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Hospital-acquired pneumonia represents one of the most difficult treatment challenges in infectious diseases.

Many studies suggest that the timely administration of appropriate, pathogen-directed therapy can be

lifesaving. Because results of culture and antimicrobial susceptibility testing can take 48 h or longer, physicians

currently rely on clinical, epidemiological, and demographic factors to assist with the choice of empiric therapy

for antibiotic-resistant pathogens. At present, a number of rapid molecular tests are being developed that

identify pathogens and the presence of genetic determinants of antimicrobial resistance (eg, GeneXpert

[Cepheid], ResPlex [Qiagen], FilmArray [Idaho Technologies], and Microarray [Check-Points]). In this review,

the potential impact that molecular diagnostics has to identify and characterize pathogens that cause hospital-

acquired bacterial pneumonia at an early stage is examined. In addition, a perspective on a novel technology,

polymerase chain reaction followed by electrospray ionization mass spectrometry, is presented, and its

prospective use in the diagnosis of pneumonia is also discussed. The complexities of the pulmonary microbiome

represent a novel challenge to clinicians, but many questions still remain even as these technologies improve.

THE DIFFICULTIES OF TREATING

HOSPITAL-ACQUIRED PNEUMONIA

Acute bacterial pneumonia in hospitalized patients re-

mains one of the most serious infections that physicians

treat. Hospital-acquired pneumonia (HAP) is the sec-

ond most common nosocomial infection and accounts

for �25% of all infections in the intensive care unit.

According to the American Thoracic Society (ATS) and

Infectious Diseases Society of America (IDSA), HAP

occurs at a rate of 5–10 cases per 1,000 hospital ad-

missions, with the incidence increasing by as much as 6–

20-fold among mechanically ventilated patients [1].

Although the incidence of HAP varies depending on

how each study defines this entity, ATS estimates that

HAP accounts for .50% of the antibiotics prescribed

[1–4]. Despite significant advances in antimicrobial

chemotherapy (ie, the introduction of very potent an-

tibiotics), patient support services, and radiological

imaging, HAP still carries considerable morbidity and

mortality (range, 25%–50%), and approximately one-

half of all HAP-related deaths are directly attributable to

pneumonia [2–4]. The microbiological identification of

the pathogen lies at the center of this problem.

Physicians struggle to determine the true microbial

etiology of HAP, especially in patients hospitalized for

.7 days (ie, late onset HAP). Conventional diagnosis is

based on microbial culture, a time-consuming and often

times an inaccurate process. Clinicians rely on sputum

samples obtained at the bedside, endotracheal aspirates,

or quantitative cultures obtained by protected specimen

brush or by bronchoalveolar lavage [1]. Even after
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culture data are known, physicians are uncertain about the cause

of the disease. Are the pathogens colonizers or causing infection?

How does one best decide in the presence of fever, infiltrate, and

leukocytosis? To illustrate, Streptococcus pneumoniae can be

cultured from the upper respiratory tract in up to 68% of

children and 15% of adults in the absence of respiratory tract

infection [5]. Clinicians recognize that the outcome of pneu-

monia depends on the complex interplay of factors such as (1)

delay in antimicrobial therapy (a major risk factor in mortality);

(2) diversity of the patient population; (3) comorbidities and

immune status of the host; (4) virulence of the bacteria causing

the infection; (5) inflammatory responses in the lung; and (6)

the concomitant presence of a viral pathogen [6–11]. The

choice, timing, duration, and activity of antibiotics (ie, process

of care) also significantly impact the outcome of patients being

treated for pneumonia [12]. Correctly identifying and appro-

priately treating HAP is essential, as mortality is high and there is

an association between successful outcome and the adequacy of

therapy [4, 12]. Studies show that failing to deliver appropriate,

pathogen-directed therapy for pneumonia in a timely manner

results in high morbidity and mortality [7].

Risk factors that clinicians should consider when suspecting

antibiotic-resistant or multidrug-resistant (MDR) pathogens

that cause HAP are summarized in Table 1 [1, 4]. In the case of

HAP, MDR pathogens are defined as bacteria that are resistant to

>3 different classes of antibiotics [1]. The antibiotics that are

usually recommended for the empiric treatment of HAP when

resistant Gram-negative pathogens are suspected include ure-

idopenicillins (piperacillin), extended-spectrum cephalosporins

(eg, ceftazidime or cefepime), aminoglycosides (gentamicin,

tobramycin, or amikacin), antipseudomonal quinolones

(ciprofloxacin or levofloxacin), b-lactam/b-lactamase inhibitor

combinations (eg, piperacillin/tazobactam), and carbapenems

(imipenem, meropenem, or doripenem). If methicillin-resistant

Staphylococcus aureus (MRSA) is suspected, then linezolid or

vancomycin can be used [4]. Despite our best efforts at

understanding the mechanism of action and appropriate use of

these agents, questions still remain as to which is the best empiric

antibiotic or best empiric combination of antibiotics for treat-

ment. The reason for this uncertainty largely depends on the

identity and resistance phenotype of the pathogen. At best,

clinicians can predict the pathogens causing HAP 80%–90% of

the time [4].

Recently, the IDSA highlighted a group of drug-resistant

pathogens that impact the choice of therapy. These so-called

ESKAPE pathogens, represented by Enterococcus faecium,

S. aureus, Klebsiella pneumoniae, Acinetobacter baumannii,

Pseudomonas aeruginosa, and Enterobacter spp., are major

problems in U.S. hospitals [13–15]. In general, clinicians be-

come very concerned when faced with ESKAPE pathogens as the

cause of HAP because treatment options can be limited due to

antibiotic resistance. In the case of K. pneumoniae and Escher-

ichia coli, the fear of resistance to extended-spectrum cepha-

losporins as a result of production of extended-spectrum

b-lactamases (ESBLs) or by expression of a plasmid or chro-

mosomally encoded AmpC cephalosporinase requires that

clinicians use carbapenems if a b-lactam regimen is considered

[16, 17]. Regrettably, even the use of carbapenems is threatened

by the emergence of carbapenem resistance mediated by loss

of outer membrane proteins (porins), efflux pumps, or carba-

penemases [18]. These carbapenemases undermine even these

last-line agents [19–26]. In these extreme cases, physicians use

polymyxins (ie, polymyxin B or colistin) in desperation [27–31].

For staphylococci, resistance to all b-lactams as a result of the

MRSA phenotype limits therapy to vancomycin or linezolid

(daptomycin, tigecycline, and streptogramins are not approved

for the treatment of HAP due to MRSA). The appearance of

S. aureus with intermediate susceptibility to vancomycin [32] or

full resistance to vancomycin is manifested by the acquisition of

the same genetic elements that are responsible for the vanco-

mycin-resistant phenotype in the Enterococcus spp. (VanA or

VanB) and is an emerging threat [33–37]. Recently, resistance

even to linezolid has been reported [38–48]. Therefore, real-time

assessment of these resistant pathogens is urgently needed [49].

A RATIONALE FOR RAPID DIAGNOSIS

Given these considerations, the rapid determination of the

bacterial etiology of HAP is critical. Despite the enormous

clinical challenges that are present, the development and

Table 1. Risk Factors for Antibiotic-Resistant Pathogens in
Hospital-Acquired Pneumonia

Risk factors

Antimicrobial therapy in preceding 90 d

Extremes of age (,2 years old or .65 years old)

Alcohol use

Previous (,90 d) or current (.2 d) hospitalization

High frequency of antibiotic resistance in the hospital unit or com-
munity

Day care or long-term care

Home antibiotic therapy

Chronic dialysis within 30 d

Home wound care

Family member infected with multidrug-resistant pathogen

Immunosuppressive disease and/or therapy

Entotracheal intubation

High gastric pH

Co-existing cardiac pulmonary or renal insufficiency

Postoperative care (and age .70 years) after abdominal or thoracic
surgery

Dependant functional status
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optimization of a quick molecular assay that can be performed

on properly obtained lower respiratory tract samples offers the

opportunity for increased sensitivity and specificity of the di-

agnosis and improved outcomes. To achieve this goal, the di-

agnostic method must employ robust technology that provides

highly accurate and reproducible pathogen detection in an assay

format that is easy to perform in a routine clinical laboratory.

Automated systems that are used to identify microorganisms

cultured from respiratory tract samples were introduced into

clinical microbiology laboratories in the 1970s [50]. Currently,

clinical laboratories use the MicroScan WalkAway (Siemens

Healthcare Diagnostics), the VITEK 1 and VITEK 2 Advanced

Expert system (bioMérieux), and the Phoenix Automated Mi-

crobiology system (BD Diagnostic Systems). Automated sus-

ceptibility testing systems can require at least 48 h to yield

a result. Unfortunately, these conventional methods can also be

inaccurate when testing susceptibility to certain antibiotics [51–

54]. This inaccuracy can have serious implications on the

interpretation of susceptibility tests [55, 56]. Select examples

of this are (1) detection of carbapenem resistance mediated

by Klebsiella pneumoniae carbapenemases (KPCs) [19]; (2) ESBL

and cephalosporinase detection [55, 57–59]; and (3) testing of

some b-lactams against P. aeruginosa [54].

In response to this problem, a number of molecular assays are

being developed to decrease the detection time of pathogens.

The basis for most molecular assays includes polymerase chain

reaction (PCR, which amplifies DNA) or reverse-transcription

PCR (RT-PCR) and nucleic-acid-sequence-based amplification.

Many molecular assays target the bacterial DNA of 16S ribo-

somal RNA (rRNA) genes or 16S–23S rRNA gene spacer regions

[60]. These DNA segments contain variable ribosomal coding

sequences that confer genus and species information and are

used to identify bacteria. Moreover, variable sequences are

flanked by highly conserved DNA that permit universal ampli-

fication of the targets, utilizing a limited primer set. The basis of

these nucleic-acid-based assays requires the genes and/or

products sought to be unique, so the probe used for detection

must be sensitive and specific and the specimen needs to possess

a sufficient number of bacteria. A list of the methods to be

discussed herein is offered in Table 2.

Thus far, most of the development has focused on detecting

S. aureus, especially MRSA. Representative assays to detect

MRSA include the GeneXpert system (Cepheid), AccuProbe

(Gen-Probe), the GeneOhm MRSA assay (Becton-Dickinson),

the StaphPlex and ResPlex systems (Qiagen), the Light Cycler

(Roche), matrix-assisted laser desorption ionization time-of-

flight (MALDI-TOF) mass spectrometry (MS), and FilmArray

systems (Idaho Technologies). The most recent molecular assay

to be introduced is the T5000 Biosensor and the next-generation

PLEX-ID Biosensor (Ibis Biosciences, a subsidiary of Abbott

Molecular, Inc.). The platform in the T5000 and PLEX-ID

combines PCR with highly accurate electrospay ionizatiion mass

spectrometry (PCR/ESI-MS) to detect species-specific ampli-

cons [61–64] (Figure 1).

RAPID MOLECULAR METHODS

GeneXpert
Cepheid’s GeneXpert system can detect MRSA from an isolated

colony in a little less than 1 h. This is an automated microfluidic

procedure that depends on real-time PCR [65, 66]. In the

original study by Huletsky et al [65], a real-time PCR assay was

first developed to target DNA sequences in the region of orfX

where the staphylococcal cassette chromosome mec (SCCmec)

integrates into the S. aureus chromosome [67, 68]. In 2007,

a new real-time PCR MRSA assay that also targeted DNA se-

quences in the chromosomal orfX-SCCmec junction became

available [66]. With this latter assay, GeneXpert exhibited sen-

sitivities of 95% and 97% for detecting MRSA from nasal and

groin/perineum specimens, respectively. A recent multicenter

study showed that the GeneXpert system yielded a sensitivity

and specificity of 94.3% and 93.2%, respectively, when com-

pared with CHROMagar MRSA plates [69]. The GeneXpert

system has now advanced to detect S. aureus in blood cultures

[70] and wound swabs [71, 72]. To date, there are no reports yet

of the use of this method in the diagnosis of MRSA pneumonia.

AccuProbe
AccuProbe (Gen-Probe) uses a chemiluminescent DNA probe to

detect the rRNA and nucleic acids of the target organisms. This

nucleic acid hybridization assay is based on the ability of com-

plementary nucleic acid strands to come together to form stable

double-stranded complexes. The use of multicopy rRNA as the

target molecule also increases the sensitivity and specificity of the

assay. At present, many products and applications are available for

clinical use, such as AccuProbe assays for human immunodefi-

ciency virus and hepatitis C virus identification and quantification

and detection assays for Chlamydophila pneumoniae, Neisseria

gonorrhoeae, group B streptococci, Listeria monocytogenes, and

Campylobacter spp. (see http://www.gen-probe.com). With regard

to respiratory tract infections, assays for identification of influenza

A virus, influenza B virus, parainfluenza viruses, human meta-

pneumovirus, respiratory syncytial virus, fungi (Blastomyces

dermatitidis, Coccidioides immitis, and Histoplasma capsulatum),

mycobacteria, group A streptococci, S. pneumoniae, S. aureus,

Legionella spp., Mycoplasma spp., Chlamydophila spp., and Hae-

mophilus influenzae type B are commercially available, but not in

the United States.

In contrast to the GeneXpert system, AccuProbe can be used

to readily identify S. aureus, S. pneumoniae, Mycoplasma pneu-

moniae, and Legionella pneumophila in respiratory tract samples

from patients with pneumonia. In the case of S. aureus, the
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sensitivity and specificity of the AccuProbe system are reported

as 100% and 96%, respectively. In addition, there is good

agreement between quantitative cultures and probes in 96.3% of

cases. With the AccuProbe assay, there may be some difficulties

in diagnosing infection with atypical pneumococci with sputum

samples compared with diagnosis using PCR for the pneumo-

lysin gene, but these setbacks are uncommon [73–76].

BD GeneOhm StaphSR and BD GeneOhm MRSA Assays
The BD GeneOhm MRSA assay (Becton-Dickinson) is a quali-

tative in vitro diagnostic test for the rapid detection of MRSA.

The assay can be performed in ,2 h (in many instances, it can

be performed in 1.5 h) and can also be performed directly from

clinical specimens [77–79]. In principle, these assays use rapid

nucleic acid tests to differentiate between coagulase-negative

Table 2. Summary of Selected Molecular Diagnostic Tests Discussed Here and Their Applications

Commercial

kit/molecular

assay (manufacturer) Advantages

Application to bacterial

pneumonia and/or

point-of-care testing

GeneXpert
System
(Cepheid)

Detects MRSA in 1 h
in blood cultures and
wound swabs

Undetermined

AccuProbe
(Gen-Probe)

Detects Staphylococcus
aureus, Streptococcus
pneumoniae, Mycoplasma
pneumoniae, and Legionella
pneumophila

Mostly for point-of-care
L. pneumophila testing

GeneOhm
(Becton-Dickinson)

Detects MRSA, MSSA, and
CoNS

Undetermined

ResPlex and StaphPlex
(Qiagen)

Detects S. pneumoniae,
Neisseria meningitidis,
Haemophilus influenzae,
L. pneumophila, M. pneumoniae,
Chlamydophila pneumonia, and
S.aureus

Yes, but large clinical trials
are needed for point-of-care
S. aureus testing

Light Cycler
(Roche)

Detects MRSA Undetermined

MALDI-TOF MS/Autoflex II
(Bruker Daltonic)

Protein-based assays with broad
microbiological applicability

Undetermined

FilmArray systems
(Idaho Technologies)

Detects Bortedella pertussis,
L. pneumophila, C. pneumoniae,
and M. pneumoniae

Undetermined

Check KPC/ESBL microarray
(Check-Points)

Detects b-lactamase resistance genes
conferring resistance to cephalosporins
and carbapenems in 7–8 h

Undetermined

T5000 and PLEX-ID
PCR/ESI-MS Biosensors
(Abbott Molecular, Inc.)

Multiple species detected and typed
and resistance genes mapped (gyrA, parC,
mecA, and blaKPC)

Undetermined

NOTE. CoNS, coagulase-negative staphylococci; ESBL, extended-spectrum b-lactamase; KPC, Klebsiella pneumoniae carbapenemase; MALDI-TOF MS,

matrix-assisted laser desorption ionization time-of-flight mass spectrometry; MRSA, methicillin-resistant S. aureus; MSSA, methicillin-susceptible S. aureus; PCR/

ESI-MS, polymerase chain reaction followed by electrospray ionization mass spectrometry.

Figure 1. T5000 biosensor (A) and PLEX-ID biosensor and (B) (Ibis Biosciences, a subsidiary of Abbott Molecular, Inc.).
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staphylococci, methicillin-susceptible S. aureus (MSSA), and

MRSA. Similar to GeneXpert, the assay uses a multiplex real-

time PCR method to amplify a specific target sequence of S.

aureus near the SCCmec insertion site and the orfX junction gene

[65]. The assay works well in a low-prevalence setting to detect

MRSA from nasal, skin, and throat samples [80]. The ability of

this assay to detect MRSA in all situations is still under evalu-

ation [81]. In one study, the assay failed to detect the pre-

dominant Australian nosocomial clone (AUS2/3 clone; strain

type 239-MRSA-III) and a community-acquired clone prevalent

in eastern Australia (South West Pacific clone; strain type 30-

MRSA-IV) [82]. Nevertheless, the ability to differentiate

bloodstream infection caused by MSSA and MRSA from that

caused by other Gram-positive cocci is a major advantage [83].

Although reports have been published regarding the ability of

this test to detect MRSA in nasal and groin samples [71, 72],

studies are still needed to determine and validate whether this

assay is effective in the diagnosis of MRSA pneumonia.

ResPlex and StaphPlex
Using microarray technology, Qiagen developed a series of

assays—the ResPlex and StaphPlex panels. These panels in-

corporate multiplex PCR reactions that allow parallel detection

of bacterial and viral targets in a single reaction (hence, they

are called microarrays). The ResPlex assay amplifies and

detects gene-specific DNA sequences for S. pneumoniae (lytA),

Neisseria meningitidis (ctrA), encapsulated or nonencapsulated

H. influenzae (bexA and ompP2), L. pneumophila (mip), M.

pneumoniae (adenosine triphosphatase), and C. pneumoniae

(ompA) [84, 85]. The StaphPlex panel allows identification

of MRSA by amplifying and detecting 18 gene targets simulta-

neously [86]. These primers target information-rich genes in

staphylococci such as tuf for coagulase-negative staphylococci,

nuc for S. aureus, Panton-Valentine leukocidin (PVL) genes, and

antimicrobial resistance determinants of staphylococci (mecA,

SCCmecI-IV, aacA, ermA, ermB, tetM, and tetK) [86]. A similar

system was developed and used to screen for MRSA in nasal

swabs [87]. While the StaphPlex offers more robust features, the

ResPlex assay has clear potential to be used in the determination

of the etiology of HAP [88].

Roche LightCycler MRSA and SeptiFast MecA Tests
The LightCycler MRSA Advanced test (Roche) is a qualitative in

vitro diagnostic test for the direct detection of nasal colonization

by MRSA to aid in the prevention and control of MRSA in-

fections in health care settings. The test is performed on the

LightCycler 2.0 instrument with nasal swab specimens from

patients. The method uses swab extraction and mechanical lysis

for specimen preparation, followed by PCR for the amplification

of MRSA DNA and fluorogenic target-specific hybridization

probes for the detection of the amplified DNA. The LightCycler

MRSA Advanced test is designated for nasal specimens, and the

LightCycler SeptiFast MecA test is used for detection of MRSA

in bloodstream infections.

Originally, a 188-bp fragment within the mecA gene and

a 178-bp fragment within the S. aureus–specific Sa442 gene were

used for amplification. In the current version of this test, part of

the ITS region (internal transcribed spacer between 16S and 23S

gene) is targeted [89]. The LightCycler MRSA Advanced test

(nasal detection) is designed to aid in the prevention and control

of MRSA infections in health-care settings. The SeptiFast test

may be useful in determining bloodstream infections due to

MRSA. Recent evidence indicates that the latter test may prove

better than the conventional test currently performed in the

laboratory in cases of infective endocarditis in patients treated

with antibiotics before admission [90]. To date, the application

of these methods to determine whether MRSA is the causative

agent of pneumonia is still forthcoming.

MALDI-TOF MS
MALDI-TOF MS is a protein/peptide-based diagnostic MS

method that can be used to assist with the rapid and accurate

identification of pathogens [91–93]. Because this method suc-

cessfully detects pathogens in blood cultures (in the best set of

analyses where 125 Gram-negative isolates were tested, there was

correct identification in 94%), there is hope that it can be ap-

plied to HAP. In a recent article in Clinical Infectious Diseases

[93], >1,600 clinical isolates were studied, and identification by

MALDI-TOF MS was compared with that by conventional cul-

ture methods (ie, Gram stain and Vitek or Analytical Profile

Index testing). MALDI-TOF MS demonstrated a sensitivity of

95% and specificity of 84.1% of the samples at the species level.

Seng and colleagues [93] found that it takes �6 min per isolate

for identification, and the cost is 22%–32% less than that of

current methods of identification. In most cases, absence of

identification or erroneous identification was due to construc-

tion of a less complete database (MALDI-TOF MS requires �10

reference samples in the database to be accurate). When the

investigators looked at the actual performance of MALDI-TOF

MS compared with that of conventional methods, MALDI-TOF

MS required less investment of time and energy, was also highly

specific, and did not increase the cost of identifying pathogens.

So far, MALDI-TOF has not been tested as a detector of

pathogens in sputum or as a point-of-care diagnostic instrument.

An interesting feature of MALDI-TOF MS is its ability to

identify PVL [91]. However, limitations to MALDI-TOF

MS exist. The large number of different staphylococci—either

S. aureus or coagulase-negative staphylococi—interferes with

the sensitivity and specificity of this assay [92, 93]. Moreover, the

identification of viridans streptococci also presents significant

problems. More relevant to the application in HAP is the clear

limitation of MALDI-TOF MS in correctly identifying a mixture
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of species. In the study by La Scola and Raoult [92], when

a mixture of pathogens was presented, only 1 species was cor-

rectly identified, and false identification occurred. The perfor-

mance characteristics of MALDI-TOF MS will have to be

carefully monitored because sputum samples from patients with

HAP can have staphylococci, streptococci, and a mixture of

Gram-negative organisms.

Molecular Beacons
Molecular beacons are single-stranded oligonucleotide hybrid-

ization probes that form a hairpin-type stem-and-loop struc-

ture. As single-stranded probes, molecular beacons are

extraordinarily sensitive and specific and are suitable for single-

nucleotide allele discrimination. The target sequence is recog-

nized by the sequence in the loop; the stem is formed by the

annealing of complementary arm sequences that are located on

either side of the probe sequence. A quencher is covalently linked

to the end of one arm, and a fluorophore is covalently linked to

the end of the other arm. In free solution, the molecular beacon

does not emit light because the quencher is in proximity to the

fluorophore. However, when they hybridize to a nucleic acid

strand containing a target sequence, the fluorphore and

quencher are separated, resulting in bright fluorescence. Thus,

molecular beacons are considered to be molecular switches that

turn on when on their target and are off when in solution.

Molecular beacons have now been designed for the identifi-

cation of .110 different pathogens. Chakravorty et al [60] re-

cently developed mismatch-tolerant molecular beacons. These

so-called sloppy beacons enhance the diagnostic potential of the

assay by allowing less stringent detection of the molecular target

and present an important advance. The major bacterial patho-

gens (ie, S. aureus, S. pneumoniae, and P. aeruginosa) are de-

tected with this method.

In clinical specimens, S. pneumoniae (lytA gene), H. influenzae

(16S rRNA), M. pneumoniae (16S rRNA), C. pneumoniae (16S

rRNA), L. pneumophila (mip gene), and Streptococcus pyogenes

(16S rRNA) are readily detected by molecular beacons [94]. The

reported sensitivity and specificity of this real-time PCR assay

relative to conventional cultures were 96.2% and 93.2% for

S. pneumoniae, 95.8% and 95.4% for H. influenzae, and 100%

and 100% for S. pyogenes, respectively. Clinical experience with

molecular beacons to detect resistant pathogens is still required

in cases of HAP.

FilmArray System
Idaho Technology is developing the FilmArray system to assist in

rapid molecular diagnostics. The FilmArray system is based on

microfluidics technology and promises to identify >30 pathogens

in �60 min. This method combines RT-PCR with a uniquely

designed lab-in-a-pouch system: a benchtop instrument performs

all the steps of the assay in an automated fashion, from nucleic

acid extraction to nested multiplex PCR and data analysis. By

using nested multiplex PCR, the targeting of conserved house-

keeping genes can accurately detect bacteria. The completely

automated assay takes ,60 min to run.

Primers are designed to be broad-range and are based on

alignments of housekeeping gene targets (ie, rpoB, gyrB, and

ompA). These outer primers target their domains by use of de-

generate nucleotides to provide cross-species recognition. Next,

species-specific inner primers are created and are placed in lo-

cations where the 3# end includes a characteristic nucleic acid

signature that is conserved among isolates of the same, but not

different, species. Currently, the FilmArray system detects the

following bacterial species in respiratory tract samples: Borde-

tella pertussis, C. pneumoniae, and M. pneumoniae. A wider

clinical application of this technology is still forthcoming

(hence, there have been no studies published on the use of this

technology to detect resistant Gram-negative bacteria). This

approach comprises a potential point-of-care diagnostic tool

because the support system to perform these assays is readily

mobile and inexpensive.

Microarray Technologies Detecting b-Lactamases
As shown above, microarrays possess a high multiplexing ca-

pacity and can be used for detecting an unlimited number of

genes within a reaction mixture. Recently, microarrays have

been applied to detect different b-lactamase (bla) genes that are

present in an isolate. The Check-Points Check KPC/ESBL mi-

croarray system uses a method called multiplex ligation detection

reaction. In brief, a series of specially designed DNA probes are

used that assist with PCR amplification. Next, the PCR products

are detected by hybridization to a low-density DNA microarray.

When there is hybridization, detection is accomplished using

a biotin label incorporated in one of the PCR primers. Although

this method does not identify the pathogen at the source of the

infection (ie, it cannot yet be used as a point-of-care test or for

a clinical specimen), this microarray can assist clinicians in di-

recting specific antimicrobial therapy once the resistance back-

ground of the pathogen is determined. Moreover, the assay takes

7–8 hours (1 typical working day). Endimiani and colleagues

[95] evaluated the ability of this microarray system in the de-

tection and identification of bla genes belonging to the TEM,

SHV, CTX-M, and KPC b-lactamases. This group reported

a sensitivity and specificity of 96.4%–100% when the test was

performed in a blinded fashion on previously characterized

isolates. In a complementary analysis performed by Naas et al

[96], Check KPC/ESBL microarray was also used prospectively

on clinical samples obtained directly from the microbiology

laboratory collected in a 3-month period and demonstrated

a similar sensitivity and specificity (up to 100%). Currently, this

assay is being further evaluated to detect other b-lactamase genes

such as plasmid-mediated AmpCs and NDM-1 metallo-
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b-lactamase. To date, the use of this assay in assisting with an-

tibiotic choices in cases of HAP due to antibiotic-resistant gram-

negative pathogens remains to be studied.

PCR Followed by ElectroSpray Ionization MS (PCR/ESI-MS)
PCR/ESI-MS uses a rapid and highly accurate multilocus se-

quencing typing (MLST) method that allows (1) identification

of a very wide and diverse range of pathogens; (2) determination

of their genetic relatedness (clonality) compared with other

analyzed strains; (3) identification of virulence factors; and (4)

determination of resistance genotypes [62].

PCR/ESI-MS employs a robust bioinformatics infrastructure

that contains comprehensive gene sequence data [63, 64, 97].

With this database, multiple PCR amplification primers are de-

signed to amplify selected areas of the bacterial genome. These

PCR primers are broad-range and target ribosomal subunits (ri-

bosomal primers; 16S and 23S), unique housekeeping genes, or

other signature sequences from bacteria. In addition, by selecting

regions of variability, the primers yield 60–140-bp amplification

products that are information-rich. Next, the amplified double-

stranded DNA is desalted and heated to separate the strands, and

each strand is injected into a highly accurate mass spectrometer.

The mass of the single-stranded DNA is determined in 30 seconds.

An accurate sequence analysis is deduced from the mass of the

nucleotides and the DNA sequence is unambiguously determined

and compared with known DNA sequences that are present in

microbial genomes (http://www.ncbi.nlm.nih.gov/genomes/

lproks.cgi). When primers are strategically designed, �6 PCR

reactions and gene sequences (http://www.ncbi.nlm.nih.gov) can

identify almost all bacteria at a species level [98].

By means of a mathematical process called triangulation,

microorganisms with specific DNA sequences are further dis-

tinguished using precise DNA sequence information. An added

advantage to this approach is that primers can be designed to

also identify previously unknown members of a species—this

capability was demonstrated in the recent influenza pandemic

[61]. Information from several PCR/ESI-MS reactions triangu-

lates the identities of the organisms that are present. None of the

primers are designed to be specific for any one microorganism,

but instead the primers are designed to cover many pathogens

by use of a nested-coverage approach. This enables identification

of any bacterial species and even previously unknown organisms

with a single test [99–103].

Clinical Experience With PCR/ESI-MS
The first early study with the T5000 (Ibis Biosciences) involved an

outbreak of respiratory tract infection among recruits at a military

base in San Diego, California, during the years 2002–2003. Ecker

and colleagues [98] used the T5000 platform to identify the re-

sponsible pathogens and to determine the pathogen-strain ge-

notype. Hundreds of recruits became ill; 160 patients in this

outbreak were hospitalized, and 1 death was reported. By using

specific primers targeted to 23S ribosomal DNA, 3 predominant

pathogens were identified: H. influenzae, N. meningititis, and

S. pyogenes in throat swab samples (note that in this study,

isolates were examined from pure culture as well as from direct

throat swabs). Interestingly, the investigators did not detect

S. pneumoniae. This was a proof-of-concept study; PCR/ESI-MS

was able to diagnose multiple pathogens causing respiratory tract

infections.

Can one detect genes that confer resistance to antibiotics, and

can one perform epidemiological analyses with PCR/ESI-MS?

For this application, the target genes amplified by PCR/ESI-MS

need to be specific (unique), possess genetic uniformity, and be

conserved. So far, this has been applied to gyrA, parC, mecA, and

blaKPC. In a study designed to test this notion in ciprofloxacin-

resistant A. baumannii, performed by Hujer et al [104], 6 primer

pairs for conserved genes that encode amino acids in the qui-

nolone-resistance-determining regions of gyrA and parC of A.

baumannii were evaluated. The primers used were able to

identify mutations detected by PCR/ESI-MS in gyrA and parC.

This PCR/ESI-MS analysis accurately correlated with suscepti-

bility testing and sequencing results. Recently, Endimiani et al

[105] used this approach to detect the carbapenemase gene,

blaKPC, in K. pneumoniae with a high degree of sensitivity

(100%) and specificity (100%).

Wolk et al [106], identified the presence of the mecA gene and

showed very good correlation with the identification of the

MRSA phenotype. Furthermore, the identification of toxin

genes (ie, PVL and Toxic Shock Syndrome Toxin-1, TSST-1) by

PCR/ESI-MS correlated with independent PCR analyses for the

presence of these genes. Significantly, isolates were also correctly

classified into genotypic groups that correlated with genetic

clonal complexes, repetitive-element-based PCR patterns, or

pulsed-field gel electrophoresis (PFGE) types [107]. These ex-

amples show that this diagnostic approach (ie, pathogen and

resistance gene identification) could be applied to HAP.

Can this technology determine genetic relatedness? Can we

use PCR/ESI-MS to track the clonal expansion of a particular

strain type during a specific epidemic? This approach was re-

ported as successful in the analysis of S. pyogenes affecting mil-

itary recruits [98]; the identical streptococcal genotype was

found in almost all of the samples tested. In a study performed

with Acinetobacter spp., Ecker and colleagues studied 267 Aci-

netobacter spp. (216 clinical isolates and 51 reference strains)

[108]. In this collection, 47 different A. baumannii strain types

were identified. PCR/ESI-MS proved to be a significant advance

compared with Multi Locus Sequence Typing (MLST), as the

former was able to provide a real-time surveillance capability

with assay results available in ,6 h. A subsequent study by Hujer

et al [104], using Acinetobacter spp.isolates obtained from the

Walter Reed Army Medical Center, revealed that 16 different

clonal types were present in that collection (8 major clone types).
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Many of the same strain types (eg, ST10, ST11, and ST14) were

present in the analysis by Ecker et al [108]. Interestingly, one of

these strain types (ST11) was also responsible for a case of oc-

cupational transmission of A. baumannii [109] to a nurse. So far,

the distribution of strain types between military and civilian

hospitals is different [110]. This understanding may change as

more outbreaks are analyzed. In Ohio, Perez et al [111] showed

that the T5000 biosensor was able to track an outbreak of MDR

A. baumannii infection through a health care system, identify the

main strain types (ST10 and ST12), and link the Ohio strain

types to the European clone II.

Jacobs and colleagues [112] showed that PCR/ESI-MS could

also be used to characterize S. pneumoniae isolates from serogroup

6. In this study, PCR/ESI-MS was employed to perform MLST

analysis and distinguish the distribution and the origin of serotype

6C strains. Recently, Endimiani and colleagues [39] studied clonal

complexes among linezolid-resistant isolates of S. aureus. The

linezolid-resistant isolates of S. aureus were found to be grouped

as part of clonal complex 5; USA 100 and USA 800 strain types

were detected by PFGE, and ST5 was detected by MLST.

The early clinical experience with PCR/ESI-MS in the de-

tection of S. pyogenes, S. pneumoniae, S. aureus, A. baumannii,

and P. aeruginosa is promising. PCR/ESI-MS can also assist in

the choice of targeted therapy by identifying genes that can

confer resistance to antibiotics and can help determine the

clonal relatedness of strains—an additional feature that can

enhance infection control practices.

Can PCR/ESI-MS be applied to sputum samples? In one case,

a sputum sample from a patient with cystic fibrosis was studied,

and the T5000 detected P. aeruginosa plus multiple other

potential bacterial pathogens (Chlamydophila spp., S. aureus,

S. pneumoniae, and Streptomyces rimosus) [62].

WHAT DOES THIS ALL MEAN FOR US?

These technologies offer the promise of dramatically improving

our ability to identify bacterial pathogens in respiratory tract

specimens with much needed sensitivity. These data from such

enhanced applications (ie, Check-Points or T5000 and PLEX-

ID, among others) can also be electronically integrated into

shared molecular databases. Clinicians and epidemiologists can

access such databases to ascertain local, regional, national, and

international trends. This likely will come forth as a major fea-

ture of the next-generation instruments.

Yet we must keep in mind that these new tools will not

guarantee that we will always get the best samples to analyze

or make correct antibiotic choices. Microbial recognition by

highly sensitive rapid diagnostic methods such as these will

still require good samples. Clinicians will still face difficult

questions about the meaning of these results. Most relevant

to the methods that detect nucleic acids is the question, does

finding DNA have the same impact as recovering living

pathogens? In addition, the extreme sensitivity of these as-

says (1 colony-forming unit) may result in simultaneous

detection of multiple pathogens from clinical specimens. If

this is true, what will be our new gold standard, and will this

information impact therapy? In short, for unparalleled ac-

curacy and sensitivity, are we replacing one level of ambi-

guity with new layers of uncertainty?

Right now, clinical trials are desperately needed to provide

evidence to help us decide which methods are the best and how to

apply this knowledge. Notwithstanding, we must also accept that

our comprehension of the microbial and metagenomic diversity

of the respiratory tract in health and disease is in its infancy. Will

we be able to use this information to help us reduce morbidity and

mortality and explain why patients fail to respond to antimicrobial

therapy for lung infections? Or will all the information obtained

by each of these methods serve to overwhelm the clinician? How

will we use biomarkers to help us decide what these pathogens

mean in HAP? The significance of finding bacterial DNA in the

absence of a positive culture in respiratory tract specimens will

surely reveal the complexities of the pulmonary microbiome. It

also indicates that we do not have a strong understanding of the

ecology of the airway and suffer from an inability to distinguish

between infecting and colonizing organisms. The new technolo-

gies reviewed here have opened novel vistas for detecting potential

pathogens. We now need to understand the clinical significance of

our newfound information. Information may be power, but we

should be careful what we wish for.
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