA600 MRSA than
in non-USA600 MRSA. Figure 1C demonstrates a notable upward
shift in the daptomycin MIC in USA600 MRSA, as the daptomy-
cin MIC90 of non-USA600 MRSA was 0.5 mg/liter, whereas the
modal daptomycin MIC for USA600 MRSA was 0.75 mg/liter.

Our finding that USA600 MRSA was more resistant to killing
by LL-37 than USA300 and USA100 MRSA prompted us to exam-
ine whether the LL-37 resistance phenotype might translate di-
rectly to important metrics of clinical outcome: patient mortality
and bacteremia duration. We stratified the bacteremia durations
of �4 days versus �4 days based on our prior data showing this to
be a critical marker for patient outcome (11). Focusing on the
USA600 cohort in order to eliminate clonal type as a variable, we
found no statistically significant relationship between patient
mortality or bacteremia duration and resistance to killing by
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LL-37 (see Fig. S1B and C, respectively, in the supplemental ma-
terial).

Recent data have demonstrated that antibiotic resistance in S.
aureus is intimately intertwined with resistance to endogenous
cationic host defense peptides produced by the innate immune
system in these ways: (i) vancomycin selection pressure on MRSA
in vitro and in vivo results in resistance to tPMP killing (12), (ii)
the loss of daptomycin susceptibility in MRSA is accompanied by
an increased cationic host defense peptide resistance phenotype
(10), (iii) reduced tPMP killing is observed among MRSA isolates
from daptomycin-naive patients with a daptomycin MIC of 1 mg/
liter versus those with an MIC of �0.5 mg/liter (9), and (iv) dap-
tomycin-nonsusceptible S. aureus emerges in vivo in the absence
of any administered antibiotics, presumably under selection pres-
sure by innate host defense peptides (13).

While several studies have examined the impact of vancomycin
MICs on clinical outcome in S. aureus bacteremia (14, 15), data
are limited on examinations of the impact of resistance to host
defense peptides on outcomes. Recent findings that susceptibility
to vancomycin has an influence even on the outcomes of methi-
cillin-susceptible S. aureus (MSSA) bacteremia treated with �-lac-
tams strongly suggests that an elevated vancomycin MIC can be a
marker of a more broadly encompassing virulence property of
these strains (15), such as antimicrobial peptide resistance, and
that coresistance to innate host defense peptides may be a direct
factor influencing treatment outcome in S. aureus bacteremia.
Supporting evidence of this is found in unpublished data from our
laboratory of LL-37 killing assays (64 �M) performed against
random samples of VISA (n � 5), hVISA (n � 6), and MRSA
(n � 6) bloodstream isolates showing significantly increased
resistance to LL-37 killing among VISA isolates (G. Sakoulas,
unpublished observations).

To determine if poor response to antimicrobial therapy and
increased mortality associated with specific clonal lineages can be
explained by resistance to killing by host defense peptides, like
LL-37, we focused on USA600 MRSA bloodstream isolates and
compared their susceptibility to killing by the cationic host de-
fense peptide human cathelicidin, LL-37, to those of USA100 and
USA300 MRSA bloodstream isolates from a single hospital, in
which USA600 was a strong predictor of mortality. LL-37 was
chosen due to increased appreciation of its importance in patient
survival from infection among hemodialysis patients, who are

particularly vulnerable to invasive S. aureus disease (16). The re-
sults observed in this subset of MRSA bloodstream isolates suggest
that higher mortality may be related to increased resistance to
killing by LL-37. Interestingly, this phenotype also confers an in-
creased trend in daptomycin MIC, suggesting that these high-risk
MRSA isolates may have already begun on the path toward resis-
tance to antimicrobial therapy. Our attempts to further link this
phenotype directly to patient outcome were unsuccessful, as we
found no statistically significant relationship between patient all-
cause mortality and bacteremia duration; this suggests that other
factors may be more important in driving individual patient out-
come in S. aureus bacteremia.

Despite the limitation of being a single-center study, the data
from this study suggest that predominant health care-associated
clones at different hospitals warrant a careful examination as to
how they differ not only with respect to their MICs to vancomycin
and daptomycin but also in their innate host defense peptides. We
anticipate that reduced susceptibility to host defense peptide kill-
ing may be a fitness property common to health care-associated
MRSA isolates that, in addition to host comorbidities, contributes
to higher mortality of MRSA bacteremia in these settings (17).
Emerging evidence exists that reduced susceptibility to host de-
fense peptides may be a feature of other S. aureus clones (e.g.,
clonal complex 30 [CC30]) associated with adverse outcomes
(18–20). What will be more challenging but important to deter-
mine is whether bacterial resistance to host defense peptides is
being driven by patient exposure to multiple antibiotics, which
itself poses an additional risk of adverse consequences to patients
(21), or if these clones have intrinsic differences that render them
a selective advantage in the antibiotic-selective health care setting.
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FIG 1 LL-37 (16 �M) killing of MRSA bloodstream isolates at 90 min, stratified by USA600 versus other MRSA isolates (A) or daptomycin MIC (B). USA600
was more resistant to killing (P � 0.0001, Mann-Whitney U test), and MRSA isolates with a daptomycin MIC of �0.5 were significantly more resistant to killing
(P � 0.001, Mann-Whitney U test). (C) Daptomycin MIC distribution of MRSA bloodstream isolates demonstrating an increased MIC distribution among
USA600 versus other MRSA strains (P � 0.01, Mann-Whitney U test). Horizontal lines denote the mean value for the population.
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