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At a Glance Commentary: 
Scientific knowledge on the subject: Respiratory tract infections are classified as 
community-acquired pneumonia (CAP) when contracted outside a health care setting, 
or hospital-acquired pneumonia (HAP) when developed later than 48 hours after hospital 
admission. Preclinical studies suggest that hospitalized patients are more susceptible to 
infections caused by nosocomial respiratory pathogens, in part due to immune suppression 
caused by the condition for which they were admitted. 
What this study adds to the field: This investigation sought to characterize the systemic 
response in patients diagnosed with HAP or CAP. Applying genome-wide blood gene 
expression profiling and measuring a panel of plasma biomarkers reflecting organ systems 
implicated in infection pathogenesis we revealed shared and distinct transcriptional 
and plasma protein responses. Notably, we found significant attenuation of an interferon 
signaling gene expression signature that might contribute to increased vulnerability of 
hospitalized patients to less virulent respiratory pathogens. These findings provide a 
clinical observational basis for preclinical studies on secondary pneumonia by nosocomial 
pathogens following immune suppression caused by extra-pulmonary disease.  

Abstract
Rationale: Preclinical studies suggest that hospitalized patients are susceptible to infections 
caused by nosocomial respiratory pathogens at least in part due to immune suppression 
caused by the condition for which they were admitted. 
Objectives: We aimed to characterize the systemic host response in hospital-acquired 
pneumonia (HAP) when compared with community-acquired pneumonia (CAP). 
Methods: We performed a prospective study in two intensive care units (ICU) in 453 patients 
with HAP (n = 222) or CAP (n = 231). Immune responses were determined on ICU admission 
by measuring 19 plasma biomarkers reflecting organ systems implicated in infection 
pathogenesis (in 192 HAP and 183 CAP patients) and by applying genome-wide blood gene 
expression profiling (in 111 HAP and 110 CAP patients).  
Measurements and main results: HAP and CAP patients presented with similar disease 
severities and mortality rates did not differ up to one year after admission. Plasma proteome 
analysis revealed largely similar responses, including systemic inflammatory and cytokine 
responses, and activation of coagulation and the vascular endothelium. The blood 
leukocyte genomic response was >75% common in HAP and CAP patients, comprising pro-
inflammatory, anti-inflammatory, T cell signaling and metabolic pathway gene sets. HAP 
patients showed over-expression of genes involved in cell-cell junction remodeling, adhesion 
and diapedesis, which corresponded with lower plasma levels of matrix metalloproteinase-8 
and soluble E-selectin. In addition, HAP patients demonstrated under-expression of a type-I 
interferon signaling gene signature.
Conclusions: HAP and CAP patients present with a largely similar host response at ICU admission. 
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Introduction
Pneumonia is the third most common cause of death globally, responsible for an estimated 
3.1 million deaths annually1. In developed countries pneumonia is the most common 
infection requiring intensive care unit (ICU) admission and the most frequent cause of 
sepsis2. Respiratory tract infections are classified as community-acquired pneumonia (CAP) 
when contracted outside a health care setting, or hospital-acquired pneumonia (HAP) 
when developed later than 48 hours after hospital admission. The distinction between 
CAP and HAP is of clinical relevance since different causative pathogens are involved, 
requiring different antimicrobial therapies. The difference in pathogens causing CAP and 
HAP at least in part is related to an increased susceptibility of hospitalized patients to 
endogenous potential pathogens that rarely cause pneumonia in the community, instigated 
by an immune suppressive effect of the condition that necessitated hospitalization3,4. Mouse 
models of pneumonia have indeed suggested that a subacute infectious or inflammatory 
disease distant from the lung renders animals susceptible to typical nosocomial respiratory 
pathogens, caused by a suppression of adequate host defense mechanisms5-7. The concept 
that (sub)acute illness results in an impairment of immune responses is supported by many 
studies in various patient populations2,8. However, to our knowledge, human studies that 
sought to compare the host responses in CAP and HAP have not been reported. 
We here hypothesized that HAP, relative to CAP, is associated with blunted pro-inflammatory 
and innate immune responses in critically ill patients requiring ICU admission. To address 
this hypothesis we conducted a prospective observational study in two mixed ICUs in the 
Netherlands during a 2.5-year period encompassing 453 consecutive patients admitted with 
CAP or HAP. By measuring 19 plasma biomarkers indicative of organ systems known to be 
disturbed in severe infection and by applying genome-wide blood leukocyte gene expression 
profiling we provide in-depth insight into the systemic biological pathways implicated in 
community- and hospital-acquired sepsis pathogenesis. 

Methods

Study design, setting and patient identification 
This study was conducted as part of the “Molecular Diagnosis and Risk Stratification of Sepsis” 
(MARS) project, a prospective observational cohort study in the mixed ICUs of two tertiary 
teaching hospitals (Academic Medical Center in Amsterdam and University Medical Center 
in Utrecht) in the Netherlands (ClinicalTrials.gov identifier NCT01905033)9,10. All consecutive 
patients above 18 years of age admitted to the two ICUs with an expected length of stay 
longer than 24 hours were included via an opt-out method approved by the medical ethical 
committees9,10. Dedicated research physicians prospectively collected demographic, clinical, 
microbiology and interventional data. For every admitted patient the plausibility of an 
infection was assessed in retrospect using a four point scale (ascending from none, possible, 
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probable to definite) as described in detail9. For the current analysis all consecutive patients 
admitted to the ICUs between January 2011 and July 2013 with CAP or HAP diagnosed 
within 24 hours after ICU admission with a probable or definite likelihood (see eTable 1 in 
the Supplement) were included. Patients with CAP were admitted directly to the ICU or 
hospitalized for pneumonia less than 48 hours before ICU admission; patients admitted to 
the ward with CAP and transferred to the ICU more than 48 hours after hospitalization were 
excluded. HAP was defined as any pneumonia acquired more than 48 hours after admission 
to the hospital. Patients with ventilator-associated pneumonia and readmissions were 
excluded. Patients transferred from another ICU were also excluded, except when they were 
referred to one of study centers on the same day of presentation to the first ICU. 

Clinical variables
Physiological measurements, vital signs and severity scores (including Acute Physiology 
and Chronic Health Evaluation (APACHE) IV and Sequential Organ Failure Assessment 
(SOFA) scores) were conducted daily. Specific organ failures were defined as a SOFA score 
of 3 or greater, except for cardiovascular failure for which a score of 1 or more was used 
(central nervous system was excluded)11. Shock was defined by the use of vasopressors 
(noradrenaline) for hypotension in a dose of >0.1mcg/kg/min during at least 50% of the ICU 
day. Comorbidities were defined as described in the Supplement. Acute kidney injury and 
acute respiratory distress syndrome were defined using strict pre-set criteria12,13. ICU-acquired 
complications were defined when they occurred more than 48 hours after ICU admission. 

Plasma biomarker measurements
Measurements were done in plasma collected on admission of 183 CAP and 192 HAP patients 
as described in the Supplement. 

Blood gene expression microarrays
In a subgroup of patients (110 CAP and 111 HAP patients), whole blood was collected in 
PAXgene™ tubes (Becton-Dickinson, Breda, the Netherlands) within 24 hours after ICU 
admission. Total RNA was isolated using the PAXgene blood mRNA kit (Qiagen, Venlo, 
the Netherlands) in combination with QIAcube automated system (Qiagen, Venlo, the 
Netherlands). See the Supplement for detailed methodology used in microarray data pre-
processing, differential gene expression analysis, bioinformatics and biological pathway 
analysis. Genome-wide blood gene expression profiles of CAP and HAP patients were initially 
compared to 42 healthy controls. Benjamini-Hochberg (BH) adjusted P-values defined 
significant differential gene expression and pathway enrichment.

Subgroup and sensitivity analysis
We performed several subgroup and sensitivity analyses that are described in detail in the 
Supplement and the Results section.  
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Statistical analysis
All categorical variables are presented as numbers (percentages), parametric continuous 
variables are presented as means ± standard deviation (SD) and nonparametric continuous 
variables are presented as median and interquartile ranges (IQR, 25th and 75th percentiles). 
Data distribution was assessed by the Kolmogorov-Smirnov test. A Mann-Whitney U or a 
Kruskal-Wallis test was used to analyze continuous nonparametric data, whereas continuous 
parametric data were analyzed using a student’s t-test or analysis of variance (two-sided 
analysis of variance). All categorical data were analyzed using a chi square or Fisher exact 
test. Plasma protein levels were log10 transformed for plotting purposes and analyzed 
using a Mann-Whitney U test. All analyses were performed in R studio (version 3.2.3, R Core 
Team 2013, Vienna, Austria). A nominal P value < 0.05 was considered to be of statistically 
significance for clinical data. Multiple-comparison adjusted (Benjamini-Hochberg, BH) P 
value < 0.05 defined significance of plasma biomarker results.

Results

Patient characteristics and outcome
The 2.5-year study period encompassed 643 ICU admissions for pneumonia with a probable 
or definite infection likelihood (see eFigure 1 in the Supplement). In total 190 admissions 
(29.5%) were excluded because they involved readmissions (n = 100), transfers from other 
ICUs (n = 53) or CAP episodes that had been treated for more than 48 hours on the ward 
before ICU admission (n = 37). Thus, the study population consisted of 231 patients with 
CAP (of whom 144 with a probable and with 87 a definite likelihood) and 222 patients with 
HAP (185 probable and 37 definite) (Table 1). Patients admitted with CAP or HAP were not 
different in terms of age or chronic comorbidities, except for chronic obstructive pulmonary 
disease (COPD), which was more prevalent in patients admitted with CAP. HAP patients 
more often involved males and surgical admissions. Disease severity upon presentation to 
the ICU was similar in CAP and HAP patients, as indicated by equal APACHE IV and SOFA 
scores, and similar proportions of organ failure and septic shock. Gram-positive bacteria 
were more prevalent in CAP patients (36.8% versus 23.0% in HAP), whereas gram-negative 
pathogens were predominant in HAP patients (64.4% versus 24.2% in CAP) (see eTable 2 in 
the Supplement). 
The occurrence of ICU-acquired complications was not different between groups. Patients 
with HAP had a longer ICU length of stay (6 [3-11] days versus 5 [2-11] days for CAP patients, P 
= 0.04). A trend towards increased crude mortality in patients with HAP was observed, which 
only reached statistical significance for hospital mortality (35.1% versus 26.0% P = 0.04 (Table 
1). 
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Table 1. Baseline characteristics, ICU-acquired complications and mortality of patients admitted 
to the ICU with community- or hospital-acquired pneumonia.

Community-  
acquired  

pneumonia

Hospital-  
acquired  

pneumonia
P value 

Patients 231 (51.0%) 222 (49.0%)
Demographics
Age, years, mean (SD) 60.8 (16.1) 60.6 (15.0) 0.89
Gender male, n (%) 133 (57.6%) 151 (68.0%) 0.02
Body mass index mean (SD) 25.1 (6.1) 25.0 (5.1) 0.74
Race, white, n (%) 202 (87.4%) 198 (89.2%) 0.37
Medical admission, n (%) 223 (96.5%) 187 (84.2%) <.001
Length of hospital stay prior to ICU admission 0 [0-1] 8 [5-18] <.0001
Chronic comorbidity, n (%)

None 47 (20.3%) 55 (24.8%) 0.27
Cardiovascular insufficiency 57 (24.7%) 56 (25.2%) 0.92
COPD 60 (26.0%) 36 (16.2%) 0.01
Diabetes 50 (21.6%) 35 (15.8%) 0.12
Malignancy 49 (21.2%) 65 (29.3%) 0.06
Renal insufficiency 28 (12.1%) 26 (11.7%) >.99
Respiratory insufficiency 68 (29.4%) 44 (19.8%) 0.03
Charlson comorbidity index 4 [3-6] 4 [3-6] 0.91

Severity of disease on ICU admission
APACHE IV Score, median [IQR] 78 [62-98] 79 [64-100] 0.45
SOFA score, median [IQR] 7 [4-9] 7 [5-9] 0.75
Mechanical ventilation, n (%) 155 (67.1%) 164 (73.9%) 0.13
Organ failure, n (%) 183 (79.2%) 192 (86.5%) 0.09
Shock, n (%) 68 (29.4%) 72 (32.4%) 0.54
Acute kidney injury, n (%) 72 (31.2%) 51 (23.0%) 0.06
Acute respiratory distress syndrome, n (%) 79 (34.2%) 74 (33.3%) 0.92
Acute myocardial infarction, n (%) 9 (3.9%) 2 (0.9%) 0.06

Outcome
Length of ICU stay, days, median [IQR]a 5 [2-11] 6 [3-11] 0.04
Length of hospital stay, days, median [IQR]b 13 [7-24] 21 [9-39] <.0001
ICU-acquired complications, n (%)

None 187 (81.0%) 172 (77.5%) 0.40
Acute kidney injury 25 (10.8%) 25 (11.3%) >.99
Acute respiratory distress syndrome 14 (6.1%) 8 (3.6%) 0.25
Acute myocardial infarction 1 (0.4%) 4 (1.8%) 0.22
ICU-acquired infection 26 (11.3%) 24 (12.2%) 0.77
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Community-  
acquired  

pneumonia

Hospital-  
acquired  

pneumonia
P value 

Patients 231 (51.0%) 222 (49.0%)
Mortality, n (%)

ICU 43 (18.6%) 47 (21.2%) 0.56
Hospital 60 (26.0%) 78 (35.1%) 0.04
30 days 57 (24.7%) 64 (28.8%) 0.43
90 days 75 (32.5%) 89 (40.1%) 0.16
1 year 100 (43.3%) 118 (53.2%) 0.08

Abbreviations: APACHE: acute physiology and chronic health evaluation. COPD: chronic obstructive pulmonary 
disease. ICU: intensive care unit. SOFA: sequential organ failure assessment. 
a Calculated from ICU admission to ICU discharge.
b Calculated from ICU admission to hospital discharge.

Plasma host response biomarkers 
To obtain insight into the host immune response in critically ill patients with CAP or HAP 
we measured 19 plasma biomarkers indicative of activation and/or dysregulation of key 
pathways implicated in sepsis pathogenesis; for these analyses plasma was available from 
183 CAP and 192 HAP patients (Figure 1). When compared to healthy controls, both CAP and 
HAP patients displayed signs of systemic inflammation (elevated plasma concentrations 
of C-reactive protein, interleukin (IL)-6, IL-8 and matrix metalloproteinase (MMP)-8) and 
a profound activation of the coagulation system (elevated D-dimer levels, prolonged 
prothrombin time and activated partial thromboplastin time, and reduced levels of the 
anticoagulant proteins protein C and antithrombin). Moreover, CAP and HAP patients 
demonstrated evidence of endothelial cell activation (elevated soluble E-selectin, soluble 
intercellular adhesion molecule (ICAM)-1, fractalkine and angiopoietin-2 levels); this together 
with reduced angiopoietin-1 levels suggested the presence of a disturbed vascular integrity14. 
While most of these responses were similar in patients with CAP and HAP, differences were 
also detected: HAP patients had lower plasma MMP-8 and soluble E-selectin levels, and 
higher protein C levels when compared to CAP patients. The plasma concentrations of the 
pro-inflammatory cytokines tumor necrosis factor-α, IL-1β and interferon-γ, and of the anti-
inflammatory cytokine IL-13 were undetectable or very low in the vast majority of patients and 
not different between groups (data not shown). The plasma levels of the anti-inflammatory 
cytokine IL-10 were also not different between CAP and HAP patients (Figure 1). Together, 
these data suggest that while some typical sepsis responses were modestly mitigated in HAP 
patients, the majority of host responses were similar between CAP and HAP patients.   
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Figure 1. Host response plasma biomarkers in critically ill patients admitted with community-
acquired or hospital-acquired pneumonia. 

Plasma biomarkers were measured on Intensive Care Unit admission. Data are expressed as box-and-whisker 
diagrams depicting the median, with the lower and upper quartiles, and whiskers extending to the farthest 
points that are not outliers, i.e., that are within 1.5 times the interquartile range of the lowest and the highest 
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quartile respectively (as specified by Tukey). Dotted lines indicate median values obtained in 27 healthy aged 
matched subjects. aPTT, activated partial thromboplastin time; CRP, C-reactive protein ; IL, interleukin ; MMP, 
matrix metalloproteinase ; PT, prothrombin time ; ICAM-1, intercellular adhesion molecule.  Values in patients 
were all significantly different from those in healthy controls. Asterisks indicate differences between CAP and 
HAP patients. Benjamini-Hochberg corrected * p < 0.05, *** p < 0.001. 

CAP and HAP are characterized by shared and distinct gene expression alterations 
In a subgroup of 110 consecutive CAP patients and 111 consecutive HAP patients, enrolled 
during the first 1.5 years of the study period, we performed an unbiased blood genomics 
approach. Baseline characteristics, outcome and causative pathogens of this subgroup were 
similar to those of the entire cohort (see eTable 3 and eTable 4 in the Supplement). Admission 
white blood cell counts and differentials were not different between groups (see eTable 5 in 
the Supplement). Both CAP and HAP patients were characterized by robust transcriptional 
alterations compared to healthy controls (Figure 2A). 83% of the expressed gene content 
was altered in both CAP and HAP, with 7900 genes that were commonly altered (Figure 2A, 
B). Pathway analysis revealed common over-expressed genes associated to typical pro-
inflammatory signalling pathways, which included IL-1 signaling and IL-8 signaling, as well 
as a preponderance of genes that enrich for endocytosis signaling pathways including 
RhoA signaling and clathrin-mediated endocytosis signaling (Figure 2C). Common under-
expressed genes associated to a variety of lymphocyte signaling pathways, such as iCOS-
iCOSL and CD28 signaling in T helper cells, as well as protein translation and metabolic 
pathways that included EIF2 and mTOR signaling (Figure 2C). Besides the common host 
response, uniquely altered gene expression profiles in CAP and HAP were also identified 
(Figure 2A). Indeed, comparing CAP and HAP patients yielded significantly differential gene 
expression profiles (Figure 3A). Notably, under-expressed genes in HAP strongly associated to 
the interferon signaling pathway (Figure 3B), including type-I interferon signaling genes OAS1, 
IFIT1, IFIT3, STAT2, MX1, IFI35 and IRF7 (Figure 3C). Over-expressed genes in HAP associated to 
predominantly cell-cell junction remodelling and cell mobility pathways, with ITGB1, TUBB1 
and JAM3 particularly over-expressed (Figure 3B,C). Thus, although critical illness due to HAP 
and CAP was characterized by a predominantly common host response, under-expression of 
a type-I interferon signalling gene expression signature concomitant with elevated expression 
of cell junction and mobility gene signatures discriminated HAP from CAP patients. Using the 
significantly different gene expression indices between HAP and CAP patients (Figure 3A) we 
performed principal component analysis and identified 2-3 predominant components to the 
data (see eFigure 2 in the Supplement). There was moderate separation between HAP and 
CAP, with an explainable variance of 26% based on the first component. 
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Figure 2. Common blood leukocyte transcriptional responses in HAP and CAP patients. 

(A,B) Blood samples from patients diagnosed with CAP or HAP at ICU admission were analyzed using genome-
wide gene expression microarrays and compared to healthy controls. (A) Venn-Euler representation of the 
transcriptional alterations in both CAP and HAP with an overarching common response and unique gene 
expression signatures. Red arrows denote over-expressed genes; blue arrows denote under-expressed genes. 
(B) Dot plot depicting the correlation (rho, Spearman’s correlation coefficient) between HAP and CAP log2 fold 
changes within the common response (n=7900). (C) Ingenuity pathway analysis of the common response gene 
expression signatures in HAP and CAP patients. Red bars, over-expressed pathways; blue bars, under-expressed 
pathways.
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Figure 3. Differential blood leukocyte transcriptional responses in HAP and CAP patients.

(A) Volcano plot representation (integrating multiple-test adjusted p-values and log2 fold changes) of the 
differentially expressed genes between HAP and CAP patients. Red dots denote over-expressed genes; blue dots 
denote under-expressed genes. Horizontal line represents the multiple-test adjusted significance threshold (p 
< 0.05). –log (BH) p, negative log transformed Benjamini-Hochberg adjusted p-values. (B) Ingenuity pathway 
analysis of significantly differential genes revealed enrichment for various canonical signaling pathways. Red 
bars denote over-expressed pathways; blue bars denote under-expressed pathways. (C) Heatmap plots of the 
genes in the top over-expressed and under-expressed enriched pathways. Columns depict samples; rows depict 
gene expression indices. Red denotes over-expression; blue denotes under-expression.
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Subgroup and sensitivity analyses
Patients with CAP or HAP differed with respect with chronic comorbidity, in particular 
COPD (Table 1, eTable 3 in the Supplement), and causative pathogens (eTable 2, eTable 4 
in the Supplement). To exclude a possible bias introduced by these differences with regard 
to host response analyses we performed several subgroup and sensitivity analyses. First, 
we matched CAP and HAP patients for the presence or absence of COPD and for infection 
type, specified as pure gram-positive, pure gram-negative or mixed gram-positive and gram-
negative (excluding viral, fungal or unknown causes; see eTable 6 in the Supplement). In this 
matched cohort baseline characteristics and outcome were similar to those of the entire 
cohort. In addition, the results of plasma protein biomarkers obtained in the total cohort 
were reproduced, i.e., while most responses relating to activation of the cytokine network, 
the coagulation system and the vascular endothelium were similar in HAP and CAP patients,  
HAP patients had lower plasma soluble E-selectin levels, and higher protein C levels when 
compared to CAP patients (see eTable 7 in the Supplement). Comparison of blood leukocyte 
gene expression profiles in the patients in this matched cohort from whom array data were 
available (39 HAP and 49 CAP patients) revealed no differences between groups (see eFigure 
3 in the Supplement). To further study a potential bias introduced by COPD as a comorbid 
condition, we compared host response parameters in CAP and HAP patients without 
COPD. The results regarding plasma protein biomarker profiles reproduced those obtained 
in the entire cohort (see eTable 8 in the Supplement). Like in the total cohort, in patients 
without COPD we uncovered differences in cell-cell junction gene expression responses 
between HAP and CAP, including JAM3, ITGB1, TUBB1 and PRKAR2B; however, no differences 
were uncovered in interferon signaling genes, with the exception of IFI44 (see eFigure 4 in 
the Supplement). Finally, considering the higher prevalence of viral pneumonia in CAP 
patients, we also performed a subgroup analysis excluding all confirmed viral pneumonia 
cases. The results obtained in the total cohort regarding plasma protein biomarkers (see 
eTable 9 in the Supplement) and gene expression profiles (see eFigure 5 in the Supplement) 
were replicated. 

Discussion 
CAP and HAP are distinct clinical entities, caused by different pathogens and – by definition 
– affecting different patient populations. We hypothesized that HAP would be associated 
with a blunted innate host response due to an immune suppressive effect of the condition 
that led to hospitalization in these patients. However, in contrast with our hypothesis we 
here show that the host response to CAP and HAP requiring ICU admission is largely similar, 
encompassing strong systemic pro-inflammatory, procoagulant and vascular reactions, 
and a >75% common blood leukocyte genomic response. Amongst pathways that were 
differentially expressed between CAP and HAP patients, blood leukocytes of HAP patients 
displayed a reduced expression of genes involved in type I interferon signaling. Considering 
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that type I interferon signaling is an important antibacterial effector pathway15, it is tempting 
to speculate that this reduced response contributes to the increased susceptibility of 
hospitalized patients to infections by relatively less virulent pathogens, thereby providing a 
clinical observational basis for preclinical studies on secondary pneumonia by nosocomial 
pathogens following immune suppression caused by extra-pulmonary disease. 
CAP and HAP patients presented with similar disease severities upon ICU admission and 
showed similar mortality rates. Moreover, the disease courses were comparable between 
HAP and CAP, with similar incidences of ICU-acquired complications. The present data are 
in accordance with previous investigations. Indeed, while earlier studies reported lower 
mortality rates in hospitalized patients with CAP than in patients with HAP16,17, mortality was 
similar in patients requiring ICU admission18,19. Notably, surveys comparing the outcomes 
of hospital-acquired and community-acquired sepsis after ICU admission reported higher 
mortality rates in the former group20,21. Considering that all pneumonia patients included in 
the present study had sepsis according to the definition proposed in the 2001 International 
Sepsis Definitions Conference22, these data suggest that the admission origin differentially 
impacts sepsis outcome depending on the primary source of infection. 
There is abundant preclinical evidence that (sub)acute illness makes animals vulnerable 
to infection by nosocomial respiratory pathogens5-7. This has been attributed to immune 
suppression caused by the illness preceding pneumonia5-7. In accordance, patients with 
various infectious and non-infectious diseases and/or injuries demonstrate impaired 
immune responses, affecting both innate and adaptive immunity2,8. We therefore argued that 
hospitalized patients who develop respiratory tract infection might show an altered immune 
response during pneumonia when compared with patients who acquired the infection in 
the community. Knowledge regarding the host response during hospital-acquired and 
community-acquired infection is also relevant in the context of sepsis, considering that most 
clinical trials that tested immune modulatory agents in patients with sepsis (the majority 
of whom with pneumonia) enrolled patients irrespective of admission source. Literature 
on comparative analyses of the host response during hospital-acquired and community-
acquired infections is scarce. One study reported similar procalcitonin levels in CAP and HAP 
patients upon ICU admission23. Another investigation found lower peak levels of procalcitonin 
and C3a in patients with hospital-acquired bloodstream infection when compared with 
community-acquired bloodstream infection24. We here studied the host response during 
CAP and HAP, first by using a targeted approach through measuring 19 plasma biomarkers 
providing insight in systemic inflammatory and cytokine responses, and activation of the 
coagulation system and the vascular endothelium, representing key host response pathways 
implicated in sepsis pathogenesis2. While the majority of responses were similarly altered 
in CAP and HAP patients relative to healthy controls, some differences were detected. 
When compared with normal levels, the plasma concentrations of the extracellular matrix 
metalloproteinase MMP8 (a marker of systemic inflammation), soluble E-selectin (reflecting 
endothelial cell activation) and the anticoagulant protein C were less altered in HAP patients, 
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suggesting a mitigated reaction relative to CAP patients. These differences remained in 
various sensitivity and subgroup analyses seeking to reduce bias caused by differences in 
the prevalence of comorbid COPD and causative pathogens. Notably, relatively reduced 
MMP8 and soluble E-selectin levels link with part of the leukocyte transcriptomics data in 
HAP patients (see below). 
We also used an unbiased method to compare the host response in CAP and HAP patients, by 
determining the blood leukocyte transcriptome and subsequent pathway analysis. Genome-
wide blood leukocyte transcriptomes were predominantly similar in HAP and CAP patients. 
Typical pro-inflammatory, anti-inflammatory and T cell signaling gene sets were commonly 
altered in HAP and CAP patients. Of note, key cellular metabolic pathways (mitochondrial 
dysfunction, EIF2 and mTOR signaling) were also similarly changed between patient groups. 
Recent evidence shows that transcriptionally programmed metabolic alterations in innate 
immune cells, attuned to the Warburg effect in cancerous cells25, play a highly influential 
role on the initiation and course of inflammatory responses26. Despite the pronounced 
similarities between HAP and CAP patients, differences were also uncovered. We identified 
significant over-expression of genes involved in cell-cell junction remodeling, adhesion and 
diapedesis in HAP patients relative to CAP patients. Interestingly, MMP-8 has been shown to 
facilitate the extravasation of leukocytes, while membrane-bound E-selectin can expedite 
leukocyte adhesion and extravasation (diapedesis)27. E-selectin is proteolytically cleaved 
and “shed” into the circulation as a soluble form upon endothelial activation14; this process 
may on the one hand enhance leukocyte recruitment at local inflammatory sites, while on 
the other hand may also limit leukocyte-endothelium adhesion and rolling. Thus, the lower 
abundances of MMP-8 and soluble E-selectin in HAP patients suggests a heightened capacity 
for leukocyte-endothelium adhesion and diapedesis. This interpretation is in line with our 
blood transcriptomic data revealing increased expression of genes involved in leukocyte 
adhesion and diapedesis. Of considerable interest, we showed under-expression of a type-I 
interferon signaling gene signature in HAP patients, encompassing reduced expression of the 
critical transcription factors IRF7 and STAT2. Type-I interferon signaling has been implicated 
as an important part of an adequate initiate immune cell response during bacterial and 
fungal infections15. Against this backdrop our data suggest hospitalized patients may be more 
susceptible to infections caused by less virulent pathogens because of diminished capacities 
of leukocytes to deploy type-I interferon defense mechanisms. Caution regarding this 
conclusion is warranted, however. CAP and HAP patients differed considerably with regard to 
comorbid COPD and microbiology, and differential expression of type-I interferon signaling 
could not be detected in an analysis in which CAP and HAP patients were matched for these 
two potential confounders. Elimination of confirmed viral pneumonia’s (more frequent in 
CAP patients) did not affect analyses of protein or molecular biomarkers.   
Our study has strengths and limitations. This is the first study to extensively compare the 
host response between patients admitted to the ICU with HAP or CAP, and – in a more 
general way- between patients with hospital-acquired and community-acquired sepsis. 
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The relatively large sample size allowed for several subgroup and sensitivity analyses to 
limit potential bias caused by differences in chronic comorbid conditions (especially COPD) 
and causative pathogens in CAP and HAP patients. Our analyses were restricted to patients 
who required intensive care and may not be applicable to patients on general wards. Host 
response parameters were analyzed at the time of ICU admission and did not include the 
days preceding the diagnosis of pneumonia. 
In conclusion, HAP and CAP patients were characterized by largely similar clinical severity 
indices and outcomes, and a predominantly similar host response at ICU admission.  
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Methods

Definition of comorbidities
Immunocompromise was defined as a medical history of immune deficiency, human immune 
deficiency virus (HIV) or acquired immune deficiency syndrome (AIDS), or by the use of 
corticosteroids or antineoplastic medication. Cardiovascular insufficiency was defined as having 
a medical history of congestive heart failure, chronic cardiovascular disease, peripheral vascular 
disease or cerebrovascular disease. Malignancy was defined as a medical history of either non-
metastatic solid tumor, metastatic malignancy or hematologic malignancy. Renal insufficiency 
was defined as a history of chronic renal insufficiency or chronic intermitted hemodialysis or 
continuous ambulatory peritoneal dialysis. Respiratory insufficiency was defined as chronic 
obstructive pulmonary disease or respiratory insufficiency in the medical history. 

Plasma biomarker measurements
Blood was obtained on admission of 183 CAP and 192 HAP patients and stored within 4 
hours at -80oC. Measurements were done in EDTA anti-coagulated plasma. Tumor necrosis 
factor-α, interleukin (IL)-6, IL-8, IL-1β, IL-10, IL-13, interferon-γ, soluble E-selectin, soluble 
intercellular adhesion molecule-1 and fractalkine were measured by FlexSet cytometric bead 
array (BD Biosciences, San Jose, CA) using FACS Calibur flow cytometer (Becton Dickenson, 
Franklin Lakes, NJ). Matrix metalloproteinase-8, angiopoietin-1, angiopoietin-2, protein C, 
antithrombin (all R&D systems, Abingdon, UK) and D-dimer (Procartaplex, eBioscience, San 
Diego, CA) were measured by Luminex multiplex assay using BioPlex 200 (BioRad, Hercules, 
CA). C-reactive protein was determined by immunoturbidimetric assay (Roche diagnostics).
Prothrombin time (PT) and activated partial thromboplastin time (aPTT) were determined by 
using a photometric method with Dade Innovin Reagent or by Dade Actin FS Activated PTT 
Reagent, respectively (both Siemens Healthcare Diagnostics). Normal plasma protein values 
were acquired from EDTA plasma from 27 age- and gender-matched healthy volunteers (from 
whom written informed consent was obtained), with the exception of C-reactive protein, 
PT and aPTT for which routine laboratory reference values were used. The lower limits of 
detection for the immune assays were: 0.9 for TNF-α , 0.9 pg/mL for IL-6, 1.3 pg/mL for IL-8, 1.3 
for IL-1β, 0.8 pg/mL for IL-10, 0.7 for IL-13, 2.9 for interferon-γ, 3.1 pg/mL for soluble E-selectin, 
6.3 pg/mL for soluble ICAM-1, 10.1 pg/mL for fractalkine, 0.1 pg/mL for MMP-8, 0.2 pg/mL for 
angiopoietin-1 and 1.8 pg/mL for angiopoietin-2, 6719.4 pg/mL for protein C, 2548.5 pg/mL 
for antithrombin,2630.9 pg/mL for D-dimer.

Microarray analysis and bioinformatics
For gene expression measurements, whole blood was collected in PAXgene™ tubes (Becton-
Dickinson, Breda, the Netherlands) within 24 hours after ICU admission of patients enrolled 
between January, 2011 and July, 2012 with probable or definite pneumonia (110 CAP and 111 
HAP patients) according to criteria previously described1 (and eTable 1 in the Supplement). 
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Some of these patients were previously used to discover a molecular biomarker for the 
discrimination between CAP and non-infectious causes of acute respiratory failure upon 
ICU admission2. PAXgene blood samples were also obtained from 42 healthy controls 
(median age 35 (interquartile range 30-63) years; 57% male) after providing written informed 
consent. Total RNA was isolated using the automated QIAcube machine (Qiagen, Venlo, the 
Netherlands) in combination with the blood mRNA kit (Qiagen) according to manufacturer’s 
instructions. Quality and integrity of RNA was assessed by Nanodrop spectrophotometry 
(260:280nm) and bioanalysis (Agilent, Amstelveen, the Netherlands). RNA (RNA integrity 
number > 6.0) was processed and hybridized to the Human Genome U219 96-array plate 
using the GeneTitanR instrument (Affymetrix) at the Cologne Center for Genomics, Cologne, 
Germany, as described by the manufacturer (Affymetrix). Raw data scans (.CEL files) were 
read into the R language and environment for statistical computing (version 2.15.1; R 
Foundation for Statistical Computing, Vienna, Austria; http://www.R-project.org/). Pre-
processing and quality control was performed by using the Affy package version 1.36.13. 
Array data were background corrected by Robust Multi-array Average, quantiles-normalized 
and summarized by medianpolish using the expresso function (Affy package). The resultant 
49,386 probe intensities were filtered by means of a 0.5 variance cutoff using the genefilter 
method4 to recover 24,646 expressed probes. The occurrence of non-experimental chip 
effects was evaluated by means of the Surrogate Variable Analysis (R package version 3.4.0)5 
and corrected by the empirical Bayes method ComBat6. The non-normalized and normalized 
Molecular Diagnosis and Risk Stratification of Sepsis (MARS) gene expression data sets are 
available at the Gene Expression Omnibus public repository of NCBI under accession number 
GSE65682.
The 24,646 probes were assessed for differential abundance by means of the limma 
method (version 3.14.4)2,7-9. Throughout Benjamini-Hochberg (BH)10 multiple comparison 
adjusted probabilities, correcting for the 24,646 probes (false discovery rate < 5%), defined 
significance. Ingenuity Pathway Analysis (Ingenuity Systems IPA, www.ingenuity.com) was 
used to evaluate the association to canonical signaling pathways stratifying genes by over- 
and under-expressed patterns. The Ingenuity gene knowledgebase was selected as reference 
and human species specified. All other parameters were default. Association significance 
was measured by Fisher’s exact test BH-adjusted p-values. Principal component analysis and 
visualization were performed in R (package mixOmics, version 5.2.0).  

Subgroup and sensitivity analyses
CAP and HAP patients were matched using logistic regression propensity score matching 
implemented in the R library MatchIt (version 3.2.3). The propensity score included the 
variables: comorbid COPD and type of infection specified as pure gram-positive infection, pure 
gram-negative infection and combined gram-positive and gram-negative infection; patients 
with viral, yeast and unknown infections were excluded. Subgroup analyses included patients 
without COPD (i.e., all COPD patients excluded) and patients without confirmed viral infection.  
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eTable 1. Diagnostic criteria for community-acquired and hospital-acquired pneumonia (only 
patients with probable or definite pneumonia were included in this study).

Community-acquired pneumonia

Clinical setting Patients presenting with respiratory symptoms within 48 hours of hospital admission

Possible • Abnormal chest radiograph of uncertain cause
and low clinical suspicion of pneumonia with at least one of the following symptoms/signs:

a) cough
b) new onset of purulent sputum or change in character of sputum
c) fever or hypothermia
d) leukocytosis
e) elevated CRP (>30 mg/l)
f) hypoxemia (pO2<60 mmHg)

Probable 1. Evident new or progressive radiographic infiltrate, consolidation, cavitation, or pleural effusion
and high clinical suspicion of pneumonia with at least two of the criteria at possible
and one or more of the following:

a) rales or dullness to percussion on physical examination of the chest
b) positive rapid diagnostic tests such as Legionella or pneumococcal

Definite 1. Evident new or progressive radiographic infiltrate, consolidation, cavitation, or pleural effusion
and high clinical suspicion of pneumonia and at least two of the criteria at probable
and isolation of a likely pulmonary pathogen, with at least one of the following
symptoms/signs:

a) pathogen cultured from blood
b) pathogen in high concentration from a quantitative lower respiratory tract sample
c) isolation of virus from or detection of viral antigen in respiratory secretions
d) diagnostic single antibody titer (IgM) or fourfold increase in paired sera (IgG) for patho-

gen
e)  histopathologic evidence of pneumonia

Hospital-acquired pneumonia

Clinical setting Patients with respiratory symptoms that started more than 48 hours after hospital or nursing 
home admission, but without mechanical ventilation (or onset of pneumonia within 48 hours after 
start of mechanical ventilation)

Possible 1. Abnormal chest radiograph of uncertain cause
and low clinical suspicion of pneumonia with at least one of the following symptoms/signs:

a) cough
b) new onset of purulent sputum or change in character of sputum
c) fever or hypothermia
d) leukocytosis
e) elevated CRP (>30 mg/l)
f) hypoxemia (pO2<60 mmHg)

Probable 1. Evident new or progressive radiographic infiltrate, consolidation, cavitation, or pleural effusion
and high clinical suspicion of pneumonia with at least two of the criteria at possible
and one or more of the following:

a) isolation of an etiologic agent from a specimen obtained by transtracheal aspirate, 
bronchial brushing, or biopsy

b) likely/possible respiratory pathogen in concentrations below threshold (104 in BAL and 
103 in protected specimen brush) using quantitative cultures of a lower respiratory 
tract sample (endotracheal aspirate, BAL, or protected specimen brush)

Definite 1. Evident new or progressive radiographic infiltrate, consolidation, cavitation, or pleural effusion
and high clinical suspicion of pneumonia with at least two of criteria at probable
and at least one of the following:

a) likely/possible respiratory pathogen cultured from blood;
b) likely/possible respiratory pathogen in concentrations above threshold (104 in BAL and 

103 in protected specimen brush) using quantitative cultures of a lower respiratory 
tract sample

c) isolation of virus from or detection of viral antigen in respiratory secretions
d) diagnostic single antibody titer (IgM) or fourfold increase in paired sera (IgG) for pathogen
e) histopathologic evidence of pneumonia
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eTable 2. Causative pathogens. 

Community-ac-
quired pneumonia

Hospital-acquired 
pneumonia

Patients 231 (51.0%) 222 (49.0%)
Assigned pathogens 203 247 P value

Gram-positive 85 (36.8%) 51 (23.0%) 0.002
Gram-positive bacilli 3 (1.3%) 7 (3.2%) 0.21
Gram-positive cocci 1 (0.4%) 1 (0.5%) >.99
Streptococcus pneumoniae 51 (22.1%) 8 (3.6%) <.0001
Streptococcus pyogenes 2 (0.9%) - 0.50
Streptococcus viridans 1 (0.4%) 1 (0.5%) >.99
Streptococcus species 4 (1.7%) 1 (0.5%) 0.37
Staphylococcus aureus 23 (10.0%) 33 (14.9%) 0.12

Gram-negative 56 (24.2%) 143 (64.4%) <.0001
Acinetobacter baumannii 1 (0.4%) 1 (0.5%) >.99
Bacteroides species - 1 (0.5%) 0.49
Citrobacter species - 3 (1.4%) 0.12
Coxiella burnetii 1 (0.4%) - >.99
Enterobacter cloacae 2 (0.9%) 14 (6.3%) 0.002
Enterobacter species 2 (0.9%) 1 (0.5%) >.99
Escherichia coli 12 (5.2%) 34 (15.3%) <.001
Haemophilus influenzae 17 (7.4%) 24 (10.8%) 0.25
Haemophilus species 1 (0.4%) - >.99
Klebsiella oxytoca 1 (0.4%) 4 (1.8%) 0.21
Klebsiella pneumoniae 1 (0.4%) 16 (7.2%) <.0001
Klebsiella species - 1 (0.5%) 0.49
Legionella pneumophila 2 (0.9%) - 0.50
Morganella species 1 (0.4%) - >.99
Proteus mirabilis 1 (0.4%) 2 (0.9%) 0.48
Proteus vulgaris - 1 (0.5%) 0.49
Pseudomonas species - 2 (0.9%) 0.24
Pseudomonas aeruginosa 12 (5.2%) 22 (9.9%) 0.07
Rickettsia rickettsii 1 (0.4%) - >.99
Serratia marcescens 1 (0.4%) 10 (4.5%) 0.01
Stenotrophomonas maltophilia - 7 (3.2%) 0.01

Virus 38 (16.5%) 9 (4.1%) <.0001
Adenovirus 1 (0.4%) - >.99
Cytomegalovirus - 1 (0.5%) 0.49
Influenza virus 24 (10.4%) 3 (1.4%) <.0001
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Community-ac-
quired pneumonia

Hospital-acquired 
pneumonia

Patients 231 (51.0%) 222 (49.0%)
Assigned pathogens 203 247 P value

Other viruses (incl respiratory 
viruses) 13 (5.6%) 5 (2.3%) 0.09

Yeast/Fungi 16 (6.9%) 37 (16.7%) 0.001
Aspergillus species 3 (1.3%) 13 (5.9%) 0.01
Aspergillus fumigatus 2 (0.9%) 7 (3.2%) 0.10
Candida glabrata - 1 (0.5%) 0.49
Other yeasts or fungi 4 (1.7%) 12 (5.4%) 0.04
Pneumocystis jiroveci 7 (3.0%) 4 (1.8%) 0.54

Other 8 (3.5%) 7 (3.2%) >.99
Anaerobic bacteria (not other-
wise specified) - 1 (0.5%) 0.49

Other pathogens 8 (3.5%) 6 (2.7%) 0.79
Unknown 58 (25.1%) 31 (14.0%) 0.003

Percentages depict the portion of infections (CAP N = 231, HAP N = 222) caused by the pathogen indicated; in 28 
(12.1%) of all CAP and in 48 (21.7% ) of all HAP more than one pathogen was assigned as causative.
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eTable 3. Baseline characteristics, ICU-acquired complications and mortality of patients admitted 
with community-acquired or hospital-acquired pneumonia included in the blood whole genome 
analyses.

Community-acquired 
pneumonia

Hospital-acquired 
pneumonia P value 

Patients 110 111
Demographics
Age, mean (SD) 61.4 (16.5) 61.3 (15.0) 0.96
Gender male, n (%) 63 (57.3%) 74 (66.7%) 0.17
BMI mean (SD) 24.7 (5.2) 25.4 (5.7) 0.39
Race, white, n (%) 92 (83.6%) 97 (87.4%) 0.18
Medical admission, n (%) 106 (96.4%) 89 (80.2%) 0.001
Length of hospital stay prior to ICU  
admission 0 [0-1] 7 [5-14] <.0001

Chronic comorbidity, n (%)
None 21 (19.1%) 32 (28.8%) 0.12
Cardiovascular compromise 28 (25.5%) 26 (23.4%) 0.75
COPD 30 (27.3%) 18 (16.2%) 0.05
Diabetes 25 (22.7%) 16 (14.4%) 0.12
Hypertension 32 (29.1%) 31 (27.9%) 0.89
Malignancy 25 (22.7%) 26 (23.4%) >.99
Renal insufficiency 16 (14.5%) 13 (11.7%) 0.55
Respiratory insufficiency 32 (29.1%) 22 (19.8%) 0.12
Charlson comorbidity index 4 [3-6] 4 [2-6] 0.48

Severity of disease on ICU admission
APACHE IV Score, median [IQR] 80 [64-97] 77 [63-98] 0.44
SOFA score, median [IQR] 7 [5-9] 7 [4-9] 0.23
Mechanical ventilation, n (%) 76 (69.1%) 88 (79.3%) 0.10
Organ failure, n (%) 90 (81.8%) 95 (85.6%) >.99
Shock, n (%) 37 (33.6%) 31 (27.9%) 0.37
Acute kidney injury 30 (27.3%) 27 (24.3%) 0.66
Acute lung injury 43 (39.1%) 42 (37.8%) 0.89
Acute myocardial infarction 2 (1.8%) 1 (0.9%) 0.62

Outcome
Length of ICU stay, days, median 
[IQR]a 5 [2-11] 6 [3-11] 0.23

Length of hospital stay, days median 
[IQR]b 14 [8-23] 18 [10-39] 0.02

Complications, n (%)
None 88 (80.0%) 89 (80.2%) >.99
Acute kidney injury 12 (10.9%) 11 (9.9%) 0.83
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Community-acquired 
pneumonia

Hospital-acquired 
pneumonia P value 

Patients 110 111

Acute lung injury 6 (5.5%) 2 (1.8%) 0.16
Acute myocardial infarction - 1 (0.9%) >.99
ICU-acquired infection 12 (10.9%) 13 (11.7%) >.99

Mortality, n (%)
ICU 17 (15.5%) 18 (16.2%) >.99
Hospital 27 (24.5%) 35 (31.5%) 0.29
30 day 25 (22.7%) 29 (26.1%) 0.62
90 days 35 (31.8%) 42 (37.8%) 0.48
1 year 48 (43.6%) 54 (48.6%) 0.59

Abbreviations: APACHE: acute physiology and chronic health evaluation. COPD: chronic obstructive pulmonary 
disease. ICU: intensive care unit. SOFA: sequential organ failure assessment.
a Calculated from ICU admission to ICU discharge.
b Calculated from ICU admission to hospital discharge.
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eTable 4. Causative pathogens of patients included in the blood whole genome analyses.

Community-ac-
quired pneumonia

Hospital-acquired 
pneumonia

Patients 110 111 

Assigned pathogens 102 117  P value

Gram-positive 46 (41.8%) 18 (16.2%) <.0001
Gram-positive bacilli 1 (0.9%) - >.99
Gram-positive cocci - - -
Streptococcus pneumoniae 25 (22.7%) 2 (1.8%) <.0001
Streptococcus pyogenes 2 (1.8%) - 0.25
Streptococcus viridans 1 (0.9%) - >.99
Streptococcus species 3 (2.7%) 1 (0.9%) 0.37
Staphylococcus aureus 14 (12.7%) 15 (13.5%) >.99

Gram-negative 31 (28.2%) 73 (65.8%) <.0001
Acinetobacter baumannii - - -
Bacteroides species - - -
Citrobacter species - 3 (2.7%) 0.25
Coxiella burnetii 1 (0.9%) - >.99
Enterobacter cloacae 2 (1.8%) 8 (7.2%) 0.10
Enterobacter species 1 (0.9%) - >.99
Escherichia coli 5 (4.5%) 18 (16.2%) 0.01
Haemophilus influenzae 12 (10.9%) 10 (9.0%) 0.80
Haemophilus species 1 (0.9%) - >.99
Klebsiella oxytoca 1 (0.9%) 3 (2.7%) 0.62
Klebsiella pneumoniae 1 (0.9%) 8 (7.2%) 0.04
Klebsiella species - 1 (0.9%) >.99
Legionella pneumophila 1 (0.9%) - >.99
Morganella species - - -
Proteus mirabilis 1 (0.9%) 1 (0.9%) >.99
Proteus vulgaris - 1 (0.9%) >.99
Pseudomonas species - - -
Pseudomonas aeruginosa 5 (4.5%) 10 (9.1%) 0.29
Rickettsia rickettsii - - -
Serratia marcescens - 6 (5.4%) 0.04
Stenotrophomonas maltophilia - 4 (3.6%) 0. 13

Virus 11 (10.0%) 2 (1.8%) 0.02
Adenovirus 1 (0.9%) - >.99
Cytomegalovirus - - -
Influenza virus 7 (6.4%) 1 (0.9%) 0.04
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Community-ac-
quired pneumonia

Hospital-acquired 
pneumonia

Patients 110 111 

Assigned pathogens 102 117  P value

Other viruses (incl respiratory viruses) 3 (2.7%) 1 (0.9%) 0.37
Yeast/Fungi 9 (8.2%) 17 (15.3%) 0.15

Aspergillus species 3 (2.7%) 5 (4.5%) 0.72
Aspergillus fumigatus - 2 (1.8%) 0.49
Candida glabrata - - -
Other yeasts or fungi 1 (0.9%) 7 (6.3%) 0.07
Pneumocystis jiroveci 5 (4.5%) 3 (2.7%) 0.50

Other 5 (4.5%) 7 (6.3%) 0.77

Anaerobic bacteria  
(not otherwise specified) - 1 (0.9%) >.99

Other pathogens 5 (4.5%) 6 (5.4%) >.99
Unknown 26 (23.6%) 20 (18.0%) 0.39

Percentages depict the portion of infections (CAP N = 110, HAP N = 111) caused by the pathogen indicated; in 16 
(14.5%) of all CAP and in 22 (19.8% ) of all HAP more than one pathogen was assigned as causative.
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eTable 5. Admission white blood cell counts and differentials in patients included in the blood 
whole genome analyses.

Community- acquired 
pneumonia

Hospital-acquired 
pneumonia P value 

Patients  72 53 

White blood cells 13.75 [9,57-17.65] 14.30 [10.3-20.7] 0.40
Neutrophils 15.45 [8.16-68.02] 12.66 [9.27-74.58] 0.67
Lymphocytes 0.80 [0.54-1.97] 0.88 [0.55-1.58] 0.76
Eosinophils 0.03 [0.01-0.08] 0.03 [0.01-0.13] 0.34
Basophils 0.02 [0.01-0.04] 0.02 [0.01-0.04] 0.90
Monocytes 0.59 [0.29-0.93] 0.76 [0.43-1.39] 0.16

Data are medians [interquartile ranges] x 109/L. 
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eTable 6. Propensity matched cohort (matched for presence or absence of COPD and for infection 
type*).

Community-  
acquired  

pneumonia

Hospital- 
acquired 

pneumonia P value 
Patients 85 85
Demographics
Age, years, mean (SD) 62.1 (15.0) 61.5 (16.0) 0.81
Gender male, n (%) 50 (58.8%) 63 (74.1%) 0.06
Body mass index mean (SD) 24.7 (6.9) 25.0 (4.8) 0.73
Race, white, n (%) 173 (87.8%) 194 (89.0%) 0.60
Medical admission, n (%) 81 (95.3%) 74 (87.1%) 0.11
Length of hospital stay prior to ICU admission 0 [0-0] 8 [4-19] <.0001
Chronic comorbidity, n (%)

None 23 (27.1%) 28 (32.9%) 0.51
Cardiovascular insufficiency 22 (25.9%) 23 (27.1%) >.99
COPD 15 (17.6%) 15 (17.6%) >.99
Diabetes 14 (16.5%) 13 (15.3%) >.99
Malignancy 17 (20.0%) 28 (32.9%) 0.08
Renal insufficiency 9 (10.6%) 6 (8.2%) 0.81
Respiratory insufficiency 18 (21.2%) 16 (18.8%) 0.84
Charlson comorbidity index 4 [2-6] 5 [3-6] 0.36

Severity of disease on ICU admission
APACHE IV Score, median [IQR] 81 [63-104] 81 [66-100] 0.88
SOFA score, median [IQR] 7 [5-9] 7 [4-8] 0.14
Mechanical ventilation, n (%) 60 (70.6%) 62 (72.9%) 0.88
Organ failure, n (%) 71 (83.5%) 72 (84.7%) >.99
Shock, n (%) 31 (36.5%) 25 (29.4%) 0.40
Acute kidney injury, n (%) 29 (34.1%) 18 (21.2%) 0.09
Acute respiratory distress syndrome, n (%) 32 (37.6%) 27 (31.8%) 0.52
Acute myocardial infarction, n (%) 2 (2.4%) 1 (1.2%) >.99

Causative pathogens
Pure gram-positive 36 (42.4%) 36 (42.4%) >.99
Pure gram-negative 45 (52.9%) 45 (52.9%) >.99
Mixed gram-positive and gram-negative 4 (4.7%) 4 (4.7%) >.99

Outcome
Length of ICU stay, days, median [IQR]a 5 [2-10] 5 [2-10] 0.74
Length of hospital stay, days, median [IQR]b 13 [8-24] 19 [8-36] 0.09
ICU-acquired complications, n (%)

None 70 (82.4%) 68 (80.0%) 0.85
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Community-  
acquired  

pneumonia

Hospital- 
acquired 

pneumonia P value 
Patients 85 85

Acute kidney injury 8 (9.4%) 10 (11.8%) 0.81
Acute respiratory distress syndrome 4 (4.7%) 0 (0%) 0.12
Acute myocardial infarction 0 (0%) 2 (2.4%) 0.49
ICU-acquired infection 6 3 0.50

Mortality, n (%)
ICU 12 (14.1%) 17 (20.0%) 0.42
Hospital 25 (29.4%) 29 (34.1%) 0.62
30 days 20 (23.5%) 29 (34.1%) 0.17
90 days 28 (32.9%) 36 (42.4%) 0.29
1 year 36 (42.4%) 44 (51.8%) 0.30

*CAP and HAP patients were matched using logistic regression propensity score matching implemented in the R 
library Matchit (version 3.2.3) for the presence or absence of COPD and for infection type, specified as pure gram-
positive, pure gram-negative or mixed gram-positive and gram-negative (excluding viral, fungal or unknown 
causes).   
a Calculated from ICU admission to ICU discharge.
b Calculated from ICU admission to hospital discharge.
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eTable 7. Plasma protein biomarkers in propensity matched cohort (matched for presence or 
absence of COPD and infection type*).

Community-acquired 
pneumonia

Hospital-acquired  
pneumonia

P value**

Inflammatory and cyto-
kine responses 68 71

C-reactive protein (mg/L) 200.00 [152-277] 218.5 [122-327] 0.68
Interleukin-6 (pg/mL) 230.61 [48.78-1810.34] 124.40 [40.94-471.71] 0.22
Interleukin-8 (pg/mL) 109.62 [42.65-813.5] 87.63 [28.83-295.69] 0.28
Interleukin-10 (pg/mL) 13.41 [4.87-61.08] 8.99[3.15-39.68] 0.8
MMP-8 (ng/mL) 2.84 [1.36-8.71] 1.72 [0.58-6] 0.04
Procoagulant response 68 71
D-dimer (µg/mL) 6.89 [3.28-15.96] 8.31 [4.04-15.74] 0.91
PT (sec) 14.85 [13.4-18.85] 15.6 [13.2-17.7] 0.58
APTT (sec) 37.00 [29-51] 39.0 [30-51] 0.85
Protein C (ng/mL) 98.23 [73.05-115.52] 129.06 [97.04-174.37] <.001
Antithrombin (ng/mL) 740.56 [576.4-1084.42] 792.99 [635.48-1037.15] 0.59
Endothelial cell activation 68 71
sE-Selectin (ng/mL) 13.22 [7.13-21.63] 4.95 [3.23-13.1] <.0001
sICAM-1 (ng/mL) || 170.60 [93.11-298.27] 131.27 [92.51-206.91] 0.07
Fractalkine (pg/mL) 24.19 [17.38-73.34] 24.07 [15.89-44.35] 0.34
Angiopoietin-1 (ng/mL) 2.05 [0.93-4.59] 3.01 [0.81-7.6] 0.32
Angiopoietin-2 (ng/mL) 6.72 [3.01-12.7] 4.83 [2.29-9.66] 0.25

*CAP and HAP patients were matched using logistic regression propensity score matching implemented in the R 
library Matchit (version 3.2.3) for the presence or absence of COPD and for infection type, specified as pure gram-
positive, pure gram-negative or mixed gram-positive and gram-negative (excluding viral, fungal or unknown 
causes).  

**Benjamini-Hochberg corrected P value significant for Protein C and s-Eselectin.

Plasma levels at baseline intensive care unit admission. Results are presented as medians and interquartile 
ranges.
IL: interleukin; sE-selectin: soluble E-selectin; sICAM-1: soluble intercellular adhesion molecule-1; MMP: matrix 
metalloproteinase.
|| soluble intercellular adhesion molecule-1 also originates from leukocytes. 
The plasma concentrations of tumor necrosis factor-α: interferon-γ. IL-1β and IL-13 were undetectable or very 
low in the vast majority of patients and not different between groups (data not shown).
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eTable 8. Plasma protein biomarkers in patients without chronic obstructive pulmonary disease.

Community-acquired 
pneumonia

Hospital-acquired 
pneumonia

P value*

Inflammatory and cytokine 
responses 134 134
C-reactive protein (mg/L) 199.5 [126-285] 216.0 [108-304] 0.80
Interleukin-6 (pg/mL) 140.25 [36.19-1350.66] 165.54 [41.36-939.41] 0.84
Interleukin-8 (pg/mL) 91.94 [33.64-443.82] 121.21 [36.35-385.09] 0.67
Interleukin-10 (pg/mL) 12.65 [4.19-35] 9.90 [3.59-34.56] 0.60
MMP-8 (nhg/mL) 2.97 [1.02-8.99] 1.90 [0.66-6.9] 0.03
Procoagulant response 134 134
D-dimer (µg/mL) 9.42 [4.1-16.3] 7.99 [4.07-16.47] 0.77
PT (sec) 15.3 [13.2-18.7] 15.6 [13.2-17.7] 0.47
APTT (sec) 37.0 [31-50.5] 36.0 [30-48] 0.56
Protein C (ng/mL) 100.43 [75.47-122.53] 128.41 [97.04-170.88] <.0001
Antithrombin (ng/mL) 742.50 [579.01-1127.47] 868.74 [578.8-1209.15] 0.27
Endothelial cell activation 134 134
sE-Selectin (ng/mL) 11.66 [6.62-23.5] 6.71 [3.37-16.51] <.0001
sICAM-1 (ng/mL) || 196.66 [110.94-314.96] 166.72 [98.79-283.69] 0.15
Fraktalkine (pg/mL) 25.53 [16.74-79.26] 25.59 [17.85-53.05] 0.92
Angiopoietin-1 (ng/mL) 1.88 [0.73-4.33] 1.88 [0.55-4.99] 0.93
Angiopoietin-2 (ng/mL) 7.03 [3.11-13.76] 4.83 [2.57-10.71] 0.06

* Benjamini-Hochberg corrected P value significant for Protein C and sE-selectin.
Plasma levels at baseline intensive care unit admission. Results are presented as medians and interquartile 
ranges.
IL. interleukin; sE-selectin: soluble E-selectin; sICAM-1: soluble intercellular adhesion molecule-1; MMP: matrix 
metalloproteinase
|| soluble intercellular adhesion molecule-1 also originates from leukocytes. 
The plasma concentrations of tumor necrosis factor-α: interferon-γ. IL-1β and IL-13 were undetectable or very 
low in the vast majority of patients and not different between groups (data not shown).
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eTable 9. Plasma protein biomarkers in patients without viral pneumonia.

Community-acquired  
pneumonia

Hospital-acquired  
pneumonia

P value*

Inflammatory and cytokine 
responses 154 189
C-reactive protein (mg/L) 211.00 [147-314.5] 216.0 [110-304] 0.38
Interleukin-6 (pg/mL) 167.25 [33.57-1350.66] 144.88 [36.58-711.35] 0.75
Interleukin-8 (pg/mL) 96.05 [33.94-445.69] 104.14 [33.98-326.17] 0.84
Interleukin-10 (pg/mL) 12.21 [4.07-39.35] 8.37 [3.52-29.04] 0.19
MMP-8 (ng/mL) 3.07 [1.02-12.46] 1.88 [0.65-6.58] <.01
Procoagulant response 154 189
D-dimer (µg/mL) 8.32 [3.91-16.09] 7.70 [4.07-16.14] 0.95
PT (sec) 15.35 [13.2-19.05] 15.4 [12.85-17.22] 0.13
APTT (sec) 37.00 [31-51] 35.5 [30-47] 0.20
Protein C (ng/mL) 99.48 [78.02-123.63] 130.28 [97.04-173.3] <.0001
Antithrombin (ng/mL) 803.85 [610.54-1127.47] 853.13 [589.28-1229.9] 0.42
Endothelial cell activation 154 189
sE-Selectin (ng/mL) 11.87 [6.4-23.95] 6.50 [3.32-16] <.0001
sICAM-1 (ng/mL) || 167.38 [96.59-299.02] 164.92 [94.56-265.75] 0.53
Fraktalkine (pg/mL) 25.56 [17.97-67.89] 24.12 [17.18-48.6] 0.61
Angiopoietin-1 (ng/mL) 2.23 [0.9-4.71] 2.09 [0.63-5.89] 0.91
Angiopoietin-2 (ng/mL) 6.35 [3.06-12.86] 4.90 [2.69-10.34] 0.15

* Benjamini-Hochberg corrected P value significant for MMP-8, Protein C and sE-selectin.
Plasma levels at baseline intensive care unit admission. Results are presented as medians and interquartile 
ranges.
IL. interleukin; sE-selectin: soluble E-selectin; sICAM-1: soluble intercellular adhesion molecule-1; MMP: matrix 
metalloproteinase
|| soluble intercellular adhesion molecule-1 also originates from leukocytes. 
The plasma concentrations of tumor necrosis factor-α: interferon-γ. IL-1β and IL-13 were undetectable or very 
low in the vast majority of patients and not different between groups (data not shown).
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eFigure 1. CONSORT diagram of included patients.

Flowchart of included patients. Abbreviations: CAP: community acquired pneumonia, ICU: intensive care unit; 
h: hours; N: number.
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eFigure 2. Principal component analysis of significantly different leukocyte transcriptional 
responses between HAP and CAP patients.

(A) Scree plot illustrating the variances across principal components. (B) 3D-representation of components 
1, 2 and 3 with group annotations as per HAP (hospital-acquired pneumonia) or CAP (community-acquired 
pneumonia) diagnosis. Expl. Var., explainable variance. PC, principal component.
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eFigure 3. Blood leukocyte transcriptional responses in propensity matched HAP and CAP patients 
(matched for presence or absence of COPD and infection type).

Volcano plot representation (integrating fold expression and adjusted probabilities) of HAP compared to 
CAP patients (matched cohort). Horizontal line denotes multiple-comparison adjusted (Benjamini-Hochberg 
method) probability threshold (<0.05). No genes were significantly different. Grey dots, non-significant genes. 
HAP, hospital-acquired pneumonia. CAP, community-acquired pneumonia.
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eFigure 4. Blood leukocyte transcriptional responses in HAP compared to CAP patients without 
chronic obstructive pulmonary disease.

Volcano plot representation (integrating fold expression and adjusted probabilities) of differential gene 
expression analysis results. Horizontal line denotes multiple-comparison adjusted (Benjamini-Hochberg 
method) probability threshold (<0.05). Red dots, significantly different over-expressed genes. Blue dots, 
significantly different under-expressed genes. Grey dots non-significant genes. HAP, hospital-acquired 
pneumonia. CAP, community-acquired pneumonia.



CHAPTER 10

316

eFigure 5. Blood leukocyte transcriptional responses in HAP and CAP without viral pneumonia. 

(A) Volcano plot representation of differential gene expression analysis results, integrating multiple-comparison 
adjusted (Benjamini-Hochberg) probabilities and fold expression. Horizontal line denotes genome-wide 
significance threshold < 0.05. red dots, significantly different over-expressed genes with fold expression > 1.2. 
Blue dots, significantly different under-expressed genes with fold expression < -1.2. (B) ingenuity pathway 
analysis results of significantly different genes in (A) stratified as over- or under-expressed patterns. Red bars, 
over-expressed canonical signaling pathways. Blue bar, under-expressed pathway. –log BH p-value, negative 
log-transformed multiple-test adjusted (Benjamini-Hochberg) fisher exact test probability.
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