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Abstract

Objective: To better understand the microbial profile of complicated parapneumonic effusions and em-
pyema, and to evaluate whether antimicrobial selection would differ if guided by targeted metagenomic
sequencing (tMGS) vs conventional cultures (CCs) alone.

Patients and Methods: We analyzed the pleural fluid of a cohort of 47 patients undergoing thoracentesis
from January 1, 2017 to August 31, 2019, to characterize their microbial profile. All samples underwent
16S ribosomal ribonucleic acid gene polymerase chain reaction, followed by tMGS.

Results: Pleural space infection was deemed clinically present in 20 of the 47 (43%) participants. Of
those, n=7 (35%) had positive pleural fluid cultures and n=14 (70%) had positive tMGS results. The
organisms identified by tMGS were concordant with CCs; however, tMGS detected additional bacterial
species over CCs alone. Streptococcus and Staphylococcus species were the most common organisms iden-
tified, with Streptococcus intermedius/constellatus identified in 5 patients. Polymicrobial infections were
found in 6 of the 20 patients, with anaerobes being the most common organisms identified in these cases.
Conclusion: Streptococci and staphylococci were the most common organisms identified in infected pleural
fluid. Anaerobes were common in polymicrobial infections. When compared with CCs, tMGS had higher
sensitivity than CCs. Targeted metagenomic sequencing identified additional organisms, not identified by
CCs, with associated potential management implications.

http://creativecommons.org/licenses/by-nc-nd/4.0/

n community-acquired pneumonia, be-

tween 30%-50% of cases requiring hospi-

talization have an accompanying pleural
effusion."”  Complicated ~ parapneumonic
effusion and empyema, the latter diagnosed
when pleural fluid (PF) appears purulent
and microbes spread into the normally-
sterile pleural space, are associated with
increased length of hospital stay, prolonged
use of antibiotics, need for chest tube place-
ment and surgical decortication, and
increased morbidity and mortality. ™" There-
fore, assessing the pleural space is vital in pa-
tients with pneumonia to ensure adequate
effusion management and antimicrobial
treatment.

Considering the pleural space milieu,
which favors the growth of organisms that
may be difficult to grow in culture, particularly
anaerobes, and the frequent administration of
antibiotics before PF collection, the yield of
conventional cultures (CCs) in pleural infec-
tions has been low.”” Thus, molecular
methods are increasingly considered potential
alternatives/adjuncts to CCs. Insa et al’
assessed the diagnostic performance of 16S
ribosomal ribonucleic acid (IRNA) gene poly-
merase  chain  reaction  (PCR)/Sanger
sequencing of PF, reporting high sensitivity
(82%) and specificity (99%) for diagnosis of
infection. In a retrospective study comprising
64 empyema cases from Norway, Dyrhovden
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et al” reported that 16S rRNA gene PCR/next-
generation sequencing (targeted metagenomic
sequencing [tMGS]) had an even higher yield
than Sanger sequencing and identified a subset
of empyema cases exhibiting a microbial pro-
file similar to that of brain abscesses, with
Streptococcus intermedius and/or Fusobacterium
nucleatum underlying most cases. The same
group has also reported S. intermedius and/or
F. nucleatum as a dominant component in
community-acquired pleural infection.” More-
over, Kanellakis et al® found that polymicro-
bial pleural infections were most common in
their sample group from the United Kingdom,
highlighting the need for broad-spectrum anti-
biotics. The applicability of these data in other
populations is not clearly known.

Herein, a prospective study was performed
to (1) better understand the microbial profile
of hospitalized patients with complicated para-
pneumonic effusions and empyema; and (2)
evaluate whether antimicrobial selection
would differ if guided by tMGS plus CC vs
CC alone.

PATIENTS AND METHODS
The PF samples were prospectively collected
from patients referred for diagnostic thora-
centesis to the interventional pleural practice
at our tertiary center between January 2017
and August 2019. For inclusion, PF samples
had to have been obtained during thoracente-
sis or pleural catheter placement; samples ob-
tained from indwelling pleural catheters were
not included. This study was approved by
the Mayo Clinic Institutional Review Board
(IRB#16-001206). All participants provided
informed consent.

If a patient was suspected of having infected
PF, aerobic and anaerobic cultures were ob-
tained by directly inoculating PF into culture
bottles at the bedside at the time of PF sample
collection.” Ordering of cultures was left to
the discretion of the thoracentesis-performing
interventional pleural service and the primary
requesting teams. Standard methods were
used for culture work-up and gram stain of
PF. For tMGS, PF samples were transported in
a low-temperature transport box and stored at
-80 °C until further processing. Patients with
chronic effusions because of congestive heart
failure, inflammatory processes, and malignant

effusions without suspected infection served as
controls.

Deoxyribonucleic acid extraction was per-
formed using 100 pL of the specimen, after
proteinase K digestion and sterile bead-
beating, on a bioMérieux easyMAG. Polymer-
ase chain reaction was performed using
primers designed to amplify the V1-V3 region
of the bacterial 16S rRNA gene, as previously
described.® All samples underwent next-
generation sequencing for this study using li-
brary  preparation, normalization, and
sequencing according to a modified 16S meta-
genomic sequencing library preparation proto-
col from Illumina. The DNA concentrations
were measured using a QuantiFluor ONE
dsDNA kit on a Quantus fluorometer
(Promega).

Onboard Mlumina processing included
adapter trimming, index demultiplexing,
and fastq generation. Files were processed
using Pathogenomix RipSeq NGS software.
Sequences >210 bases in length were used
for analysis. Forward and reverse reads
were queried (separately) against the Patho-
genomix PRIME database with ~ 54,000
clinically relevant references. Homology of
>99.0% was required for species-level iden-
tification, whereas 98%-98.9% homology
was necessary for genus-level identification.
The clinical laboratory director interpreted
sequencing data (R.P.), blinded to CC results
and clinical findings. The sequencing data is
available under the following BioProject ID:
PRJNA999256.

Case ascertainment (ie, presence of pleural
space infection) was determined by 2 re-
searchers (L.G. and D.A.) who independently
reviewed participants’ electronic medical re-
cords with attention to symptomatology,
ancillary testing, whether pleural space infec-
tion had been suspected before PF sampling,
receipt of antimicrobial therapy, and clinical
course. In instances of disagreement, case
ascertainment was determined on the basis
of an independent review by a third researcher
(EM.C)) blinded to the tMGS results.

Statistical analysis was performed using
IBM SPSS Statistics v26 software. Suitable
hypothesis-contrast tests were applied accord-
ing to the sample distribution. Confidence
intervals were calculated with the exact
Clopper-Pearson method; only asymptotic
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approximation was performed for the area un-
der the curve in the receiver operating curve
analysis.

RESULTS

Pleural fluid was collected from 47 partici-
pants; 32 (68%) were men, and the mean
age was 69+2 years. Conventional cultures
were performed on 34 (72%) participants,
with tMGS performed on all. Pleural space
infection was deemed clinically present in 20
of the 47 (43%) participants.

Clinically infected patients had a lower PF
pH (median, 7.3 vs 7.4; P=.008), higher PF
white blood cell count (median, 3090 vs
525 x10%/L; P=.005), higher frequency of
positive PF culture (35% vs 0%; P=.011) and
tMGS (70% vs 22%; P=.003), and nonsignifi-
cantly higher lactate dehydrogenase (median,
545 vs 160 U/L; P=.091) than clinically unin-
fected patients. Clinically infected patients
were more likely to have received antimicro-
bial therapy before sample collection (90% vs
33%; P=.001) and to have undergone prior
PF evacuation procedures (95% vs 59%;
P=.015). Additional demographic characteris-
tics and other PF parameters are described in
Table 1.

Among the 20 clinically infected patients,
7 (35%) had positive PF cultures and 14
(70%) had positive tMGS results (Table 2).
In the 7 cases with positive CCs, tMGS identi-
fled the same organisms in all 7; however,
tMGS detected additional bacterial species
(Enterobacteriaceae, Streptococcus mitis group,
and Fusobacterium nucleatum) in 3 of those
cases (Table 2). Of the 14 patients with posi-
tive CCs or tMGS, 12 underwent pleural
pigtail catheter placement and 8 received lytic
therapy. As shown in Table 3, 6 patients in the
clinically infected group had negative CCs and
tMGS. Although they all received broad-
spectrum antibiotics, none underwent pleural
catheter placement. Other clinical characteris-
tics are described in Table 3.

In the clinically uninfected group, CCs
were performed on 14 of the 27 patients,
none of which were positive. However,
tMGS  returned positive in 6 of the 27
(22%), among whom 1 had received antibi-
otics before PF collection for neutropenic fever
(antibiotics were discontinued 2 days after
admission) and 5 were considered to have a

(para)malignant effusion, 3 of whom had un-
dergone pleural space instrumentation within
3 weeks preceding PF collection (Table 2).
Pleural space infection was not suspected in
any of those patients.

Overall, tMGS had a higher sensitivity
(70% vs 37%) and accuracy (75% vs 65%)
with a wider area under the curve (0.84 vs
0.68; P=.022), albeit with lower specificity
than CC (78% vs 100%) (Figure).

DISCUSSION

Pleural space infections are commonly because
of Streptococcus pneumoniae, Staphylococcus
aureus, and other aerobic bacteria, which can
cause both monomicrobial and polymicrobial
empyema.”” In the present study, pleural space
infection was monomicrobial in 9 of the 14
cases, with Streptococcus and Staphylococcus spe-
cies, including S. aureus (found in 4 cases), be-
ing among the most common organisms
identified by CCs and tMGS. Interestingly,
however, S. intermedius/constellatus  was
detected by tMGS in 5 cases (2 of which were
culture-positive), including 2 community-
acquired cases of pneumonia (Dialister invisus
and Prevotella denticola were codetected in 1
case each), 1 hospital-acquired pneumonia, 1
bronchopleural fistula, and 1 lung abscess.
The addition of tMGS identified 3 extra cases
over CCs alone, suggesting that tMGS may
indeed inform clinical decisions. The results
of this study further support the growing evi-
dence implicating S. intermedius/constellatus as
a causative agent of pneumonia.”'"

Previous studies have reported that the
rate of polymicrobial infections was ~23%;
most of these studies relied mainly on CCs,
with the mnewer use of next-generation
sequencing—metagenomics studies reporting
that polymicrobial infections are possibly
more common and even predominant.”"
Herein, nearly half of the cases were polymi-
crobial, supporting the concept that polymi-
crobial infections are likely unrecognized if
only CCs are used and reinforcing the need
for better evaluation of PF using advanced mo-
lecular diagnostics.

Expectedly, there was good correlation be-
tween positive CCs and tMGS, with tMGS
detecting the same organisms identified in all
positive CCs. Nevertheless, tMGS detected
additional bacterial species in 43% of those
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TABLE 1. Demographic Characteristics and Pleural Fluid Parameters®

Characteristic Total Infected Noninfected P
Individuals, n (%) 47 (100) 20 (42.6) 27 (57.4) =
Sex, man n (%) 32 (68.1) 16 (80.0) 16 (59.0) 233°
Age (y), mean % SD 69.5+1.7 702424 68,9124 716°
Exudate, n (%) 28 (82.4) 12 (75.0) 16 (88.9) 387¢
LDH, (U/L), median (IQR) 203.5-555.8 544.5-844.8 160.0-298.8 091°
LDH, (U/L), median (IQR) 203.0-635 2175-114.8 202.0-68.0 2148
Proteins, (g/dL), median (IQR) 39-1.4 4.2-2.0 35-14 636°
Proteins, (g/dL), median (IQR) 5.8-1.2 57-13 6.0-1.3 429°
pH, median (IQR) 74-0.1 7.3-02 74-0.1 .008°
Glucose (mg/dL), median (IQR) 106.0-66.8 104.0-148.0 107.0-36.0 683°
WBC (x 107/L), median (IQR) 856.0-4181.5 3090.0-19,391.0 525.0-1029.0 .005°
Antimicrobial therapy, n (%) 27 (57.4) 18 (90.0) 9 (33.3) <.001°
Prior manipulation, n (%) 20 (42.6) Il (55.0) 9 (33.3) 235"
Fluid evacuation, n (%) 35 (745) 19 (95.0) 16 (59.3) 015"
Positive Gram Stain, n (%) 2 (43) 2 (11.8) 0 (0.0) 488
Positive culture, n (%) 7 (20.6) 7 (35.0) 0 (0.0) 0119
Positive tMGS, n (%) 20 (42.6) 14 (70.0) 6 (22.2) 003"

“IQR, interquartile range; LDH,, lactate dehydrogenase in pleural fluid; LDH;, lactate dehydrogenase in serum; tMGS, targeted metagenomic sequencing; Proteins, proteins in
pleural fluid; Proteins,, proteins in serum; WBC, white blood cells in pleural fluid.

®Pearson’s . test with Yates continuity correction.

t test.
IFisher's exact test.
*Mann-Whitney U test.
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cases. Importantly, tMGS identified an organ-
ism in 7 patients with high suspicion of infec-
tion but negative CCs. Conceivably, with a
more complete microbial profile generated by
tMGS, antimicrobial therapy could be more
appropriately tailored, but further studies are
needed to clarify this concept further.

A subject of controversy is whether anaer-
obic coverage should be routinely adminis-
tered to those with infected PF not known to
have an anaerobic infection. The American
Thoracic Society 2017 consensus guidelines
state, “Even when there is a positive, monomi-
crobial, aerobic culture to direct therapy, it
often is reasonable to continue anaerobic
coverage.”” The 2010 British Thoracic Society
guidelines make an even stronger recommen-
dation, stating “...antibiotics to cover anaer-
obic infection should be used in all patients
except those with culture-proven pneumo-
coccal infection”. Continuing with anaerobic
coverage despite negative cultures is also rec-
ommended in the most recently updated
guidelines  from  European  Respiratory

Society/European Society of Thoracic Sur-
geons.”” In this regard, anaerobes were the
most common organisms in polymicrobial
PF infections, although in 1 case, they were
the only organisms identified. F. nucleatum
was detected in 3 cases: 1 bronchopleural fis-
tula (with S. intermedius/constellatus), 1 aspira-
tion pneumonia, and 1 empyema in the setting
of long-term alcohol use (with Streptococcus
anginosus). All cases were identified by tMGS
only. All but 1 patient were on antibiotics
with anaerobic coverage. In contrast, 5 pa-
tients with no anaerobes detected received
anaerobic coverage. Furthermore, 1 patient
had S. aureus identified by CCs and tMGS;
considering that no anaerobic bacteria were
identified in this case, adding anaerobic
coverage (per guidelines’ recommendations)
may have been unnecessary. Although this
study was not aimed at investigating treatment
efficacy, our results suggest that tMGS may
help formulate antimicrobial regimens in a
more targeted way than those guided by CCs
alone.””
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TABLE 2. Bacterial Organisms Identified by Targeted Metagenomic Sequencing (tMGS) or Conventional Cultures in Clinically Infected Patients (n=14) and Clinically Uninfected Patients

(n=6), With a Brief Description of the Clinical Context and Antibiotics at the Time of Thoracentesis

tMGS

Cycle threshold
(Ct) value

Culture

Clinical background/Intervention

Initial Antibiotic Regimen

Clinical evidence of pleural space infection with positive tMGS and/or conventional culture (n=14)

Staphylococcus aureus

complex
Enterobacteriaceae

S. aureus complex

S. aureus complex

Streptococcus mitis
group

Staphylococcus
epidermidis

Streptococcus
intermedius/
constellatus

S. intermedius/
constellatus

Streptococcus anginosus

Fusobacterium
nucleatum

F. nucleatum

S. intermedius/
constellatus

S. intermedius/
constellatus

Dialister invisus

Prevotella denticola

Haemophilus influenzae

S. aureus complex

S. intermedius/
constellatus

Fusobacterium
nucleatum

35.06

3461

3521

No Ct

19.06

2386

25.70

37.00

30.78

27.15

26.6
34.62

18.63

Staphylococcus
aureus

S. aureus

S. aureus

S. epidermidis

Streptococcus
intermedius

Streptococcus
anginosus group

S. anginosus group

Negative

Negative

Negative

Negative
Negative

Negative

Mediastinal S. aureus surgical site infection complicated by empyema;
pigtail catheter placed. No lytic therapy.

Postobstructive pneumonia and metastatic renal cell carcinoma with
recurrent effusion. Indwelling pleural catheter removed days before
study sample collection; no pigtail catheter placed.

Hepatic hydrothorax in setting of alcoholic cirrhosis; no pigtail catheter
placed.

Chronic empyema; pigtail catheter placed. No lytic therapy.

Community-acquired pneumonia (CAP) with empyema; pigtail
catheter placed. Lytic therapy.

Hospital-acquired pneumonia with empyema; pigtail catheter placed.
Lytic therapy.

Empyema in setting of long-term alcohol use; pigtail catheter placed.
Lytic therapy.

Recurrent aspiration pneumonia with empyema; Head and neck
cancer resected; pigtail catheter placed. Lytic therapy.

Lung abscess; pigtail catheter placed. Lytic therapy.

CAP; pigtail catheter placed. Lytic therapy.

CAP; pigtail catheter placed. Lytic therapy.

Methicillin resistant S. aureus—pneumonia with complicated
parapneumonic effusion; pigtail catheter placed. No lytic therapy.

Bronchopleural fistula complicated by empyema; pigtail catheter
placed. Lytic therapy.

Cefepime + vancomycin + metronidazole

Cefepime + vancomycin + metronidazole

Ceftriaxone

Cefepime + vancomycin + metronidazole

Piperacillin/tazobactam + vancomycin

Piperacillin/tazobactam + vancomycin

Ceftriaxone + metronidazole

Piperacillin/tazobactam + vancomycin

Piperacillin/tazobactam + vancomycin

Piperacillin/tazobactam + levofloxacin

Levofloxacin

Vancomycin

Ceftriaxone

Continued on next page
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TABLE 2. Continued

Cycle threshold
tMGS (Ct) value Culture Clinical background/Intervention Initial Antibiotic Regimen
S. mitis group 35.18 Negative Parapneumonic effusion; pigtail catheter placed. No lytic therapy. Ceftriaxone + levofloxacin
No clinical evidence of pleural space infection with positive tMGS (n=6).
Enterobacteriaceae 3477 Not done Pleural effusion following mitral/tricuspid valve operation. No evidence None
of subsequent infection.
Capnocytophaga 3501 Not done Malignant effusion due to marginal zone lymphoma. Pleural space None
granulosa instrumentation before study sample collection. No evidence of
subsequent infection.
S. mitis group 3623 Not done Malignant effusion due to metastatic colon cancer. Pleural space None
instrumentation before study sample collection. No evidence of
subsequent infection.
Enterobacteriaceae 35.88 Not done Malignant effusion due to breast cancer. Pleural space instrumentation None
Corynebacterium freneyi before study sample collection. Subsequent admission with concern
for infection; received antibiotics.
S. mitis group 3440 Not done Malignant effusion due to lung adenocarcinoma. No evidence of None
subsequent infection.
Enterobacteriaceae 34.08 Negative Malignant effusion due to anaplastic thyroid carcinoma. Initial concem Cefepime + vancomycin

for neutropenic fever. Suspicion for infected pleural effusion was
low. No evidence of subsequent infection.
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TABLE 3. Samples from Patients with Low Clinical Suspicion for Infection and Negative Targeted Metagenomic Sequencing (tMGS)
tMGS Culture Antibiotics

Clinical Background

Negative Negative Piperacillin/tazobactam + vancomycin Suspected malignant effusion vs infection, cytology was
positive for adenocarcinoma. Previous week had
pneumonia treated with broad-spectrum antibiotics. Low

suspicion of infected pleural space.

Negative Not obtained Vancomycin Thoracoabdominal aortic aneurysm repair and pigtail catheter
7 d before symptomatic effusion. Culture then grew
Staphylococcus epidermidis. Pigtail catheter was placed again
for symptom control. Low suspicion of infected pleural

space.

Community-acquired pneumonia suspected; patient dismissed
on levofloxacin. Likely parapneumonic effusion. Low

Negative Negative Ceftriaxone + azithromycin

suspicion of infected pleural space.

Negative Negative Cefepime + metronidazole Suspected aspiration, bronchial washes negative for bacterial
infection but devoid of secretions. Low suspicion of infected

pleural space.

Negative Negative Cefepime + Metronidazole + vancomycin Suspected malignant effusion vs infection, in the setting of

metastatic ileocecal adenocarcinoma.

Negative Negative Cefepime + metronidazole + vancomycin Cytology was positive for adenocarcinoma. Antibiotics

stopped after 24 hours. Low suspicion of infected pleural

space.

The data presented shows that tMGS has
double the sensitivity of CCs. Nevertheless,
tMGS, which was positive in 6 cases in which
infection was not clinically suspected, had a
lower specificity than CCs. However, it should
be noted that 3 of those patients with false
positive tMGS had pleural space instrumenta-
tion, rendering it plausible that external
contamination could be responsible for seem-
ingly false results. Remarkably, another subject
with false positive tMGS was subsequently
admitted for concern about pleural space
infection, raising the possibility that tMGS
could be used as an early infection detection
tool. On the contrary, 6 patients were consid-
ered clinically infected but had negative CCs
and tMG; none of those patients had subse-
quent clinical worsening, and, eventually, the
risk of infection was considered low in all.

Limitations and Future Directions

There are technical limitations to this
study. All samples underwent next-generation
sequencing, regardless of the associated cycle
threshold (Ct) value; all samples with positive
results but no clinical evidence of infection
had Ct values above 34 cycles, whereas half of
those with positive results and clinical evidence

of infection had Ct values below 34 cycles.
Interpretation of results in the context of the or-
ganism(s) detected and abundance thereof,
alongside specific Ct values, should be evalu-
ated in future studies. A better understanding
of the panoply of pathogens involved in pleural
space infections, and, conversely, which organ-
isms may not be clinically relevant, may also
inform results reporting and interpretation.
Finally, given the microbiology defined here
and elsewhere, the construction of a multiplex
PCR panel for testing PF, possibly with certain
antimicrobial resistance genes (eg, mecA
[for expansion of gene symbols, use search tool at
www.genenames.org])  included, may bear
consideration to provide rapid results.

This study is also limited by its single-
center design and small sample size. The study
design did not enable assessment as to
whether using tMGS for clinical decision-
making would impact patient outcomes.
However, the data presented contribute to
accumulating evidence that molecular tech-
niques like tMGS may add to CCs and aid
antibiotic management in patients with para-
pneumonic effusions and empyemas. Specif-
ically, the use of tMGS can further inform
the development of multiplex PCR-based
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Targeted metagenomic

Parameter Conventional culture sequencing

Sensitivity 36.8%[16.3-61.6] 70.0% [45.7-88.1]
Specificity 1009 [78.2-100] 777%[57.7-91.4]
Positive predicted value 1009 [59.0-100] 70.0% [45.7-88.1]
Negative predicted value 55.6% [35.3-74.5] 77.8% [57.7-91.4]
Accuracy 64.7% [46.5-80.3] 74.5% [59.7-86.1]
Area under the curve (receiver operating characteristic) 68.4% [57.3-79.6] 83.5% [71.4-95.6]

ROC curve
1.0 4
0.8
2 06
=
.“"T;
5
& 044
0.2
0.0
00 02 04 06 08 10
1-specificity
Source of the curve Culture — tMGS

FIGURE. Receiver operating characteristic curve for prediction of pleural fluid infection on the basis of
conventional cultures (CCs) and targeted metagenomic sequencing (tMGS).

pathogen detection panels, which generally
have a quicker turnaround time (1-2 hours
compared with 3-5 days for CC and tMGS)
and are less costly than tMGS. In addition,
such assays could include assessment of select
resistance genes (eg, mecA). In addition,
although further prospective studies are
needed to address optimization of antimicro-
bial stewardship in pleural infections, it is
plausible that tMGS or PCR-based pathogen-
guided treatment will improve antimicrobial
stewardship, with decreased antimicrobial
consumption and health care costs. New pro-
spective studies using advanced molecular di-
agnostics are, therefore, needed to evaluate
antimicrobial stewardship, clinical decision-
making, and patient outcomes when
compared with current CC-guided practice.

CONCLUSION
In pleural infections, tMGS had higher accu-
racy and sensitivity but possibly lower

specificity than CCs. Targeted metagenomic
sequencing identified additional organisms
not identified by CCs with associated potential
management implications. Whether imple-
menting tMGS testing of PF in clinical practice
translates into superior patient outcomes de-
serves further study.
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