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INTRODUCTION

Patients with cystic fibrosis (CF) invariably suffer from serial respiratory tract infections.

Staphylococcus aureus is an important pathogen in this setting (1), and is frequently isolated

from patients with CF early in life and can chronically infect or colonize the lungs of these

patients (2). In the US, S. aureus is the most prevalent respiratory pathogen among children

with CF; in 2011, according to the Cystic Fibrosis Foundation Patient Registry, the overall

S. aureus prevalence in CF patient airways was 68% (3). In particular, the prevalence of

methicillin-resistant S. aureus (MRSA) in children with CF increased dramatically from 2%

in 2001 to 26% in 2011 (3). This increase in MRSA has paralleled the emergence in the late

1990’s of community-associated (CA) MRSA strains among the general population in the

US and elsewhere (4). CA-MRSA strains are genetically distinct from healthcare-associated

(HA)-MRSA, and one distinguishing feature is the staphylococcal cassette chromosome mec

(SCCmec); to date, eleven SCCmec types have been recognized (5, 6). SCCmec types IV

and V are primarily associated with CA-MRSA isolates, while SCCmec types I, II and III

characterize HA-MRSA. Airways of patients with CF were previously dominated by HA-

MRSA strains (22). Most recently, reports in children have noted the dominance of CA-

MRSA strain types in CF patients with newly acquired MRSA (7).

Studies of the microbiology of patients with CF have largely focused on the epidemiology of

Pseudomonas aeruginosa airway infection (8). It has been proposed that once colonized
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with P. aeruginosa, patients remain chronically colonized with the same strain type (9).

However, it has also been demonstrated that novel strain types may emerge subsequent to

periods of antibiotic therapy (9, 10). Similarly, once detected in the respiratory tract of CF

patients, MRSA will most likely persist in the airways and be repeatedly isolated from

sputum samples (11, 12). CF patients infected with MRSA have more rapid decline in their

lung function (as determined by FEV1% predicted), fail to recover lung function following

an acute pulmonary exacerbation, receive more courses of intravenous (IV) antibiotic

therapy, and have poorer growth and worse survival (13–17).

Data are lacking regarding molecular characterization of MRSA isolates recovered from

serial respiratory specimens from CF patients, including characterization of strain variation,

factors influencing strain variation, and whether strain variation influences clinical outcome.

We demonstrated in a previous analysis (18) that the majority of recurrent MRSA skin

infections in healthy children are caused by identical strain types. In the present study, we

analyzed isolates of MRSA recovered from serial respiratory cultures from CF patients,

using repetitive-sequence polymerase chain reaction (repPCR) to interrogate strain

relatedness. Our objective was to determine whether MRSA strains repeatedly isolated from

individual CF patients were identical over time or represented acquisition of new strains. We

also investigated potential clinical and epidemiological factors contributing to strain

variability within an individual patient.

MATERIALS AND METHODS

Study Design

We conducted a retrospective review of all children up to 18 years of age with CF from

whom MRSA was isolated from ≥2 respiratory cultures between January 1, 2005 and

December 31, 2011. At St. Louis Children’s Hospital (SLCH), CF patients present for

quarterly routine outpatient visits in addition to medical care for acute pulmonary

exacerbations. At these visits, sputum specimens (or deep throat swabs from patients too

young to expectorate) and pulmonary function tests are obtained. Cases were identified

based on the presence of an MRSA isolate recovered from the respiratory tract. Cultures

were defined as “acute” if obtained during presentation with acute pulmonary symptoms or a

change in health status (e.g., antibiotics were prescribed by their medical provider).

“Surveillance” cultures were those collected at routine visits when patients were not

considered acutely ill, and antibiotics were not prescribed following their visit. Specimen

sources included sputum, deep throat swabs, tracheal aspirate and broncheoalveolar lavage.

Each 2 consecutive cultures from an individual patient comprised a “pair.” Data collection

focused on patient demographics, characterization of illness and hospitalization, time

between episodes, and antibiotics prescribed. In addition, pulmonary function tests were

reviewed in association with each culture and compared to relatedness of strains. The

Washington University Human Research Protection Office approved the study procedures.

Microbiology and Molecular Characterization of Isolates

The SLCH microbiology laboratory routinely banks MRSA isolates recovered from the

airways of patients with CF. These isolates were retrieved for the purposes of this study.
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Antibiotic susceptibility data were retrieved from the medical record. High-level mupirocin

resistance was detected using a 200-µg mupirocin disk (Oxoid Microbiology Products,

Hampshire, UK) in accordance with Clinical and Laboratory Standards Institute guidelines

(19).

RepPCR was performed on all MRSA isolates to determine relatedness of strains within

individual patients using the Diversilab Bacterial Barcodes system (bioMerieux, Durham,

NC) as previously described (20, 21). A pair of isolates were considered to be identical if

their similarity index (SI) was ≥95%. SCCmec characterization was performed using a

multiplex PCR assay that detects and differentiates SCCmec types I–V as previously

described (5).

Data Analysis

Variables were compared by Fisher’s exact test or chi-square test (categorical) and Mann-

Whitney U test (continuous). P-values ≤0.05 were considered significant. Data analysis was

performed using SPSS for Windows version 19.0 (IBM SPSS, Chicago, Illinois).

Additionally, we analyzed effects of similar strain types on FEV1% predicted using a mixed

random effects model, where similarity was a fixed effect and study subject was random

(Mixed Procedure, SAS 9.3, SAS Institute, Cary, NC).

RESULTS

Patient Demographics and Culture Characteristics

We identified 54 CF patients with serial MRSA cultures. More than half (n=29; 54%) were

female (Table 1); all were Caucasian and the median age at first positive MRSA culture

during the study period was 12.5 years (range 11 days–18 years). The ΔF508 allele was

present in 43 of 45 patients (96%) with available genotype; of those, 30 (70%) patients were

homozygous and 13 (30%) were heterozygous for the ΔF508 mutation. There were 31

(57%) patients with 2 cultures, 15 (28%) with 3, 4 (7%) with 4, 3 (6%) with 5, and 1 (2%)

with 7 cultures, totaling 145 respiratory cultures and 91 pairs of MRSA isolates. Of the 145

cultures, 71 (49%) were surveillance cultures and 74 (51%) were acute cultures. Thirty-eight

(70%) patients had at least one acute culture during the study period. The median interval

between positive cultures was 310 days (range 8–1573 days). Antibiotic resistance profiles

demonstrated that 97.2% of isolates were resistant to erythromycin, 62.1% to clindamycin,

3.5% to trimethoprim-sulfamethoxazole, and 1.4% to mupirocin.

Strain Typing Data by RepPCR and SCCmec

Overall, 5 strain types were detected by repPCR in our CF population (each strain type

representing 53%, 30%, 12%, 4% and 1% of the MRSA isolates, respectively). Forty-five

patients maintained the same strain type at all samplings and 9 patients acquired at least one

distinct strain type over time as determined by repPCR. A total of 91 pairs were analyzed for

strain relatedness. Of these, 81 (89%) pairs were identical strain types and 10 (11%) pairs

were distinct strain types. Characteristics of patients who maintained identical strain times

over time compared to those who acquired distinct strain types did not differ (Table 1).

Table 2 demonstrates characteristics of the culture pairs comprised of identical and distinct
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strain types. Interval duration between positive cultures ranged from 8 to 1573 days (median

316 days) for identical pairs and 91 to 623 days (median 291 days) for distinct pairs

(p=0.61). Prescription of antibiotics effective against MRSA for the first culture in a pair

was not associated with acquisition of a distinct strain type (13% vs. 9% not prescribed

antibiotics; p=0.74). Considering the clinical scenario at the time cultures were obtained,

strain relatedness was similar in pairs of acute cultures (11% distinct), pairs of surveillance

cultures (12% distinct) and pairs comprising 1 acute and 1 surveillance culture (10%

distinct; p=0.96). Patients with a negative culture between a pair of positive MRSA cultures

were more likely to be infected with a distinct strain type at the subsequent episode,

although this did not reach statistical significance (20% vs. 8%; p=0.13).

More than half (n = 87; 60%) of patients with MRSA isolated from the respiratory tract had

at least one concomitant pathogen isolated. These pathogens included P. aeruginosa (n = 44;

30%), Aspergillus spp. (n = 17; 12%), Haemophilus influenzae (n = 16; 11%),

Achromobacter xylosoxidans (n = 7; 5%), Burkholderia cepacia complex (n = 5; 3%), and

others (n = 20; 14%: Streptococcus pneumoniae, Group A β-hemolytic Streptococcus,

Chrysobacterium sp., Flavobacterium sp., Klebsiella oxytoca, Stenotrophomonas

maltophilia, Citrobacter freundii, methicillin-susceptible S. aureus, Pantoea agglomerans,

Escherichia coli, Serratia sp., Mycobacterium abscessus, and viruses). Acute MRSA

cultures were more likely to be accompanied by P. aeruginosa (39%) than surveillance

MRSA cultures (21%; p=0.03).

As acquisition of a unique strain type could correlate with a change in pulmonary status,

pulmonary function test results were reviewed for each culture and compared to strain

relatedness. There was not a significant difference in the rate of decline in FEV1% predicted

between patients having similar strain types (least square mean 0.52, standard error [SE] =

1.9) and those with distinct strain types (least square mean 2.54, SE = 4.1; p=0.66).

However, episodes with concomitant pathogens had lower median FEV1% predicted [53

(range 17–138)] than episodes without concomitant pathogens [71 (range 23–144);

p=0.006].

SCCmec typing revealed that 117 (83%) isolates contained SCCmec type II, 24 isolates

(17%) possessed SCCmec type IV, and the SCCmec type of the other 4 isolates was not

resolvable with our assay. In our cohort, isolates containing SCCmec type IV were first

isolated in the year 2006 (Figure). SCCmec type II isolates were resistant to a greater

number of antimicrobials compared to SCCmec type IV strains (Table 3). The 2 mupirocin-

resistant isolates (recovered from the same patient) carried SCCmec type II (Table 3). Of

note, 93% of SCCmec type II strains were clindamycin resistant, compared to 21% of

SCCmec type IV strains (p < 0.001). As expected, MRSA culture pairs distinct by repPCR

were more likely to have discordant SCCmec types than pairs identical by repPCR (50% vs.

6%; p=0.001) (Table 2). The discordance or concordance in SCCmec types of strains within

a pair had no effect on the rate of decline in FEV1% predicted (p=0.57) (Table 4).
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DISCUSSION

In this study, we describe the epidemiology and genetic background of MRSA in the

population of a pediatric tertiary CF center over a 7-year period. The majority of CF patients

with recurrent MRSA isolates recovered from the respiratory tract carried identical strain

types longitudinally. Despite differences in the clinical status of CF patients harboring

MRSA in the airway (acute pulmonary exacerbation vs. routine surveillance), an

individual’s strain type generally remained constant over time. When antibiotics were

prescribed for the first culture in a pair, no effect was observed on strain relatedness of the

subsequent MRSA isolate. These results suggest that even with courses of antibiotic therapy,

MRSA strains are not eradicated from the airways of CF patients.

The majority of MRSA isolates recovered from our patient population were characteristic of

the predominant HA-MRSA clone (SCCmec type II), although we found that CA-MRSA

(SCCmec type IV) has become more prevalent in CF patients in recent years. This is

consistent with data reported from other CF centers collected between 2001–2007 in which

20% to 33% of MRSA isolates contained SCCmec type IV (7, 22–24). In healthcare settings

worldwide, CA-MRSA strains are emerging as a significant cause of nosocomial infection,

overtaking traditional HA-MRSA strains (4), resulting in hospital outbreaks in a variety of

adult and pediatric healthcare settings (25–31). This influx of CA-MRSA into the hospitals

is especially concerning for the CF population, as this vulnerable population is often

exposed to antibiotics. While CA-MRSA strains have traditionally been less resistant to non-

β-lactam antibiotics compared with HA-MRSA strains, this selective pressure may result in

emergence of, or selection for, multidrug resistance in an already virulent staphylococcal

strain (4).

To date, few studies have assessed the molecular epidemiology of repeated MRSA strains

isolated from the airways of CF patients over time (22, 24, 32). Consistent with our findings,

a study in the US comparing the molecular epidemiology of MRSA isolated from children

with CF to healthy individuals over one year (2004–2005) employing multilocus sequence

typing (MLST) and SCCmec typing methods found that 65% of CF patients harbored one

specific clonal complex (CC), namely CC5, and contained SCCmec type II, while 89% of

infections in non-CF children were due to CC8 MRSA isolates that contained SCCmec type

IV (22). Cocchi et al., analyzed MRSA strains isolated from CF patients among 9 CF centers

in Italy during a 2-year period (2004–2005) using MLST and SCCmec typing. Of 178

MRSA strains identified, 98 isolates belonged to known epidemic lineages. The largest

clone was ST8-MRSA-IV which accounted for 29 strains collected from 6 different centers.

SCCmec types I, II or III were found in 55% of the MRSA isolates, while 31% carried

SCCmec type IV (32).

Conflicting evidence exists regarding the effect of antibiotics on the epidemiology of

bacterial strains harbored by CF patients. While little is known about MRSA in particular, a

study investigating P. aeruginosa in CF patients found that the emergence of distinct strains

in the same CF patient was often associated with courses of antibiotic therapy (10). In a

European study (33), stringent infection control and limited courses of IV antipseudomonal

antibiotics were associated with maintaining a consistent strain type over time. Interestingly,
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at another CF center where less infection control measures were implemented, more courses

of IV antipseudomonal chemotherapy were prescribed, and a broader armamentarium of

antipseudomonal agents were used, strain replacement by 2 new predominant strain types

occurred (33). These findings suggest that implementing infection control measures to

prevent transmission between patients, while also limiting the spectrum and frequency of

antipseudomonal antibiotics prescribed, modifies the epidemiology of chronic P. aeruginosa

infections in CF patients.

In 2003, the US Cystic Fibrosis Foundation (CFF) and the Society for Healthcare

Epidemiology of America (SHEA) published comprehensive infection control guidelines for

CF patients, aiming to limit transmission of antibiotic-resistant pathogens (34). The

guidelines recommend contact precautions for all CF patients infected or colonized with

such resistant organisms and encourage improved respiratory and hand hygiene and

appropriate cleaning of equipment and environmental surfaces. These guidelines have led to

an ongoing clinical trial (clinicaltrials.gov identifier NCT01349192) for CF patients with

recent MRSA acquisition, evaluating an eradication protocol including oral antimicrobials,

nasal mupirocin, topical chlorhexidine body washes, and environmental decontamination.

Our data demonstrate that once a particular MRSA strain is isolated from the respiratory

tract of a patient with CF, this strain type will most likely persist for a long period of time,

even in the setting of intermittent antibiotic therapy. It is postulated that S. aureus employs a

number of adaptive strategies in order to chronically persist in the biofilm of the CF lung,

which may manifest as modulation of expression of genes associated with metabolism and

virulence, conversion to small-colony variants, and acquisition or induction of antimicrobial

resistance (35–38). Each of these phenotypic and genetic changes are complex biological

phenomenon and appropriate for entire review articles on their own. However, specifically,

the phenotype of S. aureus known as “small colony variants,” slowly-growing, often

antibiotic resistant strains, have been associated with increased severity of lung disease in

CF patients (39). These isolates can be difficult to detect in clinical cultures and it is thought

that this adaptation facilities the persistence of these organisms in the hostile environment of

the CF lung, especially in the context of ongoing antimicrobial therapy. The sustained

presence of MRSA strain types despite intermittent antibiotic therapy supports this theory.

Our study is limited by its retrospective study design, such that data regarding clinical

response and adherence to antibiotic therapy were not available. In addition, our data were

collected from a single center, and thus the generalizability of our results may be limited.

However, we were able to analyze a large collection of MRSA isolates from a unique patient

population using two molecular methods over an extended period of time. In addition,

microbiologic data were linked to patients’ clinical characteristics.

In conclusion, while the majority of MRSA strains carried by CF patients were traditional

HA-MRSA strains, contemporary CA-MRSA strains were detected more frequently in

recent years, a trend likely to continue. This study demonstrates that MRSA isolated from

CF airways largely reflects the persistence of the same strain type over time. As antibiotics

do not appear to influence strain persistence, future studies are needed to focus on

prevention of acquisition rather than eradication of persistent MRSA.
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Figure.
SCCmec types of 141 MRSA isolates from 54 CF patients from St. Louis Children’s

Hospital during a 7-year period. SCCmec type IV strains are emerging in this population.
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Table 1

Characteristics of the 54 Cystic Fibrosis patients who maintained identical MRSA strain types over time

compared to those who acquired distinct MRSA strains

Patient Characteristics Total
N=54 (%)

Distinct
N=9 (%)

Identical
N=45 (%)

p

Female 29 (54) 3 (33) 26 (58) 0.28

Age, years, median [range] 12.5 [0.03–18] 12.9 [2–18] 12.4 [0.03–18] 0.47

CFTR mutation ΔF508 genotype a (N=45) 43/45 (93) 7/7 (100) 36/38 (92) 1.00

Number of cultures, median [range] 2 [2–7] 2 [2–5] 2 [2–7] 0.75

a
Includes both heterozygous (n=13) and homozygous (n=30) ΔF508 mutation CFTR mutations
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Table 2

Characteristics of MRSA culture pairs with identical and distinct MRSA strains

Pair Characteristics Total
N=91 (%)

Distinct
N=10 (%)

Identical
N=81 (%)

p

Interval between infections, days, median [range] 310 [8–1573] 291 [91–623] 316 [8–1573] 0.61

Antibiotic effect

  Antibiotic effective against 1st culture in pair 48 (53) 6 (60) 42 (52) 0.74

  Antibiotic ineffective against 1st culture in pair or no antibiotic prescribed 43 (47) 4 (40) 39 (48)

Clinical presentation

  2 acute cultures 28 (31) 3 (30) 25 (31) 0.96

  2 surveillance cultures 33 (36) 4 (40) 29 (36)

  1 acute and 1 surveillance culture 30 (33) 3 (30) 27 (33)

Negative MRSA culture between pair

  Yes 25 (27) 5 (50) 20 (25) 0.13

  No 66 (73) 5 (50) 61 (75)

SCCmec type

  Different 10 (11) 5 (50) 5 (6) 0.001

  Same 81 (89) 5 (50) 76 (94)
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Table 3

Characteristics and Antibiotic Resistance Profiles for SCCmec Types Among MRSA Isolates in Children with

Cystic Fibrosis

Antimicrobial agenta Prevalence of resistance among MRSA strains

MRSA Total
N = 141 (%)

SCCmec II
N=117 (%)

SCCmec IV
N=24 (%)

p

Clindamycinb (N=141) 114 (81) 109 (93) 5 (21) <0.001

Erythromycin (N=141) 137 (97) 115 (98) 22 (92) 0.134

Trimethoprim-Sulfamethoxazole (N=138) 5 (4) 5 (4) 0 (0) 1.00

Rifampin (N=113) 9 (8) 9 (8) 0 (0) 1.00

Tetracycline (N=113) 6 (5) 6 (6) 0 (0) 1.00

Mupirocin (N=141) 2 (1) 2 (2) 0 (0) 1.00

a
No linezolid resistance detected

b
Includes inducible resistance
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Table 4

Change in FEV1% Predicted by Discordance of SCCmec Type of Paired Isolates

SCCmec Type of 1st

Isolate in Pair
SCCmec Type of 2nd

Isolate in Pair
Number of Pairs Change in FEV1%

Predicted
(Least Square Mean,

Standard Error)

SCCmec II SCCmec II 67 decline 0.84, 2.0

SCCmec II SCCmec IV 8 decline 0.57, 5.7

SCCmec IV SCCmec II 2 decline 7.5, 10.7

SCCmec IV SCCmec IV 10 increase 2.6, 5.7
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