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Background Community-acquired pneumonia (CAP) can be caused by a variety of pathogens, of which Streptococcus
pneumoniae, Influenza and currently SARS-CoV-2 are the most common. We sought to identify shared and patho-
gen-specific host response features by directly comparing different aetiologies of CAP.

Methods We measured 72 plasma biomarkers in a cohort of 265 patients hospitalized for CAP, all sampled within
48 hours of admission, and 28 age-and sex matched non-infectious controls. We stratified the biomarkers into sev-
eral pathophysiological domains- antiviral response, vascular response and function, coagulation, systemic inflam-
mation, and immune checkpoint markers. We directly compared CAP caused by SARS-CoV-2 (COVID-19, n=39),
Streptococcus pneumoniae (CAP-strep, n=27), Influenza (CAP-flu, n=22) and other or unknown pathogens (CAP-
other, n=177). We adjusted the comparisons for age, sex and disease severity scores.

Findings Biomarkers reflective of a stronger cell-mediated antiviral response clearly separated COVID-19 from other
CAPs (most notably granzyme B). Biomarkers reflecting activation and function of the vasculature showed endothe-
lial barrier integrity was least affected in COVID-19, while glycocalyx degradation and angiogenesis were enhanced
relative to other CAPs. Notably, markers of coagulation activation, including D-dimer, were not different between
the CAP groups. Ferritin was most increased in COVID-19, while other systemic inflammation biomarkers such as
IL-6 and procalcitonin were highest in CAP-strep. Immune checkpoint markers showed distinctive patterns in viral
and non-viral CAP, with highly elevated levels of Galectin-9 in COVID-19.

Interpretation Our investigation provides insight into shared and distinct pathophysiological mechanisms in differ-
ent aetiologies of CAP, which may help guide new pathogen-specific therapeutic strategies.
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Research in context

Evidence before this study

We searched PubMed for research articles from January
1 2020 to November 1, 2021. Hundreds of observational
studies were published describing the host response in
COVID-19. Only a few of these studies, mostly restricted
to patients on the intensive care unit, compared
patients with COVID-19 to other aetiologies of commu-
nity-acquired pneumonia (CAP). These studies mainly
reported on a specific part of the host response, such as
enhanced cell-mediated antiviral responses in severe
COVID-19.

Added value of this study

In this large multicentre cohort of 265 patients hospital-
ized for CAP, a set of 72 plasma biomarkers was mea-
sured to obtain information on five pathophysiological
domains: cell-mediated antiviral response, activation
and function of the vasculature, systemic inflammation,
coagulation and immune checkpoint markers. This
study directly compares these markers and domains
between patients with different causative pathogens of
CAP (SARS-CoV-2, Streptococcus pneumonia, and Influ-
enza), in an analysis that was adjusted for age, sex and
disease severity. This investigation separates pathogen-
specific immune features from the common host
response to infection, which improves our knowledge
of CAP pathophysiology across different aetiologies.

Implications of all the available evidence

A better understanding of the host response in the
wider population of patients with CAP can help gener-
ate new hypotheses, and guide therapeutic strategies
tailored to specific causative pathogens. For example,
several trials in COVID-19 have been performed with
the aim of limiting endothelial dysfunction. As the data
in this study suggest that the endothelial barrier integ-
rity is more disturbed in non-COVID-19 CAP, it may be
interesting to expand this rationale to CAP aetiologies
other than COVID-19.
Introduction
The global burden of pneumonia is vast: an estimated
450 million people are affected by lower respiratory tract
infections yearly, resulting in 6.8 million hospitaliza-
tions for pneumonia and 1.1 million in-hospital
deaths.1,2 Community-acquired pneumonia (CAP) can
be caused by many different pathogens, but the causa-
tive agent remains unidentified in approximately half of
hospitalized patients. A small group of microbes,
including Streptococcus pneumoniae and Influenza
viruses, are responsible for the majority of cases in
which a pathogen can be identified.3 Since late 2019,
the microbial aetiology of CAP has shifted dramatically
with the emergence of SARS-CoV-2, the virus that
causes COVID-19. More than 350 million infections
and 5 million deaths related to COVID-19 have been
reported, whereas the incidence of non-COVID-19
pneumonia strongly decreased, in part due to preventa-
tive societal measures.4,5

Although COVID-19 pneumonia shares many fea-
tures with CAP caused by other pathogens, some char-
acteristics are highly distinctive. COVID-19 has a fairly
idiosyncratic disease course and leads to more severe
disease in patients with metabolic comorbidities such as
obesity and diabetes mellitus type 2.6 Dysregulation of
the host response is a pivotal pathophysiological feature
in all forms of CAP, and many of the reported host
response characteristics of COVID-19-including sys-
temic inflammation, endothelial cell activation and
altered immune cell activation7 are also well-established
features of non-COVID-19 CAP.2,7 Despite these osten-
sible similarities, studies directly comparing COVID-19
with other aetiologies of CAP are scarce. Direct compari-
sons may help separate pathogen-specific immune fea-
tures from the common characteristics of a
dysregulated host response during pneumonia. This
may improve our understanding of CAP pathophysiol-
ogy across different aetiologies, and thereby inform
therapeutic strategies tailored to specific pathogens in
CAP.

Here, we measured an extensive set of plasma bio-
markers indicative of key pathophysiological domains
in patients hospitalized due to CAP-representative of
the patient population prior to the SARS-CoV-2 pan-
demic-or COVID-19, and delineate common and unique
host response features of different aetiologies of CAP.
Methods

Patients
Patients were recruited as part of the ELDER-BIOME
study (clinicaltrials.gov identifier NCT02928367) or
OPTIMACT study (Dutch Trail Register identifier
NTR6163), both approved by the medical ethical com-
mittee of the Amsterdam University Medical Centers.
Other participating sites included the BovenIJ Hospital,
www.thelancet.com Vol 81 Month July, 2022
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Flevo Hospital and the Spaarne Gasthuis Hospital.
Written informed consent was obtained from all partici-
pants or their legal representatives. Trained research
physicians screened patients older than 18 years admit-
ted between October 2016 and June 2018 (for the OPTI-
MACT) or June 2020 (for the ELDER-BIOME) for
eligibility. All patients with COVID-19 were included in
April 2020 and May 2020, before the SARS-CoV-2
Alpha variant became dominant in the Netherlands.

Patients were eligible if they were admitted to the
hospital and met all of the following criteria: clinical
suspicion of an acute infection of the respiratory tract,
defined as the presence of at least one respiratory symp-
tom (new cough or sputum production, chest pain, dys-
pnea, tachypnea, abnormal lung examination, or
respiratory failure) and one systemic symptom (docu-
mented fever or hypothermia, leukocytosis or leukope-
nia), and an evident new or progressive infiltrate,
consolidation or pleural effusion on chest X-ray or com-
puted tomography scan. Patients were excluded if there
was a clinical suspicion of aspiration pneumonia or hos-
pital-acquired pneumonia.

All baseline and clinical variables were scored from
the electronic health records. Severity scores - the Pneu-
monia Severity Index (PSI), the Modified Early Warning
Score (MEWS), the CURB-65 and the quick Sequential
Organ Failure Assessment qSOFA score-were calcu-
lated upon hospital admission. An overview of missing
data in clinical variables, which can be considered miss-
ing at random, is shown in Supplemental Table I. Ethyl-
enediaminetetraacetic acid (EDTA) anticoagulated blood
was obtained within 48 hours of hospital admission
(within 24 hours for 246/265 [92¢8%] patients). Several
COVID-19 patients received immunomodulatory drugs
as part of clinical trials, but all samples were obtained
prior to the first administration of these drugs. No
COVID-19 patients were treated with dexamethasone
prior to sampling (not standard of care during the
period of enrolment). Age and sex-matched subjects
recruited from the outpatient clinics without signs of an
infection were included as controls.
(Primary) pathogen assessment
We compared patients based on the aetiology of CAP:
non-COVID-19 CAP (all patients without COVID-19),
CAP-strep (primary pathogen Streptococcus pneumo-
niae), CAP-flu (primary pathogen Influenza A or B),
CAP-other (non-COVID-19 CAP excluding CAP-strep
and CAP-flu), and COVID-19 (primary pathogen SARS-
CoV-2). A team of research physicians assessed the clin-
ical microbiology results obtained around time of
admission, in combination with the clinical notes in the
electronic health records. If an antigen urine test was
positive for Streptococcus pneumoniae, we considered
this proof of infection. If both Streptococcus pneumoniae
and Influenza were identified (in three patients), we
www.thelancet.com Vol 81 Month July, 2022
considered the bacterium the primary pathogen. 37/39
patients with COVID-19 had reverse transcription (RT-
PCR)-confirmed SARS-CoV-2 infection, and a clinical
diagnosis was made in the other two patients with
COVID-19 based on case history and radiological find-
ings.
Assays
We measured host response biomarkers using Luminex
(R&D, USA) and cytometric bead array (CBA; BioLe-
gend, USA). Details are provided in Supplemental Table
2. For both Luminex and CBA, measurements below
the limit of quantification were imputed as half the
lower limit of quantification. Luminex measurements
above the upper limit of quantification (eight data-
points) were set to the upper limit of quantification.
CBA measurements above the upper limit of quantifica-
tion did not occur.
Statistics
All tests were two-sided and a P-value<0¢05 (corrected
for multiple testing where mentioned) was considered
statistically significant. All biomarker data were trans-
formed to a normal distribution using the Box-Cox
method prior to statistical analysis.8 For the volcano
plots, biomarker levels were compared using Welch’s t-
test, corrected for multiple testing using the Benjamini-
Hochberg (BH) method. To account for unequal varian-
ces, we performed a White-adjusted ANOVA to test
overall differences between groups, if significant fol-
lowed by post-hoc pairwise Games-Howell tests. We
performed a White-adjusted ANCOVA including covari-
ates related to biomarkers and/or the pathogen group:
age, sex, and disease severity scores [PSI, CURB-65,
MEWS9 and qSOFA]. We opted to restrict these models
to variables known to be strongly related to the acute
phase of the host response to infection and which had
sufficient data in each subgroup. We used a listwise
deletion approach for the ANCOVA: 17 out of 265
patients were excluded due to missing data in one or
more covariates (Table S1; fraction of missing informa-
tion 6¢4%). For the effect size heatmaps, we calculated
Hedges’ g10 between patient groups and control sub-
jects. Biomarker data were scaled prior to Principal
Component Analysis (PCA). Differences on the PCA
plots were tested by ANOVA and post-hoc pairwise
Games-Howell tests of the first and second principal
component. We performed several subgroup and sensi-
tivity analyses, as specified in the final paragraph of the
Results section. All statistical analyses were performed
using R version 4.0.4 (Vienna, Austria).
Ethics
The study was approved by the medical ethical commit-
tee of the Amsterdam University Medical Centers
3
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(NL57923.018.16 for OPTIMACT, NL57847.018.16 for
ELDERBIOME). Written informed consent was
obtained from all participants or their legal representa-
tives.
Role of funders
Funders did not have any role in study design, data col-
lection, data analyses, interpretation, or writing of
report.
Results

Patient characteristics and clinical outcomes
We analysed 265 consecutively enrolled patients hospi-
talized for CAP. SARS-CoV-2 was designated the pri-
mary pathogen in 39 patients (COVID-19), Streptococcus
pneumoniae in 27 patients (CAP-strep), Influenza in 22
patients (CAP-flu; 16 Influenza A, 6 Influenza B); and
177 patients had CAP of other or unknown aetiology
(CAP-other). Baseline characteristics and outcomes of
all patient groups are shown in Table 1 (Supplemental
Table 3 shows all patients versus 28 age- and sex-
matched non-infectious control subjects). Patients with
COVID-19 were slightly younger (non-significant), had
a higher body mass index (BMI), and a longer duration
of symptoms prior to hospital admission, in line with
earlier reports.11 Leukocyte and neutrophil numbers
were higher in patients with CAP-other and CAP-strep,
and relatively low in COVID-19. Admission disease
severity scores reflecting changes in vital signs were
comparable between groups (MEWS and qSOFA), but
disease severity scores including age and/or comorbid-
ities (PSI and CURB-65) were somewhat higher in
patients with non-COVID-19 CAP. Clinical outcomes
were similar between patient groups.
Distinctive and overlapping host response biomarker
profiles in patients with non-COVID-19 CAP and
COVID-19
We analysed 72 host response biomarkers in all patients
within 48 hours after admission (Supplemental Table
2). First, we compared the plasma concentrations of all
biomarkers between patients with non-COVID-19 CAP
and patients with COVID-19 (Supplemental Table 4).
50 biomarkers were significantly different between
these two patient groups (BH-adjusted P<0¢05; 10
higher in non-COVID-19 CAP, 40 higher in COVID-19;
Figure 1a). The top differentially abundant biomarker in
non-COVID-19 CAP was procalcitonin, an acute phase
pro-peptide extensively investigated as a possible bio-
marker to diagnose bacterial infections.12 In COVID-19,
the most significantly increased biomarker was gran-
zyme B, an apoptosis-mediating serine protease that is
mostly produced by natural killer cells and cytotoxic T
cells, critical for eliminating virus-infected cells.13
To delineate common and unique host response fea-
tures in non-COVID-19 CAP and COVID-19, we com-
pared both disease groups to control subjects
(Figure 1b). The common response profile-the bio-
markers that were significantly different in both pneu-
monia groups relative to controls-consisted of 25
biomarkers, whereas the COVID-19 and non-COVID-19
CAP-specific responses comprised 29 and 8 markers,
respectively (Supplemental Table 5). Figure 1c illustrates
the biomarkers of the common response and depicts the
effect size (Hedges’g) of the difference with control sub-
jects.
Direct comparison of the host response in community-
acquired pneumonia caused by SARS-CoV-2, S.
pneumoniae or Influenza A/B
We next investigated whether common pathogens in
CAP associate with unique host response profiles.
Directly comparing COVID-19 with CAP-strep revealed
differences similar to the comparison with the overall
CAP group (Figure 1d). Comparing COVID-19 with
another viral aetiology, CAP-flu, resulted in differen-
tially abundant biomarkers including various cytokines
and chemokines (higher in COVID-19). Interestingly,
we found no significant differences between CAP-strep
and CAP-flu. Taken together, patients with COVID-19
displayed a distinct host response when compared with
patients with non-COVID-19 CAP, although we also
identified a substantial overlap in the host response
between the different CAP aetiologies.

Next, we grouped the biomarkers into several patho-
physiological domains-antiviral response, vascular
response and function, coagulation, systemic inflamma-
tion, and immune checkpoint markers (Supplemental
Table 2) - and compared their profiles in CAP-strep,
CAP-flu, other non-COVID-19 CAP and COVID-19.
Such a literature-based classification provides structure,
and allows for a more holistic assessment of biomarkers
that represent a specific aspect of the host response.14
Antiviral cell-mediated response
Previous investigations reported on enhanced antiviral
cell-mediated response in COVID-19.15 As a “proof of
concept” that our approach would be able to detect dif-
ferences in host response profiles reflective of certain
pathophysiological domains in our cohort, we first com-
pared biomarkers involved in the antiviral response
between groups. Indeed, we found marked elevations of
CD40 ligand, granzyme B, IFN-a, IFN-g, IL-2, IL-7 and
CXCL10, especially in COVID-19 (ANOVA for overall
between group differences P<0¢05 and Games-Howell
for post-hoc pairwise comparisons P<0¢05, Figure 2a
+b). Figure 2c combines the preceding univariate analy-
ses into in a multivariate analysis, and depicts a princi-
pal component analysis (PCA) plot showing the
www.thelancet.com Vol 81 Month July, 2022



CAP-other* CAP-strep CAP-flu COVID-19 p-value
(n = 177) (n = 27) (n = 22) (n = 39)

DEMOGRAPHICS

Age, years 67¢8 (16¢6) 64¢4 (13¢3) 65¢8 (15¢8) 60¢5 (11¢4) 0¢06
Sex, male 99 (55¢9) 17 (63¢0) 12 (54¢5) 20 (51¢3) 0¢82
Body mass index 25¢8 (5¢5) 24¢2 (5¢5) 26¢1 (5¢4) 30¢3 (6¢9)" <0¢01
CHRONIC COMORBIDITIES

Immune deficiency 36 (20¢3) 4 (14¢8) 2 (9¢1) 2 (5¢1) 0¢09
Immunosuppressives 29 2 1 2

Solid organ transplant 19 0 2 2

Haematological malignancy 12 1 1 0

Chemotherapy <6 months 6 0 0 0

COPD 52 (29¢4) 10 (37¢0) 7 (31¢8) 2 (5¢1)# <0¢01
Asthma 15 (8¢5) 3 (11¢1) 2 (9¢1) 3 (7¢7) 0¢92
Congestive heart failure 17 (9¢6) 2 (7¢4) 0 (0¢0) 1 (2¢6) 0¢31
Myocardial infarction 30 (16¢9) 4 (14¢8) 3 (13¢6) 2 (5¢1) 0¢29
History of stroke 21 (11¢9) 0 (0¢0) 0 (0¢0) 3 (7¢7) 0¢09
Diabetes mellitus 49 (27¢7) 6 (22¢2) 3 (13¢6) 10 (25¢6) 0¢56
Chronic kidney disease 23 (13¢0) 1 (3¢7) 2 (9¢1) 2 (5¢1) 0¢37
LABORATORY TESTS

y

Leukocytes, x109/L 11¢8 [8¢9, 14¢7]" 13¢7 [8¢8, 19¢2] 9¢9 [5¢3, 13¢8] 6¢9 [5¢7, 9¢0]# <0¢01
Neutrophils, x109/L 9¢1 [6¢1, 12¢2]" 12¢2 [8¢9, 16¢3]" 8¢8 [4¢8, 11¢2] 5¢1 [3¢9, 6¢9]# <0¢01
Lymphocytes, x109/L 0¢94 [0¢62, 1¢52] 0¢86 [0¢60, 1¢20] 1¢08 [0¢56, 1¢23] 0¢97 [0¢72, 1¢40] 0¢93
Platelets, x109/L 252 (117) 243 (127) 206 (96) 261 (108) 0¢31
Creatinine, µmol/L 89 [66, 124] 88 [72, 115] 85 [70, 110] 88 [71, 102] 0¢90
VITAL SIGNS AND DISEASE EVERITY

y

Temperature,°C 38¢2 (1¢2) 38¢4 (1¢0) 38¢1 (1¢0) 37¢7 (1¢2)# 0¢03
Respiratory rate, bpm 22 [16, 26] 22 [19, 30] 23 [20, 25] 23 [20, 27] 0¢12
Heart rate, bpm 98 [84, 110] 103 [91, 121] 90 [80, 100] 94 [80, 108] 0¢03
MAP, mmHg 97¢3 (16¢8) 88¢3 (13¢8) 91¢2 (18¢8) 96¢4 (15¢4) 0¢03
MEWS 3 [2, 4] 4 [2, 5] 3 [3, 4] 3 [2, 4] 0¢14
PSI 4 [3, 4] 4 [3, 4] 4 [2, 4] 3 [2, 3]# <0¢01
CURB-65 2 [1, 2] 2 [1, 3] 1 [0, 3] 1 [0, 2]# 0¢01
qSOFA 1 [0, 1] 1 [0, 1] 0 [0, 1] 1 [0, 1] 0¢21
DISEASE COURSE

Symptoms to admission, days 3 [2, 7]#,z 4 [3, 7]z 4 [2, 6]z 8 [5, 10]" <0¢01
Increase of corticosteroids upon admission 28 (15¢8) 5 (18¢5) 7 (31¢8) 2 (5¢1) 0.05

ICU admission (at any point during admission) 15 (8¢5) 4 (14¢8) 1 (4¢5) 6 (15¢4) 0¢36
Time to clinical stability{ or discharge, days 3 [2, 6] 3 [2, 6] 3 [2, 5] 4 [3, 7] 0¢22
Hospital LOS, days 5 [3, 9] 4 [3, 9] 3 [2, 4] 4 [3, 8] 0¢11
28-day mortality 11 (6¢2) 0 (0¢0) 1 (4¢5) 5 (12¢8) 0¢20

Table 1: Clinical characteristics and disease course of patients.
CAP = community-acquired pneumonia; COPD = chronic obstructive pulmonary disease; bpm = breaths/beats per minute; MAP = mean arterial pressure;

CURB-65 = confusion, blood urea nitrogen, respiratory rate, blood pressure, age 65 or older; MEWS= modified early warning score; PSI= pneumonia severity

index; qSOFA = quick sequential organ failure assessment score; LOS= length of stay.

Continuous data are presented as mean (standard deviation) or median [interquartile range], and compared using a two-sided ANOVA or two-sided Kruskal-

Wallis test, respectively. Categorical data are presented as count (percentage) and compared using Fisher’s exact test.

* Microbiological results in this group: no pathogen identified (n=120), Haemophilus influenzae (n=15), Pseudomonas aeruginosa (n=8), Rhinovirus (n=7),

Human metapneumovirus (n=5), Coronavirus (n=4), Staphylococcus aureus (n=4), Klebsiella pneumoniae (n=2), Respiratory syncytial virus (n=2), Pneumocystis

jirovecii (n=2), Parainfluenza virus 1-4 (n=2), Aspergillus spp. (n=1), Legionella (n=1), Mycobacterium tuberculosis (n=1), Escherichia coli (n=1), Mycoplasma pneu-

moniae (n=1), Rothia dentocariosa (n=1).
y Measured upon presentation to the emergency department
z Missing values in 50/177 (28¢2%), 3/27 (11¢1%), and 7/22 (31¢8%) of patients; date of start of symptoms was not available in the OPTIMACT study
{ Defined as the modified Halm's criteria: temperature �37¢2°C, heart rate �100 bpm, systolic blood pressure �90 mmHg, respiratory rate � 24 bpm, and

oxygen saturation �90% for the entire day
" Significantly higher than grand mean of other groups, corrected for multiple testing by Holm's method.
# Significantly lower than grand mean of other groups, corrected for multiple testing by Holm's method.
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Figure 1. Common and distinct host response biomarkers in patients with community-acquired pneumonia with different microbial
aetiologies. a) Volcano plot comparing plasma biomarkers between patients with non-COVID-19 CAP (n=226) and patients with
COVID-19 (n=39). X-axis depicts the fold change of Box-Cox transformed values between groups, Y-axis depicts the Benjamini-Hoch-
berg adjusted P-value. b) Venn-Euler plot showing the number of biomarkers that are significantly different from the non-infectious
control group, either specific for COVID-19, specific for non-COVID-19 CAP or common between the two disease groups. c) Heatmap
depicting the Hedges’ g, a measure of effect size, between the disease groups and controls for all biomarkers in the common
response. d) Volcano plots showing plasma biomarkers for CAP-strep (n=27) versus COVID-19 (n=39), CAP-flu (n=22) versus COVID-
19 (n=39), and CAP-flu (n=22) versus CAP-strep (n=27). X-axis depicts the fold change of Box-Cox transformed values between
groups, Y-axis depicts the Benjamini-Hochberg adjusted p-value.
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pathogen-specific disease groups (CAP-strep, CAP-flu
and COVID-19) based on all antiviral response bio-
markers. The PCA plot showed COVID-19 patients
were clearly separated from the other groups (ANOVA
P<0¢001 and Games-Howell P<0¢01 for PC1 scores
between COVID-19 and both other groups).
Vascular responses and function
The occurrence of endotheliopathy has received much
attention in severe COVID-19,7 whilst its presence in
other CAPs has been investigated less extensively. We
analysed soluble biomarkers indicative of endothelial
cell activation, damage, and (dys)function. Seven
www.thelancet.com Vol 81 Month July, 2022



Figure 2. Biomarker levels reflective of cell-mediated antiviral responses in patients with community-acquired pneumonia with dif-
ferent microbial aetiologies. a) Boxplots comparing cell-mediated antiviral response markers between the CAP groups. The Y-axis
depicts biomarker concentrations in pg/ml (prior to Box-Cox transformation). The median value for control subjects is shown as a
dashed line. The p-value listed in each boxplot is obtained from the White-adjusted ANOVA, the adjusted (adj.) P-value was obtained
from the White-adjusted ANCOVA model including age, sex, and disease severity scores as covariates. The stars depict the signifi-
cance of the post-hoc pairwise Games-Howell tests performed after a significant ANOVA. *P<0¢05, **P<0¢01, ***P<0¢001,
****P<0¢0001. b) Heatmap depicting the Hedges’ g between the disease groups and controls for all antiviral response markers. c)
Principal component analysis (PCA) of all viral response markers. X-axis label shows the percentage of explained variance on princi-
pal component 1, Y-axis label shows the percentage of explained variance on principal component 2. The ellipse indicates the cen-
tral 10% of the groups. The arrows indicate the direction (arrow orientation) and strength (arrow length) of the correlation between
each marker and the principal components.

Articles
markers were differentially abundant between CAP
groups, wherein differences almost exclusively were
driven by COVID-19; E-selectin was the only differen-
tially abundant endothelial marker in non-COVID-19
CAP patients (higher CAP-strep than in CAP-flu,
P<0¢05) (Figure 3a+b). Remarkably, deviations between
groups did not unequivocally point to increased endo-
theliopathy in COVID-19. Of the widely used endothe-
lial cell activation markers VCAM-1 (vascular cell
adhesion molecule) and E-selectin, VCAM-1 was higher,
whilst E-selectin was lower in COVID-19 patients as
compared with the non-COVID-19 CAP groups. Strik-
ingly, the angiopoietin-2/1 ratio was elevated in all CAP
groups except for COVID-19 (P<0¢001 between
COVID-19 and all other groups), suggesting that endo-
thelial barrier integrity is more impaired in non-
www.thelancet.com Vol 81 Month July, 2022
COVID-19 CAP than in COVID-19.16 Plasma syndecan-
1 levels were higher in patients with COVID-19 than in
other CAP groups, indicative of enhanced endothelial
glycocalyx degradation.17 The platelet-derived growth
factors (PDGF-AA and PDGF-AB-BB) � which func-
tion as pro-angiogenic and vascular remodelling fac-
tors18-were also specifically increased in patients with
COVID-19.

The endothelial biomarkers clearly separated the
pathogen-specific disease groups on the PCA plot
(Figure 3c), with the angiopoietins, PDGFs and P-selec-
tin driving the separation on PC1 of patients with
COVID-19 from the others (ANOVA P<0¢001, Games-
Howell P<0¢05 for COVID-19 versus CAP-strep and
P<0¢001 for COVID-19 versus CAP-flu), whereas PC2
separated viral from non-viral pneumonia mainly by
7



Figure 3. Biomarker levels reflective of vascular responses and function in patients with community-acquired pneumonia with dif-
ferent microbial aetiologies. a) Boxplots comparing markers of the endothelial response between the CAP groups. The Y-axis depicts
biomarker concentrations in pg/ml (prior to Box-Cox transformation). The median value for control subjects is shown as a dashed
line. The P-value listed in each boxplot is obtained from the White-adjusted ANOVA, the adjusted (adj.) P-value was obtained from
the White-adjusted ANCOVA model including age, sex, and disease severity scores as covariates. The stars depict the significance of
the post-hoc pairwise Games-Howell tests performed after a significant ANOVA. *P<0¢05, **P<0¢01, ***P<0¢001, ****P<0¢0001.
Pairwise Tukey’s post-hoc tests using the adjusted means from the ANCOVA for VEGF did not result significantly different groups. b)
Heatmap depicting the Hedges’ g between the disease groups and controls for all biomarkers of the endothelial response. c) Princi-
pal component analysis of all biomarkers of the endothelial response. X-axis label shows the percentage of explained variance on
principal component 1, Y-axis label shows the percentage of explained variance on principal component 2. The ellipse indicates the
central 10% of the groups. The arrows indicate the direction (arrow orientation) and strength (arrow length) of the correlation
between each marker and the principal components.
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syndecan-1 and E-selectin (ANOVA P<0¢01, Games-
Howell P<0¢05 for CAP-flu versus CAP-strep, and
P<0¢01 for COVID-19 versus CAP-strep). Taken
together, endothelial barrier integrity appeared rela-
tively unperturbed in COVID-19 compared with other
aetiologies of CAP, although markers of glycocalyx dam-
age and angiogenesis were increased.
Coagulation
Endothelial cell (dys)function is intricately linked to
coagulation.19 However, soluble coagulation biomarkers
showed only minor differences between disease groups
(Figure 4a+b). Most notably, the plasma levels of tissue
factor and D-dimer were not different between groups.
When comparing patients with COVID-19 with other
CAP groups, the plasma concentrations of PAI-1 (plas-
minogen activator inhibitor-1, an inhibitor of fibrinoly-
sis) were higher (P<0¢01 between COVID-19 and CAP-
other), while the levels of thrombomodulin (an antico-
agulant produced by endothelial cells) were lower,
although the latter lost significance after adjusting for
covariates (ANCOVA P=0¢34). PCA confirmed that the
disease groups could not clearly be separated based on
multivariate analysis of coagulation markers
(Figure 4c, PC1 not significant between groups, PC2
only significant between COVID-19 and CAP-strep
with P<0¢05). Altogether, these findings do not indi-
cate large differences in coagulation activation
between aetiologies of CAP.
Systemic inflammation
Analyses of biomarkers reflecting systemic inflamma-
tion revealed stark differences between the disease
groups (Figure 5a+b). IL-1a, IL-1b and ferritin were rela-
tively increased in patients with COVID-19, particularly
when compared with CAP-other and CAP-flu, whilst
www.thelancet.com Vol 81 Month July, 2022



Figure 4. Biomarker levels reflective of coagulation in patients with community-acquired pneumonia with different microbial aetiol-
ogies. a) Boxplots comparing markers of coagulation between the CAP groups. The Y-axis depicts biomarker concentrations in pg/
ml (prior to Box-Cox transformation). The median value for control subjects is shown as a dashed line. The P-value listed in each box-
plot is obtained from the White-adjusted ANOVA, the adjusted (adj.) P-value was obtained from the White-adjusted ANCOVA model
including age, sex, and disease severity scores as covariates. The stars depict the significance of the post-hoc pairwise Games-Howell
tests performed after a significant ANOVA. *P<0¢05, **P<0¢01. b) Heatmap depicting the Hedges’ g between the disease groups
and controls for all markers of coagulation. c) Principal component analysis of all markers of coagulation. X-axis label shows the per-
centage of explained variance on principal component 1, Y-axis label shows the percentage of explained variance on principal com-
ponent 2. The ellipse indicates the central 10% of the groups. The arrows indicate the direction (arrow orientation) and strength
(arrow length) of the correlation between each marker and the principal components.
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procalcitonin, IL-6 and CRP were highest in CAP-strep.
CD163 and TREM-1 levels were relatively low in both
viral CAP groups (CAP-flu and COVID-19), although
only significant in the latter group. In the PCA analysis,
principal component 1 (PC1) mainly separated viral
(CAP-flu and COVID-19) from bacterial pneumonia
(CAP-strep) and was driven by IL-6, CD163, TREM-1
and procalcitonin (Figure 5c, ANOVA P<0¢0001,
Games-Howell P<0¢0001 for COVID-19 versus CAP-
strep, P<0¢01 for CAP-flu versus CAP-strep, COVID-19
versus CAP-flu not significant). PC2 separated COVID-
19 patients from other forms of CAP due to elevated
www.thelancet.com Vol 81 Month July, 2022
levels of IL-1a and IL-1b (PC2 scores for COVID-19 ver-
sus both other groups P<0¢001, not significant between
CAP-flu and CAP-strep).
Immune checkpoint markers
Immune checkpoints are receptors expressed on
immune cells that initiate suppressive or activating co-
signalling pathways after binding their respective
ligands.20 Plasma B7-2, the ligand for both CD28 and
CTLA-4 (cytotoxic T lymphocyte antigen 4), was ele-
vated in both CAP-flu and COVID-19 (Figure 6a+b).
9



Figure 5. Biomarker levels reflective of systemic inflammation in patients with community-acquired pneumonia with different
microbial aetiologies. a) Boxplots comparing markers of systemic inflammation between the CAP groups. The Y-axis depicts bio-
marker concentrations (prior to Box-Cox transformation) in pg/ml for all markers except for ferritin, procalcitonin, CD163 (ng/ml)
and CRP (mg/L). The median value for control subjects is shown as a dashed line. The P-value listed in each boxplot is obtained
from the White-adjusted ANOVA, the adjusted (adj.) P-value was obtained from the White-adjusted ANCOVA model including age,
sex, and disease severity scores as covariates. The stars depict the significance of the post-hoc pairwise Games-Howell tests per-
formed after a significant ANOVA. *P<0¢05, **P<0¢01, ***P<0¢001, ****P<0¢0001. b) Heatmap depicting the Hedges’ g between the
disease groups and controls for all markers of systemic inflammation. c) Principal component analysis of all markers of systemic
inflammation. X-axis label shows the percentage of explained variance on principal component 1, Y-axis label shows the percentage
of explained variance on principal component 2. The ellipse indicates the central 10% of the groups. The arrows indicate the direc-
tion (arrow orientation) and strength (arrow length) of the correlation between each marker and the principal components.
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Interestingly, levels of B7-2 in CAP-other and CAP-strep
appeared on par with, or even lower than non-infec-
tious controls. CD40 ligand and galectin-9 were both
distinctly increased in patients with COVID-19 (i.e.
P<0¢0001 for COVID-19 versus CAP-other). Galec-
tin-9 is a ligand for TIM-3 (T cell immunoglobulin
and mucin domain-containing protein 3), a cell sur-
face receptor expressed on a range of cell types
including several T cell subsets.21 CD25 (IL-2 recep-
tor alpha chain), indicative of T cell activation,22 was
lower in CAP-flu and COVID-19 than the other dis-
ease groups, but still higher than in non-infectious
controls. Of note, the other checkpoint markers-such
as PD-1 and PD-1 ligand-showed small to moderate
increases, with little variation between the pathogen-
specific groups. This was also reflected in the PCA
plot, as the three disease groups mostly overlapped
regarding checkpoint markers (Figure 6c, no signifi-
cant differences).
Subgroup and sensitivity-analyses
Finally, we explored the host response of other relevant
subgroups within the cohort (Figure S1). A comparison
of all patients with a confirmed viral infection-including
COVID-19-versus all patients with a bacterial pathogen
yielded results fairly similar to the COVID-19 versus all
other CAP analysis (Figure S1a, Figure 1a). Removal of
patients with COVID-19 from this viral group resulted
in fewer significantly different biomarkers: only
CXCL10 was higher in the viral group, while both
PDGFs and P-selectin were most increased in the bacte-
rial group (Figure S1b). When we compared non-
COVID-19-viral patients to patients with COVID-19
www.thelancet.com Vol 81 Month July, 2022



Figure 6. Immune checkpoint markers in patients with community-acquired pneumonia with different microbial aetiologies. a) Box-
plots comparing immune checkpoint markers between the CAP groups. The Y-axis depicts biomarker concentrations in pg/ml (prior
to Box-Cox transformation). The median value for control subjects is shown as a dashed line. The P-value listed in each boxplot is
obtained from the White-adjusted ANOVA, the adjusted (adj.) P-value was obtained from the White-adjusted ANCOVA model includ-
ing age, sex, and disease severity scores as covariates. The stars depict the significance of the post-hoc pairwise Games-Howell tests
performed after a significant ANOVA. *P<0¢05, **P<0¢01, ***P<0¢001, ****P<0¢0001. b) Heatmap depicting the Hedges’ g between
the disease groups and controls for all checkpoint markers. c) Principal component analysis of all immune checkpoint markers.
X-axis label shows the percentage of explained variance on principal component 1, Y-axis label shows the percentage of explained
variance on principal component 2. The ellipse indicates the central 10% of the groups. The arrows indicate the direction (arrow ori-
entation) and strength (arrow length) of the correlation between each marker and the principal components.
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(Figure S1c), we again observed a strong COVID-19 sig-
nature, mostly in line with the CAP-flu versus COVID-
19 comparison in Figure 1d. We finally subdivided the
bacterial CAP group into a gram-positive and gram-neg-
ative group, but this direct comparison yielded only one
significantly different biomarker (CXCL10 higher in
gram-negative CAP, Figure S1d), possibly due to low
sample size and within-group heterogeneity.

Next, to assess the robustness of the results in this
investigation we performed several sensitivity-analyses.
In the first, we removed five patients in whom the path-
ogen diagnosis was ambivalent (three co-infected
www.thelancet.com Vol 81 Month July, 2022
patients and two patients with PCR-negative COVID-
19), which had a negligible impact on the results (see
Supplemental Table 6 for the untargeted analyses
equivalent to Figure 1, and Supplemental Table 7 for
the between-group differences and post-hoc tests per
biomarker per pathophysiological domain as in Figure 2-
6). In the second sensitivity analysis we left out all
patients with an immune deficiency (44 patients).
Again, this resulted in negligible differences in the
untargeted analyses, and a small number of differences
in the analyses per domain, such as IL-7, CD25 and
thrombomodulin. For the next sensitivity-analysis, we
11
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removed all patients that were given high-dose systemic
glucocorticoids prior to, or upon hospital admission (42
patients). This resulted in a loss of significance for a
number of comparisons involving CAP-flu (possibly
reflecting a loss of statistical power due to lower sample
size, as 15/22 patients remain in the CAP-flu group).
Finally, we assessed the effect of BMI, comorbidities
and inclusion centre (see Supplemental Table 8). Addi-
tion of BMI and the total number of comorbidities to
the ANCOVA model resulted in the loss of significance
of one marker (CD25). After a multilevel pooled analy-
sis, in which we added the inclusion site as a level in the
model, tPA and IL-7-which were borderline significant
before-became significant. Combination of the multi-
level analysis with the addition of BMI and comorbid-
ities as covariates resulted in the loss of significance for
CD25, while IL-7 became significant. Collectively, these
sensitivity analyses indicate that the host response dif-
ferences between patients with different aetiologies of
CAP were robust.
Discussion
We utilised an extensive panel of soluble plasma bio-
markers to analyse the host response of patients hospi-
talized for CAP with different microbial aetiologies, and
revealed common and distinct features across several
pathophysiological domains. Biomarker profiles reflect-
ing activation and function of the vasculature suggested
divergent characteristics in COVID-19 as compared
with non-COVID-19 CAPs. COVID-19 was associated
with seemingly unperturbed barrier integrity (angio-
poietin-2/1 ratio), enhanced glycocalyx degradation (syn-
decan-1) and elevated levels of angiogenic factors
(PDGFs). Notably, the extent of coagulation activation,
implicated in the relatively high incidence of thrombo-
embolic complications in COVID-19,23 was not different
between CAP groups (tissue factor, D-dimer), in spite of
evidence of increased systemic inflammation in
COVID-19 (ferritin). Some biomarkers confirmed previ-
ous reports on distinctive responses in CAP caused by
different microorganisms, including strongly increased
procalcitonin levels in CAP-strep and elevated concen-
trations of mediators implicated in antiviral responses
in COVID-19,12,15 providing assurance that our cohort is
able to expose pathophysiological distinctions across dif-
ferent CAP aetiologies. These results yield insight into
the pathophysiology of CAP in general and may guide
identification of targetable host response aberrations in
CAPs caused by specific pathogens.

Angiopoietin-1 and angiopoietin-2 have diverging
effects on endothelial integrity and vascular permeabil-
ity, due to their opposing effects on the tyrosine kinase
receptor Tie2.16 A low angiopoietin-2/1 ratio is thought
to reflect a protective endothelial phenotype: angiopoei-
tin-1 has been shown to prevent vascular permeability,
whereas angiopoietin-2 typically promotes
inflammation, apoptosis and vascular leakage.16,24 A
high angiopoietin-2/1 ratio strongly correlates with mor-
tality in critically ill patients with acute lung injury,25

and high angiopoietin-2 has been associated with a
worse outcome in COVID-19.26 In line with our find-
ings, angiopoietin-2/1 ratios were lower in critically ill
COVID-19 patients compared with non-COVID-19
patients in the intensive care unit.27 The less disturbed
endothelial profile of patients with COVID-19, relative
to other CAPs, was further illustrated by normal levels
of E-selectin and the increase in PDGFs. PDGFs can be
produced by many cell types, including endothelial
cells, and stimulate angiogenesis and cell prolifera-
tion.18 In vitro, PDGF stimulation of vascular smooth
muscle cells was shown to decrease angiopoietin-2 lev-
els, possibly indicating a protective mechanism.28

Increased levels of PDGFs and angiopoietin-1 were asso-
ciated with a favourable outcome in children with severe
bacterial infection.29 Taken together, these findings
may suggest that endothelial inflammation and dis-
turbed barrier function play a larger role in non-
COVID-19 CAP than in COVID-19.

COVID-19 was associated with higher plasma synde-
can-1 levels as compared with other CAPs. Syndecan-1 is
a glycocalyx component with protective and inflamma-
tion attenuating effects in cell-bound form.30 Increased
shedding of syndecan-1 has been linked to higher dis-
ease severity in patients with sepsis.17 An intact glycoca-
lyx is important for maintaining the constitutive
anticoagulant properties of the endothelial cell sur-
face.16 Likewise, the higher circulating levels of throm-
bomodulin in COVID-19-although non-significant after
removal of immune deficient patients-may reflect aug-
mented shedding from the endothelial cell surface,
which is expected to result in a loss of its cell-associated
anticoagulant properties.31 Nonetheless, plasma coagu-
lation markers tissue factor and D-dimer were similar
in different CAP groups. PAI-1, a major inhibitor of the
fibrinolytic system, was significantly increased in
COVID-19 compared with other CAP groups. In agree-
ment, a recent study reported increased PAI-1 activity in
patients with COVID-19 when compared with patients
with sepsis.32 In our study D-dimer was relatively low in
patients with COVID-19 (albeit not significantly differ-
ent). This is in line with previous comparisons between
patients with COVID-19 and sepsis,32,33 although other
studies reported increased D-dimer in COVID-19 when
compared with other CAPs.34,35 Together, our data may
indicate that high PAI-1 levels could limit fibrin degra-
dation and subsequent D-dimer release, resulting in rel-
atively low D-dimer levels in COVID-19.

Immune checkpoint markers showed several differ-
ences between CAP groups. Galectin-9 was strikingly
increased in patients with COVID-19. Galectin-9 is
expressed by many cell types, such as neutrophils, T
cells and various antigen-presenting cells, and is
ascribed a wide range of immunomodulatory
www.thelancet.com Vol 81 Month July, 2022
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functions.36 It induces apoptosis of Th1 cells through
binding with the TIM-3 receptor, and is overall regarded
as an immunosuppressive molecule for adaptive
immune cells.20 Specifically, binding of galectin-9 to
TIM-3 is thought to have strong suppressive effects on
effector T cells, and inhibition of this axis boosted antivi-
ral responses in an influenza mouse model.37 The
observation of high B7-2 and low CD25 levels-although
CD25 differences became non-significant after adjust-
ment for BMI, comorbidities and site-in both CAP-flu
and COVID-19 when compared with CAP-other and
CAP-strep might indicate a common viral effect on T
cell activation. B7-2 is the ligand for CTLA4 and CD28,
with either suppressive or activating effects respec-
tively.20 CD25 expression is used to characterize regula-
tory T cells and is indicative of T cell activation.22

Importantly, COVID-19 patients were enrolled
before dexamethasone became standard of care, which
allowed us to compare the host response between
COVID-19 and other forms of CAP without the likely
strong confounding effects of this drug. To account for
the influence of other variables (with sufficient data in
each subgroup) in the relationship between pathogen
groups and host response biomarkers, we adjusted com-
parisons of individual biomarkers for age, sex, and dis-
ease severity, which resulted in negligible differences in
between-group p-values. Sensitivity analyses pertaining
to coinfections, high-dose corticosteroid usage, immu-
nocompromised status, BMI, comorbidities and inclu-
sion centre further underlined the robustness of the
results. As the vast majority of patients were included
within 24 hours, we did not further investigate the
effect of time between sampling and admission,
although this may explain a small part of variance in the
data. Furthermore, this study did not interfere with clin-
ical diagnostics, so it is possible that unidentified bacte-
rial infections, or viral/bacterial co-infections exist in
this cohort, which may influence the pathogen-specific
comparisons. Still, unidentified pathogens are more
likely to dilute rather than exaggerate differences
between CAP subgroups, and it does not limit the gen-
eralisability of our results as these groups reflect the
current clinical reality of microbiological testing. Statis-
tical power for between-subgroup comparisons may
also be limited by the modest sample size in this study.

In response to the unique challenges posed by the
COVID-19 pandemic, many high-quality trials have
been performed in a very short timeframe. The number
of immunomodulatory trials-enabled by unprecedented
incentive and resources-in COVID-19 has rapidly sur-
passed all efforts in other aetiologies of CAP. The data
in our study may inform future therapeutic strategies
that aim to repurpose COVID-19 treatments for other
CAP (sub)groups. For example, several studies explored
the benefit of reducing vascular permeability and capil-
lary leakage in COVID-19, and treatment with the tyro-
sine-kinase inhibitor imatinib resulted in improved
www.thelancet.com Vol 81 Month July, 2022
outcome.38 As our current data suggest that the endo-
thelial barrier integrity is most disturbed in non-
COVID-19 CAP, it may be interesting to expand this
rationale to CAP aetiologies other than COVID-19.
Another example of how biomarkers can instruct treat-
ment decisions is the recent finding that hyperferritine-
mia (in our cohort most prominent in COVID-19) is a
predictor of a favourable response to treatment with
recombinant IL-1 receptor antagonist in patients with
COVID-19.39 Notwithstanding, translating COVID-19
specific therapies to other infections is challenging,
exemplified by the harm that is done by treating influ-
enza pneumonia with dexamethasone.40

In summary, our investigation offers a nuanced
assessment of the systemic host response in different
aetiologies of CAP, and gives insight into shared and
distinct pathophysiological mechanisms that may guide
therapy in COVID-19 as well as in the wider CAP popu-
lation.
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