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Abstract Measurements and Main Results: An alveolar neutrophil
percentage less than 50% had a negative predictive value of greater
Rationale: The identification of informative elements of the host than 90% for bacterial pneumonia in both the retrospective (n = 851)
response to infection may improve the diagnosis and management of ~ and validation cohorts (n =76 and n = 79). A transcriptional
bacterial pneumonia. signature of bacterial pneumonia was present in both resident and

recruited macrophages. Gene signatures from both cell types
identified patients with bacterial pneumonia with test characteristics
similar to alveolar neutrophilia.

Objectives: To determine whether the absence of alveolar neutrophilia
can exclude bacterial pneumonia in critically ill patients with
suspected infection and to test whether signatures of bacterial
pneumonia can be identified in the alveolar macrophage transcriptome. ~ Conclusions: The absence of alveolar neutrophilia has a high
negative predictive value for bacterial pneumonia in critically ill
patients with suspected infection. Macrophages can be isolated from
alveolar lavage fluid obtained during routine care and used for RNA-
Seq analysis. This novel approach may facilitate a longitudinal and
multidimensional assessment of the host response to bacterial

Methods: We determined the test characteristics of alveolar
neutrophilia for the diagnosis of bacterial pneumonia in three
cohorts of mechanically ventilated patients. In one cohort, we also
isolated macrophages from alveolar lavage fluid and used the
transcriptome to identify signatures of bacterial pneumonia. Finally,

. . pneumonia.
we developed a humanized mouse model of Pseudomonas aeruginosa
pneumonia to determine if pathogen-specific signatures can be Keywords: bacterial pneumonia; host response; alveolar
identified in human alveolar macrophages. macrophages; RNA-Seq
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At a Glance Commentary

Scientific Knowledge on the
Subject: Analysis of lower respiratory
tract specimens in patients with
suspected pneumonia has largely
focused on pathogen detection.
Assessment of the host response

is recognized as an important

yet understudied approach to

aid pneumonia diagnosis and
management.

What This Study Adds to the
Field: Assessment of alveolar
neutrophilia can help to rapidly
exclude bacterial pneumonia in
critically ill patients with a negative
predictive value approaching 100%
when an alveolar neutrophil
percentage of less than 50% is paired
with a negative lavage fluid gram stain.
In addition, we demonstrate the
feasibility of measuring changes in host
gene expression to refine pneumonia
diagnosis using alveolar macrophages
from BAL samples obtained during
routine clinical care. This novel
approach may facilitate a longitudinal
and multidimensional assessment

of the host response to bacterial

pheumonia.

Antibiotic overuse is an urgent public health
problem (1, 2). The frequent use of broad-
spectrum antibiotic therapy puts patients at
risk for infection with multidrug-resistant
pathogens and increases antimicrobial
resistance within the healthcare system (3, 4).

Pneumonia is a leading cause of death and the
most common infection identified in patients
admitted to the ICU (5-7). Diagnostic
uncertainty regarding both the presence and
etiology of pneumonia contributes to the
frequent administration of antibiotic therapy
to uninfected patients. Clinical variables such
as fever, sputum production, and leukocytosis
are insufficient to reliably guide management
decisions (8). Improved diagnostic approaches
are urgently needed to help minimize
antibiotic exposure for uninfected patients.

Rapid diagnostic testing in patients
with suspected pneumonia has focused
primarily on pathogen detection (9).
However, there is growing recognition that
pneumonia pathogenesis is driven as much
by host-specific factors as by the invading
pathogen (10). Diagnostic tests based on
the host response to infection may
therefore improve pneumonia diagnosis
and management.

Bacterial pneumonia is characterized by
the rapid influx of neutrophils into the
alveolar space in immunocompetent patients
(11). The alveolar space can be safely
sampled during routine clinical care using
nonbronchoscopic bronchoalveolar lavage
(NBBAL) (12). Assessment of alveolar
neutrophilia provides a rapid and
inexpensive means of assessing a key
immune response to bacterial pneumonia.
Although a low neutrophil percentage on
cell count analysis has been reported to have
a high negative predictive value for bacterial
pneumonia, these data are based on a
limited number of small studies (8, 13-15).

Next-generation sequencing
technologies, including RNA-Seq, allow for
a detailed analysis of the host response to
infection. As RNA-Seq and PCR techniques
are based on similar chemistry, predictive

gene signatures identified in an unbiased
fashion with RNA-Seq could be rapidly
incorporated into PCR-based diagnostic tests
currently being used for pathogen detection.

In this study, we evaluate whether the
absence of alveolar neutrophilia can exclude
bacterial pneumonia in retrospective and
prospective cohorts of critically ill patients
with suspected infection. We then pair flow-
cytometry sorting of lavage fluid with RNA-
Seq to investigate whether the transcriptome
of a key lung immune cell, the alveolar
macrophage, can be used to discriminate
patients with and without bacterial
pneumonia. Finally, we use a humanized
mouse model of Pseudomonas aeruginosa
pneumonia to determine if pathogen-
specific signatures can be identified in
human alveolar macrophages. Our results
show that the absence of alveolar
neutrophilia, especially if paired with a
negative gram stain, can help to rapidly
exclude the diagnosis of bacterial
pneumonia with encouraging test
characteristics. In addition, we demonstrate
how RNA-Seq can be used to identify
transcriptome-level changes in alveolar
macrophages using samples obtained
during routine clinical care. This approach
may dramatically improve our ability to
study dynamic changes in host gene
expression over the course of infection.
Some of the results of these studies have
been previously reported in the form of
abstracts (16, 17).

Methods

Patients
In a retrospective analysis, we analyzed BAL
specimens obtained as part of routine care
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from patients undergoing evaluation for
ventilator-associated pneumonia at an
urban academic medical center between
January 1, 2010 and June 30, 2013.
Bronchoscopic BAL specimens were
collected by intensivists. NBBAL specimens
were collected by respiratory therapists
using a 16-F sampling catheter (BALCath;
Kimberly-Clark Corporation). A volume
of at least 60 ml of nonbacteriostatic
saline was instilled into the right or left lung
as determined by the treating physician.
The initial NBBAL aliquot was discarded as
part of routine practice to minimize the
contribution of central airway colonization.
For bronchoscopic BAL, an initial aliquot
is not routinely discarded by all operators.
Cell counts were performed through
standard automated Coulter counter
technology. Cell differentials were
determined manually by a clinical
laboratory technologist. BAL neutrophils
were recorded as a percentage of the cells in
the lavage fluid.

Subsequently, in two independent
prospective cohorts, we enrolled
mechanically ventilated adult patients aged
18 years or older in the ICU in whom a
bronchoscopic BAL or NBBAL was
performed to investigate suspected
pneumonia from December 1, 2015 to

2. Singlets

January 4, 2017. In one of these cohorts, a
small aliquot (1-5 ml) of lavage fluid was
obtained for flow-cytometry sorting as part
of study protocols approved by the
Northwestern University Institutional
Review Board. Fluid was stored in 15-ml
conical tubes (Corning) at 4°C until
processing.

In all cohorts, BALs with greater than
or equal to 12% bronchial epithelial cells
were excluded. Patients who were
neutropenic (defined as a serum absolute
neutrophil count < 1,000 cells/pul) or who
had bronchiectasis or cystic fibrosis were
also excluded. In the prospective cohorts,
patients could be enrolled more than once
if each lavage was collected for a distinct
episode of suspected pneumonia during the
index hospitalization or if they were
rehospitalized with concern for a new
infection.

Pneumonia Definition

The definition of bacterial pneumonia was
based on recent consensus guidelines (18,
19). Specifically, pneumonia was defined as
greater than or equal to 10* cfu/ml of a
bacterial species on quantitative culture in
the setting of a clinical suspicion of
infection (identified by the treating
clinician ordering a bronchoscopic BAL or

3. CD45+

NBBAL with bacterial culture) and an
abnormal chest radiograph. For patients
with a recent (<48 h) change in antibiotics
at the time of sampling, bacterial growth of
greater than or equal to 10> cfu/ml was
considered positive, similar to previous
trials (20). Calibrated loop technology was
used for quantitative cultures.

Lavage Fluid Processing and Cell
Sorting

All lavage samples were processed for flow-
cytometry sorting within 12 hours of
collection using a modification of a
previously described procedure, as detailed
in the online supplement (21, 22). The
gating strategy used is shown in Figure 1.

Humanized Mouse Pneumonia Model
The Institutional Animal Care and Use
Committee and Institutional Review
Board (IS00000747) at Northwestern
University approved all animal
procedures. MISTRG mice (Jax 017712)
were reconstituted with CD34™ stem cells
isolated from human cord blood obtained
from a commercial vendor (StemCell
Technologies) (23). Fourteen-week-old
mice with confirmed reconstitution

were intratracheally inoculated with
either a low-virulence (PABL065) or

1. All Events
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Figure 1. Gating strategy used to identify resident and recruited macrophages from patient BAL fluid. Tissue-resident alveolar macrophages were
identified using sequential gating as singlets/CD45*/live/CD15~/CD206™ */CD169"/HLA™DR*/high autofluorescence; recruited macrophages were
identified as singlets/CD45*/live/CD15~/CD169~/CD206* */CD163* /HLA-DR*/high autofluorescence. Data from a representative patient are shown.
AMs = alveolar macrophages; CD = cluster of differentiation; FSC-A = forward scatter—area; FSC-H = forward scatter-height; SSC-A = side scatter-area.
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high-virulence (PABL012) clinical strain
of P. aeruginosa. Four hours after
infection, lungs were harvested for flow
sorting of alveolar macrophages. Full
details of the experimental procedure are
provided in the online supplement.

RNA Isolation and Sequencing
RNA isolation and sequencing procedures
are detailed in the online supplement.

Bioinformatics Analysis
Bioinformatic analyses are detailed in the
online supplement.

Statistics

Data are expressed as mean and SD or
median and interquartile range (IQR)
according to data distribution. BAL
neutrophil and procalcitonin distributions
were compared between patients with and
without bacterial pneumonia using the
Mann-Whitney U test. Receiver operating
characteristic (ROC) curves were
constructed for alveolar neutrophilia and
procalcitonin to discriminate between
patients with and without bacterial
pneumonia. The area under the curve
(AUC), sensitivity, specificity, positive
predictive value, negative predictive value
(NPV), positive likelihood ratio, and
negative likelihood ratio were calculated.

Table 1. Characteristics of Study Patients

For predictive modeling, least absolute
shrinkage and selection operator (LASSO)
was fit to the top 50 differentially expressed
genes ordered by false discovery rate (FDR)
q value in the resident and recruited
macrophage datasets. A summary of
statistics with LASSO was calculated using
the R package GLMNET (24). Tenfold
cross-validation was performed to
determine the most suitable parameters for
the prediction model for each cell type. The
average mean squared error and 95%
confidence interval (CI) were reported from
the most accurate model derived from 11
cross-validation runs. An ROC curve was
generated for each cell type using the R
package pROC and the AUC was
calculated. Weighted correlation network
analysis was performed using log counts
per million and clinical variables (25, 26).

Analysis was performed using
GraphPad Prism (version 7.02, GraphPad
Software) and R (version 3.4.1).

Results

Predictive Value of BAL Neutrophilia
Clinical characteristics of patients are shown
in Table 1. Bacterial pneumonia was
diagnosed in more than one-third of each
cohort. The majority of patients were

Retrospective

Cohort (851
Patients)
Male 500 (58)
Age, yr 61.4 (50-70)
White 467 (55)
Pneumonia type
CAP 0 (0)
HAP/VAP 851 (100)
APS score on ICU 67 (46-91)
admission
On antibiotics 692 (81)
before BAL
Bacterial 344 (40)
pneumonia
ICU length of stay, d 15.6 (7-28)
In-hospital 225 (26)
mortality

Prospective Cohort Prospective Cohort
A (73 Patients, 76
Unique Episodes of

B (68 Patients, 79
Unique Episodes of

Suspected Suspected
Pneumonia) Pneumonia)
42 (55) 39 (57)
61 (564-71) 63.5 (53-73)
33 (76) 32 (40)
22 (29) 20 (25)
54 (71) 59 (75)
53 (33-76) 61 (48-85)
65 (86) 79 (100)
28 (37) 29 (37)
11 (6-20) 13.5 (7-26)
28 (37) 25 (37)

Definition of abbreviations: APS = Acute Physiology Score; CAP = community-acquired pneumonia;
HAP = hospital-acquired pneumonia; VAP = ventilator-associated pneumonia.
Data are presented as n (%) or median (interquartile range).

1228

receiving antibiotics at the time of BAL
(81% in the retrospective cohort, 86% in
prospective cohort A, and 100% in
prospective cohort B). In-hospital mortality
was 26% in the retrospective cohort, 37%
prospective cohort A, and 37% in
prospective cohort B.

In the retrospective cohort, 1,156 BALs
were screened for inclusion. After exclusion
of 305 samples (53 with =12% bronchial
epithelial cells, 126 due to repeat sampling,
104 from patients with a serum absolute
neutrophil count < 1,000 cells/pl, and 22
for normal chest imaging), 851 were
included in the final analysis. Of these, 344
(40.4%) met the definition for bacterial
pneumonia. The most common pathogens
isolated were: P. aeruginosa (90, 26.2%),
methicillin-resistant Staphylococcus aureus
(30, 8.7%), and Klebsiella pneumoniae
(30, 8.7%). A full list of isolated pathogens
from all cohorts is included in the
online supplement. Receiver operating
characteristics for BAL neutrophilia as a
predictor of bacterial pneumonia are show
in Figure 2. The AUC for BAL neutrophilia
was 0.751 (95% CI, 0.719-0.784). When
BAL neutrophils were less than 50%, the
NPV for pneumonia was 91.5%. The
operating characteristics for various
thresholds of BAL neutrophil percentage
are shown in Table 2.

As antibiotic administration may impact
the microbiologic yield of BAL, we then
restricted our analysis to the 179 patients who
were not receiving antibiotics at the time of
sampling. In this cohort, the AUC of
alveolar neutrophilia for the diagnosis of
bacterial pneumonia was 0.767 (95% CI,
0.697-0.837). A BAL neutrophil cutoff of
less than 50% had a sensitivity of 86.7%,
specificity of 56.5%, positive predictive
value of 56.5%, and NPV of 86.7%.

In our prospective cohorts, 76 samples
were included in cohort A and 79 samples in
cohort B. Twenty-eight samples (36.8%) met
the definition for bacterial pneumonia in
cohort A and 29 (36.7%) in cohort B. A BAL
neutrophil threshold of less than 50%
had an NPV of 90.5% in cohort A and
90.9% in cohort B (see Table E3 in the
online supplement for full operating
characteristics). When the analysis was
restricted to patients who were either not
receiving antibiotics, receiving antibiotics
that did not cover the pathogen that was
ultimately isolated, or did not have a
change in antibiotics within 48 hours of
sampling, a BAL neutrophil threshold of
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Figure 2. BAL neutrophil percentage has a high negative predictive value for bacterial pneumonia in critically il patients with suspected infection. (A)
Percent of neutrophils in BAL fluid in a retrospective cohort of mechanically ventilated patients with suspected pneumonia stratified by antibiotic use at the
time of sampling. Boxes extend from the 25th to the 75th percentiles of recorded values, and the horizontal line is plotted at the median. Vertical lines
represent ranges. (B) Receiver operating characteristics curve of BAL neutrophil percentage for the diagnosis of bacterial pneumonia stratified by antibiotic
use at the time of sampling. (C and D) Percentage of neutrophils in BAL fluid in two independent prospective cohorts of mechanically ventilated patients
with suspected pneumonia. Results are shown for the entire cohort and the subgroup of patients who were either not on antibiotics or did not have a
change in antibiotics within 48 hours of sampling. Patients who were receiving antibiotics that did not cover the isolated pathogen were considered to be
off antibiotics. *P < 0.05, *P < 0.01, **P < 0.001, and ***P < 0.0001. AUC = area under the curve; Cl = confidence interval.

less than 50% retained a high NPV: 85.7%
in cohort A (40 samples) and 86.7% in
cohort B (38 samples). We repeated our
analysis of our prospective cohorts using a
bronchial epithelial cell cutoff of greater
than 5% to identify contaminated samples.
This did not significantly change our results
(data not shown).

We then compared the test
characteristics of BAL neutrophilia to
procalcitonin—a commonly used
biomarker to discriminate bacterial from
nonbacterial lower respiratory tract
infections (Figure 3) (27, 28). This analysis
included 61 patients from prospective
cohort A (80% of the cohort) and 60
patients from prospective cohort B (76% of
the cohort) who had a procalcitonin
obtained within 6 hours of alveolar
sampling. In both cohorts, procalcitonin
was a poor predictor of bacterial

Walter, Ren, Yacoub, et al.: Assessment of the Host Response in Suspected Pneumonia

pneumonia. There was no significant
difference in procalcitonin values between
patients with and without bacterial
pneumonia in either cohort. The AUC for
bacterial pneumonia was 0.550 (95% CI,
0.393-0.707) in cohort A and 0.566 (95%
CI, 0.413-0.720) in cohort B.

Finally, we asked whether pairing a
BAL neutrophil threshold of less than 50%
with a negative BAL gram stain (another
inexpensive and rapidly available test) could
further improve the NPV for bacterial
pneumonia. This combination had an
NPV for bacterial pneumonia of 100%
in prospective cohort A and 95.0% in
prospective cohort B.

RNA-Seq Analysis of Flow-sorted
Macrophages

As no BAL neutrophil cutoff could exclude
bacterial pneumonia with certainty, we

explored whether gene expression profiling
of alveolar macrophages might further
discriminate between patients with and
without pneumonia. Accordingly, we
performed RNA-Seq analysis of flow-sorted
resident and recruited macrophages
obtained from patients in prospective
cohort B.

Nine samples were excluded from our
analysis on the basis of our described
filtering criteria. Estimation of differential
gene expression was performed in a
derivation cohort, which included 42 flow-
sorted resident alveolar macrophage
samples (15 from patients with pneumonia
and 27 from patients without pneumonia)
and 44 recruited macrophage samples (14
from patients with pneumonia and 30 from
patients without pneumonia). Using an FDR
q value less than 0.05, 33 differentially
expressed genes were identified in resident
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Table 2. Operating Characteristics of BAL Neutrophil Percentage to Identify the Presence of Bacterial Pneumonia in Mechanically
Ventilated Patients with Suspected Infection

BAL Neutrophils (%)

=40
=50
=60
=70
=80
=90

Sensitivity (%)

96.8
95.9
92.7
88.1
79.1
48.5

Specificity (%) PPV (%) NPV (%)
23.9 46.2 91.6
29.8 48.1 91.5
35.7 49.4 87.8
44.4 51.8 84.6
59.0 56.7 80.6
82.6 65.4 70.3

Positive LR (95% CI)

Negative LR (95% CI)

Definition of abbreviations: Cl = confidence interval; LR = likelihood ratio; NPV = negative predictive value; PPV = positive predictive value.

Retrospective cohort (n = 851).

alveolar macrophages and 24 differentially
expressed genes were identified in recruited
macrophages (Figures 4A and 4B).
Functional enrichment analysis with GO
Biological Processes revealed common
infection-related processes including
Defense Response, Immune System
Process, and Response to Molecule of
Bacterial Origin in both sorted-cell
populations (Figures 4C and 4D).

Although functional enrichment
analysis is helpful to identify broad
pathophysiologic categories within a given
gene set, the processes identified are not
specific to lower respiratory tract infections.
We therefore performed gene set
enrichment analysis using the curated
Comparative Toxicogenomics Database
pneumonia gene set to assess whether our
transcriptional data were enriched for genes
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Figure 3. Procalcitonin does not discriminate between the presence or absence of bacterial pneumonia in
mechanically ventilated patients with suspected infection. (A) Scatter plots showing procalcitonin values in
two independent prospective cohorts of mechanically ventilated patients with suspected pneumonia.
Vertical lines extend from the 25th to the 75th percentiles of recorded values, and the horizontal line is
plotted at the median (P > 0.05 for both cohorts). (B) Receiver operating characteristics curves of
procalcitonin for the diagnosis of bacterial pneumonia. AUC = area under the curve; Cl = confidence

interval; ns = not significant.
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known to be associated with pneumonia (29,
30). Significant enrichment for the curated
gene set was found among differentially
expressed genes between patients with and
without pneumonia in both cell types
(Figures 4E and 4F). Two previously
published gene signatures associated with
bacterial pneumonia, both generated from
analysis of peripheral blood, were not
identified in our dataset (31, 32).

We then used LASSO regression to
generate a predictive model of bacterial
pneumonia for both resident and recruited
macrophages using our training dataset. The
predictive gene signatures identified were
then applied to a validation cohort, which
included 20 resident macrophage samples (9
from patients with pneumonia and 11 from
patients without pneumonia) and 11
recruited macrophage samples (7 from
patients with pneumonia and 4 from
patients without pneumonia). The AUC for
the three-gene signature (TNFAIP3, WSB1,
and PFKFB3) identified in resident alveolar
macrophages was 0.78 (95% CI, 0.56-0.99).
The AUC for the five-gene signature
(MMP14, TNFAIP3, NFKBIZ, TNFAIP6,
and HSP90AA1) identified in recruited
macrophage samples was 0.74 (95% CI,
0.56-1.00).

As we were underpowered to focus on
any one specific pathogen, we performed
correlation analysis using weighted
correlation network analysis to determine
whether clinical variables including
subtypes of isolated pathogens might be
associated with gene expression in our
dataset (Figure 5). In both resident and
recruited macrophages, the cluster of genes
most strongly associated with bacterial
pneumonia was also highly associated with
BAL neutrophilia. In resident alveolar
macrophages, this cluster included 319
genes strongly associated with both BAL
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Figure 4. Transcriptional profiling of flow-sorted resident and recruited alveolar macrophages from critically ill patients with suspected infection reveals a
signature of bacterial pneumonia. (A and B) In a derivation cohort, 49 flow-sorted resident alveolar macrophage samples and 46 recruited macrophage
samples were obtained from critically ill patients with suspected infection and processed for RNA sequencing. Estimation of differential gene expression
using EdgeR was performed comparing patients with and without pneumonia, and heatmaps were generated showing significantly differentially expressed
genes ordered using hierarchical clustering. Columns represent individual patients, and rows represent specific genes. (C and D) Functional enrichment
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neutrophilia (P=4 X 10~7) and bacterial
pneumonia (P =0.008). Sixteen of these
genes overlapped with those found in our
differential expression analysis. Similarly, in
recruited macrophages, a unique cluster of
220 genes was significantly associated with
both BAL neutrophilia (P=5 X 10~7) and
bacterial pneumonia (P =0.002). Twenty-
five of these genes overlapped with genes
identified in the differential expression
analysis. A full list of overlapping genes is
provided in the online supplement.

Humanized Mouse Model of

P. aeruginosa Pneumonia

Macrophages exhibit remarkable plasticity,
demonstrating distinct transcriptional
responses to different pathogens (33).
Identification of unique host response
signatures might therefore facilitate the
diagnosis of pneumonia caused by a specific
pathogen. We compared the transcriptional
response of human alveolar macrophages in
a mouse lung environment (humanized
mouse) during infection with two clinical
strains of P. aeruginosa.

After intratracheal infection with either
a low- or high-virulence strain of P.
aeruginosa, human alveolar macrophages
were isolated from murine whole-lung
tissue and processed for RNA-Seq (Figures
6A-6D). Using k-means clustering (k =6),
several distinct gene clusters were
identified, including a group of 711 genes
upregulated in all infected mice, a cluster of
447 genes upregulated in the setting of
infection with the low-virulence strain of
P. aeruginosa, and a cluster of 279 genes
unique to infection with the high-virulence
strain. Overall, there were 1,925
differentially expressed genes (identified by
an FDR ¢ value < 0.05) between mice
infected with the high-virulence strain of
P. aeruginosa and control mice.

Of the 100 most differentially expressed
genes in mice infected with the high-
virulence strain, 89 were identified in
alveolar macrophages isolated from a cohort
of four mechanically ventilated patients with
P. aeruginosa and four uninfected control
subject. To approximate alveolar
macrophage gene expression in the healthy
human lung, we used alveolar macrophage
RNA-Seq data from lung tissue obtained

from four age- and sex-matched donors at
the time of lung transplantation as our
controls (34). Humans with P. aeruginosa
pneumonia demonstrated a similar gene
expression pattern to infected MISTRG
mice (Figure 6D).

Discussion

We demonstrate how an assessment of the
host response can aid the diagnosis of
bacterial pneumonia. First, we show in both
retrospective and prospective cohorts that
the absence of alveolar neutrophilia is useful
in ruling out bacterial pneumonia in
mechanically ventilated patients with
suspected infection. Our study is the largest
to determine the test characteristics of
BAL neutrophilia in critically ill patients
(8, 13-15). Second, we show how next-
generation sequencing techniques can be
applied to clinical samples to identify
transcriptomic signatures of infection
within a key lung immune cell, the alveolar
macrophage. Finally, we provide proof of
concept using a humanized mouse model
of pneumonia that pathogen-specific
transcriptional signatures can be identified.
Our results support the identification of
novel host response biomarkers to aid the
diagnosis and treatment of pneumonia.
Current guidelines recommend empiric
broad-spectrum antibacterial therapy for
patients with suspected pneumonia and
respiratory failure (18, 19). Because of this
emphasis on early empiric therapy, patients
in the ICU receive on average more than
1.5 doses of antibiotics per day (35).
Antibiotic overuse promotes the emergence
of resistant pathogens and leads to adverse
patient outcomes (36, 37). Accordingly,
biomarkers with high sensitivity are needed
to identify patients in whom antibiotics can
be safely avoided or rapidly discontinued.
BAL neutrophilia is an appealing diagnostic
test, as it is inexpensive, widely available,
and reflective of a fundamental host
immune response to bacterial pneumonia.
We show that the absence of BAL
neutrophilia has a high NPV for bacterial
pneumonia. A BAL neutrophil percentage of
less than 50% had an NPV for bacterial
pneumonia exceeding 90% in all cohorts.

When a BAL neutrophil threshold of less
than 50% is paired with a negative BAL
gram stain, the NPV for bacterial
pneumonia approaches 100%. We believe
the combination of these two rapid and
inexpensive tests has the potential to
facilitate the rapid discontinuation of
empiric antibiotic therapy in many critically
ill patients with suspected bacterial
pneumonia. Importantly, we demonstrate
that the test characteristics of BAL
neutrophilia are minimally impacted by the
administration of antibiotics. As the
majority of critically ill patients with a
suspected new pneumonia receive
antibiotics before diagnostic testing, a
biomarker that remains informative in this
setting is particularly valuable (20, 38).

In both of our prospective cohorts, BAL
neutrophilia outperformed procalcitonin, a
peripheral blood biomarker used to help
discriminate bacterial from nonbacterial
infection (28). This observation is
concordant with recent work
demonstrating that disease-specific host
response signatures are superior to systemic
markers of inflammation (39). The results
of our correlation analysis, in which the
clusters of genes most strongly associated
with bacterial pneumonia were also highly
associated with BAL neutrophilia, further
support the utility of this test.

As BAL neutrophilia is insufficient to
exclude bacterial pneumonia with certainty,
we asked whether a detailed assessment of
the host response using next-generation
sequencing might yield additional
informative markers of bacterial
pneumonia. Recent advances in flow
cytometry allow for the unequivocal
identification of myeloid cells in the human
lung (21, 40, 41). When paired with BAL in
patients with suspected pneumonia, these
techniques enable individual immune cell
populations to be isolated from the alveolus
and processed for RNA-Seq.

We identified a transcriptional
signature of infection in both resident and
recruited macrophages from patients with
bacterial pneumonia compared with those
without infection. We were able to leverage
this dataset to generate predictive gene
signatures from both resident and recruited
macrophages. These signatures identified

Figure 4. (Continued). analysis with GO Biological Processes was performed using GOrilla. Representative GO processes upregulated in patients with
pneumonia are shown. (E and F) Gene set enrichment analysis was performed using the curated Comparative Toxicogenomics Database pneumonia
gene set. Enrichment plots with P values and normalized enrichment scores for both cells types are shown. GO = gene ontology.
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Figure 5. Weighted correlation network analysis (WGCNA) identifies unique gene clusters associated with pneumonia subtypes. (A and B) WGCNA
was performed for resident alveolar macrophages (A) and recruited macrophages (B). Each column represents a unique clinical variable. For

resident macrophages, row 1 identifies a cluster of 391 genes strongly associated with both BAL neutrophilia and bacterial pneumonia. For recruited
macrophages, cluster 22 identifies a cluster of 220 genes strongly associated with both BAL neutrophilia and bacterial pneumonia. (C and D) Average log
module expression of these two clusters is plotted against the percentage of neutrophils in BAL fluid. (E and F) Average log module expression of gene
clusters with the strongest positive association with pneumonia subtypes. (E) Expression for resident alveolar macrophages; (F) expression for recruited
macrophages. APACHE = Acute Physiology and Chronic Health Evaluation; Avg = average; cor = correlation coefficient.
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patients with bacterial pneumonia with
encouraging operating characteristics
despite significant clinical heterogeneity in
our study cohort, including a small number
of patients infected with the same pathogen.
We envision gene signatures identified with
this approach being used to inform genes
that could be included in PCR-based
diagnostic tests—technology that is based
on similar chemistry to RNA-Seq.

Although both resident and recruited
macrophages exhibited a transcriptional
response to bacterial infection, this response
differed between cell types. We did not
identify any shared differentially expressed
genes between resident and recruited
macrophages from patients with pneumonia
using an FDR-adjusted g value less than
0.05, and only 143 shared genes when using
an unadjusted P value less than 0.05. Our
results are consistent with animal models
describing distinct transcriptional
responses to lung injury among
macrophage subsets (22, 42). We found
that gene expression changes in resident
macrophages were more predictive of
bacterial pneumonia than changes in
recruited macrophages. Although
monocyte-derived cells play a prominent
role in disease pathogenesis, monocyte-
to-macrophage differentiation is
associated with dynamic remodeling of
more than 60% of the transcriptome (22,
43). It is therefore not surprising that
infection-specific gene signatures might
be more readily identified in a fully
mature cell like the tissue-resident
alveolar macrophage.

We concluded by asking whether
host response signatures might aid our
ability to attribute pneumonia to a
specific pathogen. We compared the
transcriptomic response of human alveolar
macrophages using humanized mice
infected with two clinical strains of
P. aeruginosa. Infection with P. aeruginosa
was chosen as it is one of the most
frequently isolated pathogens in hospital-
acquired pneumonia (44, 45). Infection
with a virulent strain of P. aeruginosa
produced a transcriptomic response

distinct from infection with a low
virulence strain and from control subjects.
We then compared expression of the top
100 differentially expressed genes from
this gene set with expression of those same
genes in patients with P. aeruginosa from
our prospective cohort with P. aeruginosa
pneumonia and in uninfected control
subjects. Expression of these genes notably
differed between the two patient groups,
suggesting that humanized mice might
serve as a novel translational tool to
inform the identification of pathogen-
specific host response signatures in
patients.

Our work has several important
implications. Diagnostic tests that move
beyond pathogen detection and instead
identify informative elements of the host
response to infection are needed to drive
innovation in the diagnosis and
management of patients with pneumonia
(10). Ideally, a multifaceted assessment
of the host response will incorporate
molecular characterization of host-
pathogen interactions. However, the
application of next-generation sequencing
technologies to clinical specimens obtained
from critically ill patients is challenging and
understudied. We demonstrate that RNA-
Seq can be used to assess transcriptome-
level changes in alveolar macrophages using
samples obtained as part of routine clinical
care in the ICU. Furthermore, we provide
data to suggest that the application of
machine learning tools to larger datasets
may identify biomarkers that predict
causative pathogens. Importantly, we have
recently shown that NBBAL is safe and
easily performed by nonphysicians (12).
Our approach, therefore, could readily be
performed serially in informative cohorts,
including those infected with high-risk
pathogens or after the initiation of
a targeted therapy, enabling an
unprecedented evaluation of dynamic
changes in the alveolar transcriptome. We
believe our approach will help answer many
of the key questions identified in a recent
NHLBI working group report, “Future
Research Directions in Pneumonia” (10).

Our study has limitations. Our
definition of pneumonia required positive
quantitative culture of lower respiratory
tract specimens. The clinical utility of such
an approach is controversial (18). We
considered isolation of oropharyngeal
pathogens in lower respiratory culture
indicative of true pneumonia if all other
clinical criteria were met. Although these
bacteria may behave like typical
pathogens, their clinical significance
remains a source of debate (46). The
yield of BAL cultures may have been
impacted by antibiotic administration
leading to sample misclassification. The
operating characteristics of BAL
neutrophilia may differ in populations
where the pretest probability of
pneumonia is lower. Because of sample
volume and quality, not all patients in our
prospective cohort had sufficient resident
and recruited macrophages sorted for
RNA sequencing. In addition, the delay
from the time of collection to sample
processing may have impacted our
transcriptome analysis. Finally, although
the largest series to date, sample size for
our transcriptomic analysis is still too
small to reliably generate and validate
specific biomarkers.

In conclusion, assessment of alveolar
neutrophilia can help to rapidly exclude
bacterial pneumonia in critically ill patients,
with an NPV approaching 100% when an
alveolar neutrophil percentage of less than
50% is paired with a negative lavage fluid
gram stain. Resident and recruited
macrophages can be isolated from BAL fluid
obtained during routine ICU care and used
for RNA-Seq analysis. This approach may
be useful to identify transcriptional
signatures that characterize the host
response to bacterial pneumonia. A
combination of cellular and molecular
analysis of the host and pathogen in BAL
fluid shows promise for improving
the diagnosis and management of
pneumonia.

Author disclosures are available with the text
of this article at www.atsjournals.org.

Figure 6. (Continued). ANOVA approach and a false discovery rate (FDR) g value less than 0.05. (D) Expression of the top 100 differentially expressed
genes (identified using an FDR q value) in humanized mice infected with a high-virulence strain of P. aeruginosa compared with control subjects was
assessed in four patients with P. aeruginosa pneumonia and four mechanically ventilated patients without infection. Counts for mice and humans were
normalized separately. Representative genes are shown to the right of the figure. Each row represents an individual gene. Each column represents an
individual mouse or patient. AM = alveolar macrophage; CD = cluster of differentiation; FSC-A = forward scatter-area; FSC-H = forward scatter-height.
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