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Abstract

Broad-range 16S ribosomal RNA gene PCR coupled with Sanger sequencing was originally
employed by soil scientists and was subsequently adapted for clinical applications. PCR coupled
with electrospray ionization mass spectrometry has also progressed from initial applications in the
detection of organisms from environmental samples into the clinical realm and has demonstrated
promise in detection of pathogens in clinical specimens obtained from patients with suspected
infection but negative cultures. We review studies of multiplex PCR, 16S ribosomal RNA gene
PCR and sequencing and PCR coupled with electrospray ionization mass spectrometry for
detection of bacteria in specimens that were obtained from patients during or after administration
of antibiotic treatment, and examine the role of each for assisting in antimicrobial treatment and
stewardship efforts. Following an exploration of the available data in this field we discuss the
opportunities that the preliminary investigations reveal, as well as the challenges faced with
implementation of these strategies in clinical practice.
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Introduction

In the treatment of infectious diseases, specific antimicrobial therapy can be administered
when the identity of the pathogen is known. With the rising prevalence of antimicrobial
resistance, the choice of the appropriate empiric antibiotic remains difficult when patients
present with signs and symptoms of infection, yet cultures are negative.

Antibiotic pretreatment negatively impacts the likelihood of recovering viable organisms in
culture. [1,2] When patients fail to respond to empiric antimicrobial treatment initiated
without cultures for guidance, body fluids and tissue specimens subsequently obtained from
suspected sites of infection and submitted for culture are less likely to identify the bacterial
pathogen causing the infection. [3] Consequently, clinicians are commonly faced with the
dilemma of continuing or changing antimicrobial therapy in the face of negative cultures.
Finding ways to improve the detection of pathogens and discerning their potential response
to therapy remains an important, but elusive goal.

“Salvage Microbiology” is a term that originated three years ago for the application of
molecular diagnostic techniques in the detection of bacterial DNA directly from clinical
specimens submitted for culture from patients who were treated with antimicrobial therapy.
Although the term “salvage microbiology” was originally associated with the use of PCR
combined with electron-spray ionization mass spectrometry (PCR/ESI-MS), this concept
may apply to any similar application of molecular diagnostics to guide antimicrobial
treatment when cultures are negative, or are expected to be negative due to prior empiric
antimicrobial treatment. [3] Newer molecular methods that rely on nucleic acid
amplification technology (NAAT) offer a unique advantage in the detection of pathogens
collected after initiation of antimicrobial treatment. NAAT may also provide an opportunity
to target antimicrobial therapy and “salvage” both individual treatment regimens as well as
institutional antimicrobial stewardship efforts in settings with strong working collaborations
between pharmacy, microbiology and infectious disease departments. A variety of
techniques that employ NAAT offer potential applications in this setting: we review studies
of real-time multiplex PCR, 16S ribosomal RNA gene PCR and sequencing, and PCR/ESI-
MS for detection of bacteria in specimens that were obtained from patients during or after
administration of antibiotic treatment and discuss the opportunities these platforms provide
as well as the challenges facing successful implementation of these strategies moving
forward. Interference of early empiric antimicrobial treatment with culture based diagnostics
remains a common clinical conundrum, finding methods to improve the detection of
pathogens in these cases and integrating salvage microbiology diagnostic algorithms into
patient care, antimicrobial stewardship programs, and clinical microbiology laboratory
practices remains a formidable challenge.

In addition to PCR/ESI-MS, other molecular diagnostic platforms that have potential for
application in this setting include multiplex PCR as well as broad-range ribosomal RNA
gene PCR and sequencing.
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Opportunities

NAATS offer opportunities not only for detection of pathogens in specimens obtained from
patients following initiation of antibiotic treatment, but also for detection of genes associated
with specific antimicrobial resistance such as mecA in methicillin resistant Staphylococcus
aureus (MRSA), vanA and vanB in vancomycin resistant enterococcus (VRE), ampC in
plasmid mediated cephalosporin resistance in Enterobacteriaciae, as well as genetic
mechanisms of extended spectrum beta-lactamase resistance (ESBL) and carbapenem
resistance in Enterobacteriaciae (e.g., KPC, NDM, CTX-M). Detection of the presence of
organisms harboring these genes is relevant not only in diagnostic testing related to
treatment decisions for individual patients, but also screening for colonization for infection
control purposes. In this review, we will restrict our discussion to diagnostic testing related
to detection of bacterial pathogens in patients who have been treated with antibiotics prior to
diagnostic testing.

Symptoms associated with infection from viral and bacterial respiratory pathogens are
clinically indistinguishable. When patients present with suspected respiratory tract
infections, antimicrobial treatment is often administered unnecessarily for disease resulting
from viral infections, and overly broad antibiotics may be given for simple bacterial
infections that should be expected to respond to a single antibiotic. Patients are commonly
evaluated in prompt-care facilities or emergency departments that typically have a limited
array of diagnostic testing options. When outpatient diagnostic testing is not performed or
no pathogens are detected with the limited point of care diagnostic assays available, empiric
antibiotic treatment is often recommended. Clinicians must realize that the respiratory tract
is a non-sterile site. As a result, point of care (POC) diagnostics that use NAATS should
distinguish colonization versus infection. To address this, POC testing ought to only include
detection of the most common respiratory pathogens (e.g. influenza A and B, RSV,
parainfluenza) and of those the ones that are treatable.

At most tertiary hospitals and academic medical centers, the antimicrobial stewardship team
(AST) is the group charged with preventing unnecessary or excessive use of antibiotics. [4]
It has been demonstrated that ASTs alone, or in combination with rapid diagnostics, improve
inpatient outcomes compared to standard microbiology reporting. [5-7] However, since
patients with viral upper respiratory tract infections typically present to an outpatient clinic
and do not require hospitalization, most patient encounters with potential to benefit from for
the combination of molecular diagnostics and AST actually occur outside of the scope of
traditional hospital-based AST. Because of the cost of molecular testing, these cases are
rarely afforded the advantage of molecular diagnostics for detection and diagnosis of the
infectious etiology, and to date, the benefits of both antimicrobial stewardship and salvage
microbiology have only been demonstrated in the inpatient setting. [5-7]

Multiplex PCR

Multidrug resistant organisms (MDROSs) are not exclusively encountered in hospitals, and
have become common in many communities, but outpatient clinics are typically not
equipped for screening or detection of MDROs. In outpatient clinics and emergency
departments, point-of-care testing is favored because rapid diagnostics facilitate faster
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determination of patient disposition. [8] Although rapid antigen detection assays for Group
A streptococcus, pneumococcus and influenza (early in the flu season) are helpful when
positive, they will fail to detect MDROs or viral pathogens other than influenza, and are
much too limited to have a meaningful impact on antimicrobial use in a community facility.
[6,8] Multiplex PCR, which is not yet available as a point-of-care assay, is the most likely
platform to extend the salvage microbiology approach to the outpatient setting. Multiplex
PCR employs multiple primer sets within a single PCR mixture. Each primer set is specific
for DNA sequences that are unique to individual viral or bacterial species and is designed to
produce multiple amplicons of varying lengths that are readily detected based on their
differing sizes. For multiple distinct detections to occur reproducibly within a single PCR
mixture, the amplicon base pair lengths must be sufficiently unique, requiring careful
calibration to optimize the annealing temperatures for each of the primer sets in the PCR
mixture. In clinical settings, real-time detection of each amplicon is employed as opposed to
the more time and labor consuming traditional method of gel-electrophoresis.

Rapid recognition of MRSA, VRE, and ESBL positive GNB are critical for successful
antimicrobial stewardship in both inpatient and outpatient settings, but few multiplex
platforms have the capacity to identify all these MDROs with a single assay, and few
primary care physicians are trained to screen for colonization with these organisms.
Multiplex PCR platforms have the capacity to identify pathogens such as pneumococcus,
and detect the presence of antimicrobial resistance genes. [9] But recognizing the
appropriate patient for screening or interrogation will require education. The platform that
has achieved the most wide-spread acceptance in screening for MDROs is the Cepheid
GenXpert™ real-time PCR platform that has assays capable of screening for MRSA, VRE,
and CRE. [10] This assay requires minimal training, minimal sample preparation, and is
capable of producing results in 90 minutes from receipt of specimen to result report.

Intracellular and anaerobic bacteria require special media and conditions to recover viable
organisms in the laboratory. When patients are started on antibiotics before specimens are
submitted to the microbiology laboratory, recovering viable bacteria becomes even more
challenging. [1,2,11] Syndromically directed molecular diagnostic testing platforms
intended to detect DNA from the most common respiratory pathogens are well-suited for
salvage microbiology. Currently, four multiplex diagnostic platforms that employ DNA
amplification have been approved in the U.S. by the FDA for molecular detection of
respiratory pathogens: Luminex® xXTAG RVPv1 and Luminex® XTAG RVP fast (Luminex
Molecular Diagnostics, Austin, TX); FilmArray® respiratory panel (BioFire Diagnostics,
Salt Lake City, UT); eSensor® respiratory viral panel (GenMark Dx, Carlsbad, CA). All
four platforms are designed and approved for testing of nasopharyngeal (NP) swabs and
have reported specificities of >99%; of course, there are unique advantages and
disadvantages associated with each [12-14]. Among the four platforms, FilmArray could be
the most readily integrated into an outpatient salvage microbiology/antimicrobial
stewardship program due to its ease of use, minimal hands-on time, and less than 60 minutes
from start of assay to results, but its poor sensitivity for adenovirus does compromise its
appeal for this application. [15,16]
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Popowitch, et al. [16] performed a direct comparison of all four platforms on 300 NP swabs
from the 2011-2012 influenza season that had been stored at —4 °C. All four systems
performed well; with sensivities and specificities > 95%. The specificities for all four assays
were high, but the FilmArray was 100% specific for all targets (95% confidence interval =
96.2 — 100). The FilmArray, which targets 18 respiratory viral pathogens and three bacterial
pathogens, had sensitivities > 92% for all targets except influenza virus A/2009:H1N1
(73.3%), influenza B virus (77.3%), RSV A (86.4%), rhinovirus/enterovirus (83.7%), and
adenovirus (57.1%). Because of the cost associated with all of the multiplex assays,
systematic incorporation of multiplex testing into a diagnostic and treatment algorithm for
patients with signs and symptoms of respiratory tract infections would require commitment
of time and resources of an institutional antimicrobial stewardship program committed to
expanding its scope to the ambulatory setting.

16S ribosomal RNA Gene PCR and Sequencing

Bacterial ribosomes are composed of RNA and proteins. 16S ribosomal RNA (rRNA) is a
component of the small subunit of prokaryotic ribosomes, and 23S rRNA is a component of
the large subunit.[17] The genes that encode for 16S rRNA are referred to as 16S rDNA.
The 16S ribosomal RNA gene is the most extensively employed gene for bacterial
phylogenetic analysis, and 16S rDNA sequences are integral to constructing bacterial
phylogenies.[17] Because of the close association between 16S rDNA sequences and
phylogenetic classification of prokaryotic species, 16S rDNA PCR is widely accepted as an
essential molecular tool for detection and identification of bacteria in clinical and
environmental samples.

Broad-range 16S rDNA PCR has been applied in the clinical microbiology lab to facilitate
the diagnosis of infectious diseases of bacterial origin by detecting 16S rDNA sequences in
patient samples. Unlike the multiplex PCR assays discussed thus far, primers employed in
16S rDNA PCR do not target unique, species-specific DNA sequences.[18] Instead, highly-
conserved regions of the 16S rDNA are targeted with a single primer set, averting the
problem associated with conventional and multiplex PCR of correctly anticipating the
potential pathogen(s) and optimizing multiple primers.[18,19] A significant advantage of
16S rDNA PCR over multiplex-PCR is that detection of unusual, unexpected or novel
organisms is no more challenging than detection of expected or anticipated pathogens. 16S
rDNA PCR is ideally suited to testing of sterile body fluids and tissues, but is poorly suited
for analysis of respiratory specimens which typically compromise a complex mixture of
bacteria and viruses.

Unlike multiplex PCR, interpretation of the results of broad-range 16S rDNA PCR is
required. After the broad-range primers amplify a portion of the 16S rDNA genes from the
bacteria present in the specimen, the PCR product is sequenced and the result is compared to
16S rDNA sequences in public databases such as the DNA Databank of Japan (DDBJ);
European Nucleotide Archive (ENA); or GenBank (NCBI). Interpretation of the significance
of the sequences matching unusual, unexpected or novel organisms requires experience, and
should be done in collaboration between microbiologists and infectious disease clinicians.
Nonetheless, post-amplification sequencing does have the advantage of facilitating
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identification of the infecting organism, and potentially identifying unexpected or novel
organisms to the species level. Unfortunately, this enhanced detection of novel or
unexpected pathogens comes at the expense of the assay’s sensitivity. Broad-range 16S
rDNA PCR is less sensitive than a well-designed specific real-time PCR assay. [18]

The only study specifically designed to examine the salvage microbiology performance of
16S rDNA PCR was performed on heart valve tissue obtained in the operating room during
valve surgery for patients with suspected infective endocarditis (IE). [20] Voldstedlund, et
al. [20] examined the sensitivity and specificity of culture vs. 16S rDNA PCR in patients
with suspected IE, all of whom had been treated, or were being treated with antibiotics.
Broad-range 16S DNA PCR, culture, and histology were compared for heart valves from 74
IE patients. All patients were classified according to the Duke criteria for diagnosis of IE
and blood culture results served as the gold standard. [21] The sensitivity and specificity of
16S rDNA PCR was 72% and 100%, respectively, as compared to sensitivity and specificity
of 26% and 62%, respectively, for heart valve tissue culture. Examination of the dose
response relationship between antibiotic treatment and recovery of organisms by culture vs.
16S rDNA PCR revealed that the sensitivity of culture and PCR were comparable for
patients who had received less than 5 days of antibiotic treatment prior to surgery. In
contrast, for patients who were treated for more than 5 days, the sensitivity of valve culture
was significantly lower than the sensitivity of 16S rDNA PCR. [20]

Many studies have been done examining the utility of broad-range 16S rDNA PCR for
clinical specimens other than heart valve tissue, but very few analyses examined the salvage
microbiology performance of 16S rDNA PCR. Studies of 16S rDNA PCR for detection of
bacterial pathogens in cerebrospinal fluid, abscess fluid and tissue, pleural fluid, synovial
fluid and tissue, and ascitic fluid have been performed and published.[8,18,20,22,23] But
unlike the study performed by Voldstedlund, et al. [20] these investigations do not
exclusively target patients receiving antimicrobial treatment. Nonetheless, since each study
includes a subset of patients who were treated with antibiotics, examination of the larger
studies in this cohort does provide insight into potential opportunities for salvage
microbiology. The largest study to date that included a subset of salvage microbiology
surgical specimens was performed on bone and joint tissue, and synovial fluid samples.
Fenollar, et al. [22] published a prospective, systematic evaluation of 16S rDNA PCR vs.
culture in patients with suspected bone and joint infections. In this study, 525 bone and joint
tissue samples were collected from 525 patients. 16S rDNA PCR followed by sequencing, as
well as both aerobic and anaerobic cultures were each done twice for every specimen. When
a potential pathogen was detected by 16S rDNA PCR from a culture negative specimen
(suggesting a false negative culture), a third PCR assay was done that was a species-specific
PCR to confirm the detection and identification made by 16S rDNA PCR and sequencing.
Culture and 16S rDNA PCR results were identical in 475/525 (90%) cases. Not surprisingly,
with such strong agreement between culture and 16S rDNA PCR, no statistically significant
differences were observed between the two diagnostic approaches for sensitivity or
specificity (P = 0.13 & 0.06, respectively). [22]

However, two important observations were noted. First, and perhaps most surprising, was
the finding that contamination was a more common complication of conventional culture
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than molecular testing: 13 of the positive cultures were attributed to contamination, and only
five positive 16S rDNA PCR tests were consistent with contamination. [22] Secondly, and
most relevant to our current discussion, is that almost half of the antibiotic treated, culture-
negative patients in the sample had detectable bacterial pathogens on 16S rDNA PCR. In
this study, 104 of the 384 patients (49%) with negative cultures were receiving antibiotic
therapy at the time of surgical removal or replacement of the orthopedic prosthesis.
Interestingly, 47% (7/15) of patients with negative cultures who had two step sequential
surgical extractions and were receiving antibiotics prior to both surgical procedures had the
same bacterial pathogen detected by 16S rDNA PCR in the specimens collected from both
the initial procedure and the follow-up procedure. In each case, these detections were
validated by a confirmatory species-specific PCR. S. aureus was detected more than any
other bacteria among the specimens with confirmed false negative cultures (3/7; 43%).
Other pathogens detected included viridans streptococci, Streptococcus pneumoniae, and
anaerobic gram negatives. Although S. aureus was the bacterium identified most frequently
among the antibiotic treated patients with false negative cultures, there were also four cases
of culture confirmed S. aureus infection that were not detected by 16S rDNA PCR, but were
confirmed by S. aureus specific PCR. [22] None of these four patients had received
antibiotic treatment prior to surgery.

Rampini, et al. [23] also used broad-range 16S rDNA PCR to demonstrate “missed
opportunities” for diagnosis of infection by culture when specimens are submitted to the
clinical microbiology lab for testing after initiation of antibiotics. Rampini, et al. compared
results of culture and broad-range 16S rDNA PCR followed by amplicon sequencing for 536
clinical specimens from normally sterile body sites obtained from hospitalized patients. The
two diagnostic methods were in agreement for 83% (445/536) of the samples tested. [23]
Because of the overall strong agreement in this study between culture and 16S rDNA PCR,
evidence of statistical significance between the two tests for the study population was not
present. However, upon examination of the subset of patients in this study receiving
antimicrobial treatment, impressive differences were observed: for salvage microbiology
patients, 16S rDNA PCR detected bacterial DNA in 30.4 % (24/79) of patients receiving
antimicrobial treatment compared with no detections by culture (Kappa = 0.334). [23]

Taken in total, our review of the experience comparing conventional culture to 16S rDNA
PCR with particular attention to the subset of patients that had been treated with antibiotics
prior to specimen sampling suggests that use of 16S rDNA PCR improves both sensitivity
and specificity for recognition of infection and pathogen identification in this patient
population. These studies demonstrate an important missed opportunity for antimicrobial
stewardship programs, clinical microbiology labs, and treating healthcare providers. This
opportunity is particularly relevant in the clinical practice of antimicrobial stewardship,
where opportunities to avoid overly broad empiric antimicrobial treatment regimens are
desperately needed. However, 16S rDNA PCR is time consuming and does require
dedicated laboratory staff. This technology is not appropriate for a clinical lab with a small
staff unless there is a dedicated technician with experience in molecular detection platforms
and techniques.
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PCR/ESI-MS

As an alternative to sequencing of PCR amplicons for identification of bacterial species and
recognition of antimicrobial resistance genes, mass spectrometry techniques such as matrix-
assisted laser desorption ionization mass spectrometry (MALDI-MS) and matrix-assisted
laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS) have be
employed for analysis of ionized proteins, and electrospray ionization mass spectrometry
(ESI-MS) for rapid reliable analysis of PCR products.[24,25] Removal of PCR detergents,
salts and buffers as well as deoxynucleotide triphosphates and metal ions which interfere
with accurate mass measurement is essential prior to employing mass spectrometry for
measurement of PCR products. But with development of reliable methods for obtaining
pure, desalted PCR amplicons for mass spectrometry, this approach has gained traction
because of the capacity to detect and accurately identify organisms to species level
discrimination directly from clinical specimens, even with samples that may have a complex
mixture of pathogens; and the ability to detect medically important genetic markers of
antimicrobial resistance. [25]

The PCR/ESI-MS platform, which combines broad-range PCR with time-of-flight mass
spectrometry, incorporates the advantages mentioned above and has been employed in most
of the published investigations involving clinical specimens. [3,26-30] PCR/ESI-MS
combines multiple broad-range primers to amplify all bacterial targets within a sample with
several species-specific and resistance gene-specific PCR primers for detection of genes
critical to pathogens that have acquired known mechanisms of antibiotic resistance (Table
1). [25] This assay is well suited for detection not only of common bacteria that may be
suppressed by antimicrobial treatment, but is also well suited for detecting and deciphering
uncommon pathogens and complex polymicrobial infections, recognition of antimicrobial
resistance genes, and identification of viral and fungal pathogens.

16S rDNA PCR and PCR/ESI-MS have the advantage compared to multiplex PCR that
knowledge of a predetermined target is not necessary for pathogen detection. As with 16S
rDNA PCR, broad-range PCR primers are employed in PCR/ESI-MS that target conserved
regions of the bacterial genome. But instead of employing sequencing to identify the
pathogens amplified by PCR, amplicons are detected and interpreted using mass
spectrometry. Time-of-flight (TOF) mass spectrometry signals are translated into amplicon
base composition signatures to provide distinct fingerprints of the organisms detected.
[24,25] Unlike 16S rDNA PCR, PCR/ESI-MS does not rely on a single conserved sequence
for broad-range PCR. PCR/ESI-MS employs a multiplex PCR process with four sets of
broad-range primers that target conserved regions of both 16S rRNA and the 23S rRNA
genes to amplify all bacterial species (Table 1). In addition, highly target-specific primers
are used to detect bacterial species, and common antibiotic resistance genes (e.g., mecA,
blakpc, vanA & vanB). PCR/ESI-MS also provides an additional level of flexibility because
fungal and viral primer sets can also be employed on the same platform. [24]

Just as with 16S rDNA PCR, PCR/ESI-MS requires routine nucleic acid extraction from the
clinical specimen prior to PCR thermocycling. Desalting of the PCR product is not required
for sequencing, but is a critical step prior to the sequential electrospray of PCR products into
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the mass spectrometer. Once the masses of the nucleic acids present in the sample have been
measured, the analog signal of mass is converted to a digital signal of base composition
based upon the mass measurement and the discrete masses associated with different
combinations of the four nucleotide bases. [24] Mass spectrometry measures the mass and
determines the base composition of all nucleic acids in the mixture, regardless of the
complexity of the original sample (e.g., abscess fluid or purulent respiratory secretions). The
amplicon base composition signals are then compared to signature signals of a database of
all known species of bacteria (Figure 1). [22,23] Base composition is a useful metric for
identification of infectious microbes. A base-composition signature can be thought of as a
unique index of a specific gene from a specific organism. The composition signature is
entered into a detection algorithm that searches a database that was developed by matching
heterogeneous PCR amplicons from distinct species previously measured by ESI-MS to
species-specific database signatures derived from both sequence data and analysis of
representative strains of bacteria.[24,25] Ultimately, organism identification depends on
demonstrating links between each signature for a particular organism and the presence of
those signals in the sample. The ability to detect and determine the base composition of a
large number of PCR amplicons in a mixed sample is crucial to accurate analysis and
identification of multiple organisms in complex specimens; which is an extremely attractive
characteristic for practicing clinicians and microbiologists, since this process involves less
time and analysis than interpretation of GenBank Blast results following sequencing of 16S
rDNA PCR amplicons. [23-25]

As with 16S rDNA PCR, studies of various clinical specimens for determination of the
sensitivity and specificity of PCR/ESI-MS have also been performed. (Table 2) For
example, analogous to the study of heart valve tissue by Voldstedlund, et al. [20] using 16S
rDNA PCR, Brinkman, et al. [23] tested fixed heart valve tissue from patients who had
received antibiotics for suspected IE with PCR/ESI-MS.[26] This was a retrospective study
of conveniently available formalin-fixed, paraffin-embedded heart valves from subjects with
endocarditis, and unfortunately antibiotic treatment data (if available) was not included in
the report; limiting the application of this publication to the salvage microbiology literature.
In this analysis, PCR/ESI-MS was performed on fixed heart valve tissue from 83 patients
who had positive valve and/or blood cultures. Gram stains of heart valve tissue were positive
for 63 of the specimens, suggesting non-viable bacteria were present for detection in the
culture negative specimens. PCR/ESI-MS yielded 55% positivity with concordant
microbiology at the genus/species or organism group level (e.g., viridans group
streptococci), 11% positivity with discordant microbiology, and 34% with no detection.
PCR/ESI-MS also identified a case of Tropheryma whipplei endocarditis that had not
previously been recognized. Unfortunately, data is not available regarding length of
antibiotic treatment before surgery for the patient population in this study.

In a retrospective study of stored synovial fluid specimens that had been collected from
patients with suspected prosthetic joint infection (PJI) who underwent removal of the
prostheses between April, 2006 — May, 2011 (N=431), Greenwood-Quaintance et al. [29]
demonstrated higher sensitivity for pathogen detection by PCR/ESI-MS as compared with
culture: the sensitivities for detecting PJI were 77.6 and 69.7% for PCR-ESI/MS and culture,
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respectively (P = 0.01). In a related study of patients with suspicion of either prosthetic joint
infection or non-infectious mechanical failure from the same group, Melendez et al. [30]
compared culture of synovial fluid to PCR/ESI-MS (N=103), and found similar results
between culture and PCR/ESI-MS for the patients with suspected infection (N=21), but
detected potential pathogens in 4/82 of patients thought to have aseptic joint failure; versus
0/82 for culture (P = 0.045). [30]

In these studies only a minority of patients were receiving antibiotics at the time specimens
were collected for testing, but in a prospective study exclusively of patients receiving
antibiotics at the time samples were collected and submitted for clinical microbiologic
testing, bacterial pathogens were detected directly from clinical specimens by PCR/ESI-MS
in 60% of patients receiving antibiotic treatment (27/45) who had negative cultures. [3] Just
as in the other studies discussed, the assay employed is designed to identify all known
species of bacteria, as well as detect the presence of antibiotic resistance genes, but the
patient population was unique in that only patients already receiving antibiotic treatment
were enrolled. [3,29,30] In contrast, to the 16S rDNA PCR studies described, S. aureus was
the most common organism detected by both culture and PCR/ESI-MS in the PJI studies and
the study of antibiotic treated patients. (Table 3) But in the prospective study of patients
receiving antibiotics, the most common organisms detected among the 60% of culture-
negative patients were streptococci and anaerobes. [3] The 60% of culture-negative patients
with positive PCR/ESI-MS detection also included cases of multidrug resistant bacteria that
would have otherwise been missed, including methicillin resistant Staphylococcus aureus
(MRSA), vancomycin-resistant enterococcus (VRE), and Klebsiella pneumoniae positive for
the blakpc carbapenemase gene.

PCR/ESI-MS is capable of identifying bacterial, viral, and fungal pathogens directly from
clinical specimens, and the technology is clearly well-suited to complement conventional
cultures in the clinical microbiology lab with detection of non-viable organisms or
organisms not in growth phase from specimens obtained from patients on antimicrobial
therapy. [3,27] Theoretically, broad-range amplification followed by detection of amplicon
mass by time-of-flight mass spectrometry by PCR/ESI-MS should also have an advantage
over 16S rDNA PCR in detection of unexpected pathogens without the price of lower
sensitivity. [25] However, using PCR combined with electron-spray ionization mass
spectrometry is not appropriate for all labs. While experience with time of flight mass
spectrometry (eg, MALDI-TOF), is not necessary for a lab to consider PCR/ESI-MS, a
small lab without experience in molecular detection platforms and techniques may not be an
appropriate venue for PCR/ESI-MS.

Screening specimens for infection when the clinical suspicion is low, monitoring the
response of patients receiving antimicrobial treatment for confirmed infection, and
documenting resolution of infection are three additional potential opportunities for
molecular testing.[29-31] Jacovides et al. [27] used PCR/ESI-MS to detect organisms in
synovial fluid in 50/57 (88%) culture negative surgical tissue specimens from patients who
had undergone extraction of the prosthesis for presumed noninfectious joint loosening or
mechanical failure. And in a prospective study of prosthetic joint infections, Melendez et al.
[30] demonstrated persistent detection of S. aureus in two cases following completion of
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antimicrobial treatment, which was also demonstrated with PCR/ESI-MS in a case study of
serial CSF samples. [30]

Challenges

The premise developed with salvage microbiology is that species specific diagnostic
information is valuable for management of individual cases of infection, and for institutional
efforts to optimize antimicrobial prescribing practices. But skeptics will ask: What is the
value of amplifying DNA associated with bacterial infections in culture-negative clinical
specimens obtained from patients following initiation of antibiotic therapy if the DNA
detected is from ““dead” or non-viable organisms? While the reliability of amplification of
non-viable bacterial DNA in tissues is undoubtedly variable between different tissues and
fluids depending on the body site of origin, the duration of antibiotic treatment, and the
infectious load, we would nonetheless argue that detection of DNA from non-viable
organisms not only demonstrates a diagnostic advantage of PCR over culture when bacteria
are not cultivated and isolated from the sample in the lab, but this also provides a potential
clinical advantage when follow-up testing is employed for monitoring response to treatment.
Absence of DNA amplification, or detection in lower quantities from subsequent clinical
specimens, provides evidence of response to treatment when the diagnaosis is in doubt. [28,
29]

It is important to stress that the intensity of signal and duration of detection of DNA by
rDNA PCR and PCR/ESI-MS in specimens collected from patients following initiation of
antibiotic treatment likely varies depending upon bacterial species and anatomic sites. PCR/
ESI-MS has the advantage over 16S rDNA PCR in that it may have utility in evaluation of
specimens from non-sterile sites, such as respiratory and Gl tract specimens, but deciphering
the mixed signals encountered with specimens from these sites and interpreting significance
of various intensity detections presents a formidable challenge.

Frequent detection of environmental organisms of undetermined pathogenicity is another
common conundrum associated with both 16S rDNA PCR and PCR/ESI-MS. Not
infrequently, organisms of unknown pathogenicity are amplified by either DNA PCR or
PCR/ESI-MS from clinical specimens, which creates a challenge in the interpretation of
microbiological relevance for the patient. Detection and subsequent identification of
previously unrecognized bacterial species in human infection is one of the exciting
possibilities anticipated with more routine clinical applications of 16S amplification and
sequencing platforms in clinical microbiology laboratories. However, distinguishing
infection from truly novel bacteria versus environmental contamination would present a
considerable challenge for the clinical microbiology lab staff, and would require use of
further costly resources for confirmation. [18]

Interpretation of 16S rRNA sequencing is reasonably straightforward for detection of
bacterial pathogens in sterile sites; however, the results are more difficult to interpret when
the sequence results indicate a mixed infection, such as may be expected in patients with
lung abscess or empyema, an intra-abdominal infection, or a lower respiratory tract
infection. 16S rDNA PCR results are usually uninterruptable for polymicrobic infections,
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and at best only the predominant organism will be identified. Comparing 16S rDNA PCR to
culture in a prospective analysis of bone and joint tissue samples collected in the OR,
Fenollar, et al. [22] documented polymicrobial infections in 6 patients, but they were unable
to distinguish specific bacterial species in samples on the first pass sequencing of the 16S
rDNA PCR amplicons. Species identification required bacterial cloning, which detected
between 2 and 8 bacteria in the respective samples. Next-generation DNA sequencing can
be employed to distinguish and identify the different organisms present in samples from
polymicrobial infections, but this level of sophistication is beyond the current reach of
diagnostic microbiology laboratories. [23-25]

PCR/ESI-MS, in contrast, is accurate and reliable for detection of single species or multiple
species in mixed infections.[3,26,27,29] In their study of prosthetic joint synovial fluid,
Greenwood-Quaintance et al. [29] used PCR/ESI-MS to detect organisms missed by
conventional culture in 10/17 culture negative cases, including 4 cases of mixed infection in
which culture was negative, and multiple organisms were detected by PCR/ESI-MS.[27]
With this platform, no modifications in the extraction, amplification, or time of flight mass
spectrometry processing are required when polymicrobic infection is suspected, and
interpretation of results is straightforward.

Finally, false positives resulting from either persistent microbial DNA in fluid or tissue
following successful treatment, or extraneous PCR amplicons present a common dilemma,
particularly for labs without adequate experience with molecular techniques. Highly
sensitive PCR primers targeting conserved 16S rDNA sequences will readily amplify
extraneous DNA fragments from environmental contaminants.[31,32] And contamination of
reagents or the clinical sample with minute bacterial DNA fragments at any point during
collection and processing will ultimately generate false positive results with either 16S DNA
PCR or PCR/ESI-MS.[25,27,32] Diagnostic labs that only have experience with
commercially available real-time PCR platforms may not be appropriate settings to
introduce broad-range PCR assays that require the use of DNA-free reagents; negative and
positive controls, duplicate independently prepared template DNA samples, all performed in
separate pre- and post-PCR areas to provide added protection against false positive results
from contamination.[33]

Conclusions

Molecular methods have supplanted culture for the diagnosis of viral and intracellular
bacterial infections in most clinical microbiology labs. But use of molecular techniques for
complementing or augmenting conventional culture when specimens are submitted to the lab
from patients following initiation of antimicrobial treatment is still considered experimental
and has not truly gained traction in the diagnostic microbiology laboratory or antimicrobial
stewardship community. There is a growing recognition among clinicians that broad-range
16S rDNA PCR may offer an alternative to culture if infection is strongly suspected despite
cultures returning negative. Currently, 16S DNA PCR is offered for testing of clinical
samples by a few select reference labs in the U.S.; while PCR/ESI-MS remains restricted to
the research setting in the U.S. and is not currently offered for clinical applications on
patient samples by any reference labs. At this time the only time-of-flight mass spectrometry
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tool that has gained wide-spread acceptance in diagnostic microbiology labs is MALDI-TOF
which is designed to assist with rapid analysis of organisms that grow in culture, but would
not have any potential application in the salvage microbiology setting. Like 16S rDNA PCR,
PCR/ESI-MS testing offers a potential complement to culture for salvage microbiology
applications, but it is currently not a viable alternative to culture due to cost and regulatory
limitations. One PCR/ESI-MS platform has been approved for clinical testing in Europe, but
there are no PCR/ESI-MS platforms currently approved for clinical testing in the U.S.

Much of the current focus of conventional antimicrobial stewardship efforts is on syndromic
categorization of infections, and pairing patients with the briefest, narrowest antibiotic
treatment based on the syndrome that fits the patient’s presentation. This approach ignores
the value of pathogen recognition, and even for the most straightforward syndromes such as
community acquired pneumonia, inevitably results in proposing overly broad empiric
treatment recommendations. As multidrug resistant organisms perpetuate in our
communities and healthcare facilities, and Clostridium difficile infections become a more
and more costly burden on our healthcare systems in terms of both monetary and mortality
losses, can we afford to enable a culture of perpetual empiric treatment?

The everyday practice of treating patients with empiric antibiotic regimes provides an
enormous opportunity for novel approaches to identify pathogens in specimens submitted to
the lab from patients after they have been started on antimicrobial therapy. As we have
reviewed above, using broad-range 16S rDNA PCR, Rampini, et al. [23] demonstrated
detection of unrecognized bacterial pathogens directly from clinical specimens in 30% of
culture negative patients whom had been treated with antibiotics. Likewise, our group
demonstrated direct detection of bacterial pathogens by PCR/ESI-MS directly from clinical
specimens in 60% of patients on antimicrobial treatment who did not have any organisms
recovered in culture. [3]

The evidence in the literature shows that both 16S rDNA PCR and PCR/ESI-MS provide
opportunities to adjust antimicrobial treatment against clinically relevant pathogens detected
from specimens obtained from 30-60% of patients who have cultures submitted following
initiation of antimicrobial treatment, so the potential for minimizing empiric treatment and
avoiding unnecessary antibiotic exposures is enormous. But incorporating these platforms
into the standard diagnostic testing algorithms in the microbiology laboratory will require a
commitment to development of local laboratory expertise, and paradigm shift in the thinking
of clinicians, microbiologists and pharmacists alike to recognize that one size fits all testing
is not an appropriate use of limited, valuable resources. Despite the obvious temptation to
envision a culture free microbiology lab of the future, we are not suggesting that bacterial
cultures are obsolete; and we are not recommending wide-spread adaptation of molecular
diagnostics and elimination of culture based clinical microbiology (Figure 2). We do favor,
and we are engaged in performing larger studies to determine the duration of antibiotic
treatment that should prompt use of 16S rDNA PCR or PCR/ESI-MS testing of specimens
collected from patients on empiric antimicrobial treatment for suspected infection with
negative cultures. We need more clarity regarding when a negative culture is most likely to
be due to the interference of early empiric antibiotic treatment and inhibiting the recovery of
bacteria in culture.
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Expert Commentary

Molecular diagnostic platforms with either proven or potential application in the emerging
field of salvage microbiology include multiplex PCR, broad-range rDNA PCR and
sequencing, and PCR/ESI-MS. However, regardless of the platform employed, there
remains a dearth of data demonstrating clinical utility, mortality benefit, cost savings, and
impact on antibiotic utilization with this approach. Although the early work in the field
shows promise, with capacity to detect clinically relevant pathogens by 16S rDNA PCR and
PCR/ESI-MS in between 30-60% of patients who have negative cultures from specimens
that are obtained following initiation of antimicrobial treatment, and detection of bacterial
pathogens in 60—75% of sterile body fluids and 75-90% of surgical tissue specimens that
have been collected form patients treated with antibiotics by 16S rDNA PCR and PCR/ESI-
MS, respectively (Table 3). [22—-33] But many questions remain to be explored such as the
relationship between duration of antibiotic treatment and persistence of DNA from
pathogenic bacteria; the role of NAAT in monitoring response to treatment, the optimal
applications of (and most appropriate specimens for) 16S rDNA PCR vs. PCR/ESI-MS, the
value and utility of salvage microbiology for common bacterial pathogens versus intra-
cellular pathogens that are likely to have persistent molecular evidence in samples for weeks
to months following antibiotic treatment, and finally, reliable methods for distinguishing
DNA signals associated with active infection versus persistent molecular remnants
following completion of successful antibiotic treatment. [34] Studies designed to test the
hypothesis that salvage microbiology is a beneficial diagnostic approach which can prevent
or decrease emergence of multidrug resistant pathogens and Clostridium difficile infections
in specific targeted patient populations treated with empiric antibiotic treatment prior to
collection of sterile specimens for culture need to be funded and performed to address these
unanswered questions and further this emerging academic field of study which is lagging
behind clinical practice.

As multidrug resistant organisms perpetuate in our communities and healthcare facilities,
and Clostridium difficile infections become a more and more costly burden on our healthcare
systems in terms of both monetary and mortality losses, alternatives must be sought to broad
antibiotic treatment based primarily on categorizing patients into syndromes when cultures
are negative. “Salvage Microbiology” refers to the application of molecular diagnostic
techniques for detection of bacterial DNA directly from clinical specimens submitted for
culture from patients who were started on antimicrobial therapy prior to obtaining clinical
specimens from the suspected source of infection. Interference of early empiric
antimicrobial treatment with culture based diagnostics remains a common clinical
conundrum, and finding ways to improve the detection of pathogens in these cases and
discerning the response to therapy remains an important but elusive goal.

5 year view

Salvage microbiology, and specifically use of NAAT in combination with sequencing or
mass spectrometry to detect organisms and direct clinical treatment decisions is a long way
from gaining wide-spread acceptance in either the clinical microbiology or antimicrobial
stewardship communities. While various NAAT platforms and even broad-range PCR
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applications have been introduced into clinical microbiology practice over the past decade,
coordinating knowledge of the clinical circumstances such as duration and breath of prior
antimicrobial treatment with the appropriate diagnostic platform in the lab has many
systematic obstacles that remain in place for most diagnostic laboratories and stewardship
programs for the foreseeable future. The direction of research exploring the utility of these
technologies must be cognizant of these limitations and shift the focus from examining
simply sensitivity and specificity to studying and examining optimal utility, i.e., which
specific patients, or patient populations provide the highest yield for a specific diagnostic
testing platform, and targeted potential salvage microbiology applications accordingly. It
remains to be seen whether clinical microbiologists, or physicians and pharmacists engaged
in institutional antimicrobial stewardship programs will lead the way with future trials to
evaluate the clinical performance of these broad-range diagnostic assays. Clearly, a
collaborative effort would most beneficial for all concerned.
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Key Issues

e 16S rDNA PCR and PCR/ESI-MS have both evolved from environmental
scientific research tools to novel clinical applications.

» 16S rDNA PCR and PCR/ESI-MS share the advantage that knowledge of a
predetermined target is not necessary for pathogen detection.

« Both 16S rDNA PCR and PCR/ESI-MS provide opportunities to adjust
antimicrobial treatment, avoiding the pitfalls associated with wide-spread use of
overly broad empiric antimicrobial treatment.

»  The premise of salvage microbiology is that species specific diagnostic
information derived for patients who have cultures submitted following
initiation of antimicrobial treatment is valuable for management of individual
cases of infection, and for institutional efforts to optimize antimicrobial
prescribing practices.

e 16S rDNA PCR and PCR/ESI-MS have shown the capacity to detect clinically
relevant pathogens from specimens obtained from 30-60% of patients who have
cultures submitted following initiation of antimicrobial treatment. Unlike 16S
rDNA PCR, PCR/ESI-MS is capable of distinguishing all pathogens in a
polymicrobic infection without additional testing.

» Unlike 16S rDNA PCR, PCR/ESI-MS provides a single platform for diagnostic
testing of clinical specimens for yeast; invasive fungi, and viral pathogens.

e Head to head comparisons of 16S rDNA PCR vs. PCR/ESI-MS are lacking. [34]

»  Exploration of the most appropriate role for 16S rDNA PCR vs. PCR/ESI-MS
with various clinical samples (sterile body fluids, surgical specimens, blood,
non-sterile specimens such as respiratory samples) and subsequent optimization
are needed.

» Implementation of systematic institutional programs to capitalize on the
potential outcome and cost-saving opportunities these technologies offer will
require close collaboration across multiple disciplines.

»  More clinical studies of these new technologies designed to compare outcomes
for specific patient populations are required before these platforms can be
incorporated into “real-world” quality improvement initiatives.
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Table 1

PCR/ESI-MS primer target genes and their breadth of coverage.

Primer Pair | Target Clade Primer Pair Target Gene

BCT346 Broad Bacterial 16S rDNA,; Broad Bacterial Coverage

BCT348 Broad Bacterial 16S rDNA,; Broad Bacterial Coverage

BCT361 Broad Bacterial 16S rDNA,; Broad Bacterial Coverage

BCT349 Broad Bacterial 23S rDNA,; Broad Bacterial Coverage

BCT3350 GM + Coverage rpIB; 50S ribosomal subunit protein L2; Firmicutes
BCT2249 Staphylococcus speciation tufB Elongation factor EF-Tu; staphylococci

BCT358 Gm - Enterobacteria valS Valyl-tRNA synthetase; proteobacteria

BCT3346 Gm - Gamma Proteobacteria rpoB RNA polymerase; beta- and gamma-proteobacteria
BCT3921 Gm - beta and gamma proteobacteria | rpoB; RNA polymerase; beta- and gamma-proteobacteria
BCT879 mecA mecA; Methicillin resistance

BCT4675 kpc blaKPC; Carbapenem resistance

BCT3767 vanA vanA/vanB; Vancomycin resistance

BCT3768 vanB vanA/vanB; Vancomycin resistance

FUN3030 Broad Candida 25S rDNA,; Broad Fungal Coverage

FUN3031 Broad Candida 25S rDNA,; Broad Fungal Coverage

FUN3766 Broad Candida 25S rDNA,; Broad Fungal Coverage

FUN3865 Broad Candida Mitochondrial DNA; Candida

PLN4437 Extraction Control Pumpkin Extraction Control
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Sensitivity and Specificity of multiplex PCR, 16S DNA PCR, and PCR/ESI MS in clinical applications

Multiplex PCR1113-1631 Sensitivity

16S DNA PCR19:22,23,30,32,33

PCR/E5|_M519,22,24726,29,30,34

Specimen Sensitivity / Specificity Sensitivity / Specificity
Fluids 85% 75% / 95% 78-88% / 93-95%
Tissue 25% 70% / 95% 88% / N/A

Fixed tissue Case reports Case reports only 30%

Blood 85% 79% / 95% 91% / 99%
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Table 3

Bacterial detection in specimens obtained from patients on antibiotic treatment by multiplex PCR, 16S DNA
PCR, and PCR/ESI MS
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Specimen Multiplex PCR11.13-1631 | 165 DNA PCR19222332:33,34 | PCR/ESI-MS8319:24.25.28,3034
Fluids 85% 75% 80-90%
Tissue 25% 60 — 70% 60 — 75%

Fixed tissue Case reports Only case reports 30%
Blood 10-15% 50-60% No data
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