van Engelen et al. Critical Care (2023) 27:269 Critica| Ca re
https://doi.org/10.1186/513054-023-04536-0

RESEARCH Open Access

. . ) )
Plasma protein biomarkers reflective sl

of the host response in patients developing
Intensive Care Unit-acquired pneumonia

Tjitske S. R. van Engelen” ®, Tom D.Y. Reijnders'®, Fleur P. Paling?®, Marc J. M. Bonten?®,
Leen Timbermont>®, Surbhi Malhotra-Kumar*®, Jan A. J. W. Kluytmans*®, Hessel Peters-Sengers' ®,
Tom van der Poll"*"® and for the ASPIRE-I. C. U. Study Team

Abstract

Background Immune suppression has been implicated in the occurrence of pneumonia in critically ill patients.

We tested the hypothesis that Intensive Care Unit (ICU)-acquired pneumonia is associated with broad host immune
aberrations in the trajectory to pneumonia, encompassing inflammatory, endothelial and coagulation responses. We
compared plasma protein biomarkers reflecting the systemic host response in critically ill patients who acquire a new
pneumonia (cases) with those who do not (controls).

Methods We performed a nested case—control study in patients undergoing mechanical ventilation at ICU admis-
sion with an expected stay of at least 48 h enrolled in 30 hospitals in 11 European countries. Nineteen host response
biomarkers reflective of key pathophysiological domains were measured in plasma obtained on study inclusion

and day 7, and—in cases—on the day of pneumonia diagnosis.

Results Of 1997 patients, 316 developed pneumonia (15.8%) and 1681 did not (84.2%). Plasma protein biomarker
analyses, performed in cases and a randomly selected subgroup of controls (1:2 ratio to cases, n=632), demonstrated
considerable variation across time points and patient groups. Yet, cases showed biomarker concentrations sugges-
tive of enhanced inflammation and a more disturbed endothelial barrier function, both at study enrollment (median
2 days after ICU admission) and in the path to pneumonia diagnosis (median 5 days after ICU admission). Baseline
host response biomarker aberrations were most profound in patients who developed pneumonia either shortly

(<5 days, n=105) or late (> 10 days, n=68) after ICU admission.

Conclusions Critically ill patients who develop an ICU-acquired pneumonia, compared with those who do not,
display alterations in plasma protein biomarker concentrations indicative of stronger proinflammatory, procoagulant
and (injurious) endothelial cell responses.

Trial registration: ClinicalTrials.gov Identifier: NCT02413242, posted April 9th, 2015.
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MAIN FINDING
Patients who develop an ICU-acquired pneumonia

demonstrate alterations in plasma biomarker
levels indicative of enhanced inflammation and
more disturbed endothelial barrier function

Background

Intensive Care Unit (ICU)-acquired pneumonia is one of
the most frequently diagnosed infections in the ICU, with
a—relative—attributable mortality of 13% [1, 2]. Impor-
tant risk factors for ICU-acquired pneumonia include
invasive procedures (particularly mechanical ventila-
tion), the underlying medical condition, comorbidities,
and severity of disease [3, 4]. In recent years much atten-
tion has been given to host response deviations in criti-
cally ill patients, including those with a sepsis admission
diagnosis, that may render them vulnerable to secondary
opportunistic infections [5-8]. In this context, the vast
majority of research focused on critical illness-associated
immune suppression as a key factor placing ICU patients
at risk for infection [5-8]. Our group previously reported
on host response aberrations in critically ill patients with
sepsis prior to the development of ICU-acquired infec-
tions and found that these patients, rather than merely
showing signs of immune suppression, demonstrated
wide-ranging disturbances across multiple pathophysi-
ological domains when compared with patients who did
not develop an ICU-acquired infection [9]. Additional
studies have provided evidence for a sustained and com-
plex dysregulation of the host response entailing both
immune suppression and hyperinflammation in patients
who remain on the ICU for prolonged periods of time,
who oftentimes develop a chronic critical illness termed
“persistent inflammation, immunosuppression and
catabolism syndrome” or PICS [7].

We here tested the hypothesis that critically ill patients,
irrespective of their primary reason for admission, exhibit
broad anomalies in their host response both prior to and
during ICU-acquired pneumonia, and that these are dis-
tinctive from patients who do not acquire pneumonia

while on the ICU. For this, we measured 19 host response
biomarkers providing insight into key pathophysiologi-
cal pathways in plasma samples collected in a prospec-
tive observational study in patients admitted to 30 ICUs
throughout Europe with various admission diagnoses
(medical, trauma, surgical) and compared patients who
developed pneumonia during their ICU stay (cases) with
patients who did not develop pneumonia (controls).

Our study aimed to obtain insight into: (1) host
response protein differences between cases and controls
prior to development of ICU-acquired pneumonia in the
former group; (2) host response protein aberrations at
the time of pneumonia diagnosis; (3) host response pro-
tein trajectories, i.e., the change in host response over
time from prior to ICU-acquired pneumonia to the day
of ICU-acquired pneumonia.

Methods

Patient population

This study was conducted as part of the “Advanced
understanding of Staphylococcus aureus and Pseu-
domonas aeruginosa Infections in EuRopE—Intensive
Care Units” (ASPIRE-ICU) project, a study of adult ICU
patients at 30 hospitals in 11 European countries that
recruited participants between June 2015 and October
2018 [10]. Study methods have been reported elsewhere
[11]. Briefly, patients with an expected length of ICU stay
of 48 h or more and who underwent mechanical venti-
lation at ICU admission (or were expected to undergo
ventilation within 24 h) were enrolled within 3 days
after ICU admission in a 1:1 ratio of Staphylococcus (S.)
aureus-colonized (identified by screening on admission)
and non-colonized patients. The study protocol was
approved by the institutional review boards or ethical
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committees in each country and/or site, and all partici-
pants or their legally authorized representative provided
written, informed consent for additional data and sample
collection. The protocol definition of an ICU-acquired
pneumonia was described in detail elsewhere [11] and
in Additional file 1. Briefly, four clinical criteria were
assessed daily: new antibiotic use, new blood cultures
performed, new chest radiograph or computed tomogra-
phy done, or another new reason to suspect pneumonia.
In cases with one positive answer, a combination of major
and minor criteria was assessed to categorize patients
as having protocol-defined pneumonia, or not [11]. The
diagnosis of pneumonia, based on criteria assessed daily,
triggered the collection of an “event” blood sample; there
were no cases in whom the diagnosis pneumonia was
later refuted.

The current project was designed as a nested case—
control study within the ASPIRE-ICU population. A
case was defined as a patient who developed a (protocol-
defined) ICU-acquired pneumonia at least 48 h after ICU
admission. A control was defined as a patient who did
not develop a protocol-defined ICU-acquired pneumo-
nia. Comorbidities and causative pathogens were defined
as described in Additional file 1.

Sample collection and assays

Ethylenediaminetetraacetic acid (EDTA) anticoagulated
blood was obtained upon enrollment into ASPIRE-
ICU (baseline). In cases, a follow-up blood sample
was obtained on the day pneumonia was diagnosed
and on day 7 after inclusion (Additional file 1: Fig. S1);
in controls, a follow-up sample was drawn on day 7
after inclusion. Biomarkers were categorized into four
pathophysiological domains: interleukin (IL)-6, IL-8,
IL-10, and IL-1 receptor antagonist (IL-1RA)(reflecting
cytokine release); matrix metalloproteinase (MMP)-8,
soluble triggering receptor expressed on myeloid cells
(STREM)-1, soluble cluster of differentiation (sCD)163,
soluble receptor for advanced glycation endproducts
(SRAGE), tenascin-C and procalcitonin (reflecting sys-
temic inflammation); sE-selectin, soluble vascular cell
adhesion protein (sVCAM)-1, fractalkine, syndecan-1,
soluble thrombomodulin, angiopoietin-1, and angiopoi-
etin-2 (reflecting endothelial activation and function);
soluble tissue factor and D-dimer (reflecting coagulation
activation). For further details, see Additional file 1.

Statistical analysis

All biomarker values were logarithmically transformed
and analyzed using linear mixed model analyses. Calcu-
lation of principal component analysis (PCA) plots was
done by a singular value decomposition of the centered
and scaled data matrix including the (logged) protein
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plasma biomarkers for key pathophysiological pathways.
The mixed model was fitted taking the group (cases
versus controls), the discrete timepoint (i.e., baseline,
event—only for cases—and/or day 7), and their interac-
tion as fixed effects, and patient-specific intercepts as
random effects unless otherwise stated. The interaction
term (group X timepoints) revealed whether there was
a difference in biomarker trajectory over time between
cases and controls, where the patient-specific intercept
accounted for repeated measures within each patient.
In additional analyses, we adjusted for the following
predefined variables that may confound the relation-
ship between ICU-acquired pneumonia and plasma bio-
marker levels: site of enrollment, age, sex, body mass
index, Charlson comorbidity index, reason for admis-
sion (medical, surgery, trauma), S. aureus colonization
status, Acute Physiology And Chronic Health Evaluation
(APACHE)-1V score, and immunosuppressed status. Two
additional analyses were performed: (1) biomarker trajec-
tory in the subgroup of cases in whom also a sample was
taken after the event of ICU-acquired pneumonia, and
(2) the association between the time to develop an ICU-
acquired pneumonia and baseline biomarker levels. For
more details, see the statistical paragraph of Additional
file 1.

Results

Patient characteristics and clinical outcomes

ASPIRE-ICU enrolled 1997 patients, of whom 316
(15.8%) developed ICU-acquired pneumonia (cases) and
1681 (84.2%) did not (controls) (Fig. 1). From all controls,
we randomly selected a subset in a 2:1 ratio to the cases,
resulting in 632 controls for host response biomarker
analyses. Selected (n=632) and not selected (n=1049)
controls did not differ regarding baseline characteris-
tics and clinical outcomes (Additional file 1: Table S1).
Table 1 shows baseline characteristics at ICU admission
and clinical outcomes of the study population; missing
clinical data is depicted in Additional file 1: Table S2. At
baseline, cases were similar to controls, with the excep-
tion that cases more often had immunosuppression as
comorbidity (7.9% versus 4.4% in controls, P=0.04) and
less often mild liver disease (0.3% versus 3.5%, P=0.01;
Additional file 1: Table S3). In cases the median interval
from ICU admission to the diagnosis of ICU-acquired
pneumonia was 5 days (interquartile range [IQR]
3-9 days). The causative pathogen was S. aureus in 140
patients (44.3%) and Pseudomonas (P) aeruginosa in 48
patients (15.2%); in 21 patients (6.6%) both pathogens
were assigned as causative. Cases had a longer length of
ICU stay, higher readmission rates, and a higher 90-day
mortality.
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Total cohort
June 2015 — October 2018
1997 patients

—
ICU-acquired pneumonia
316 patients (15.8%)

Excluded
Enrolled in ASPIRE-ICU on
the day ICU-acquired
pneumonia was diagnosed
39 patients

ICU-acquired pneumonia
277 patients

Biomarkers measured
Baseline sample: 272 patients (98.2%)
Day of pneumonia sample: 248 patients (89.5%)
Baseline and day of pneumonia sample: 242 patients (87.4%)

Fig. 1 Flowchart of patient inclusion. ICU Intensive Care Unit

Baseline host response protein differences

between patients who did and those who did not develop
an ICU-acquired pneumonia

Our first study objective was to obtain insight into host
response protein differences between cases and controls
prior to development of ICU-acquired pneumonia in the
former group. 39 cases (12.3%) were enrolled in ASPIRE-
ICU on the day ICU-acquired pneumonia was diagnosed;
these patients were excluded from the biomarker analy-
sis since a blood sample prior to development of pneu-
monia was lacking (Fig. 1). Of the remaining 277 cases,
272 baseline blood samples (98.2%) were obtained 2 [1,
2] days (median [IQR]) after ICU admission, and 4 [2-8]
days prior to the diagnosis of ICU-acquired pneumo-
nia (Additional file 1: Fig. S1). From 632 controls 624
baseline blood samples (98.7%) were available, drawn
2 [1, 2] days after ICU admission. We analyzed 19 bio-
markers reflective of four pathophysiological pathways
implicated in host response aberrations during severe
infection: cytokine release and systemic inflammation,
and endothelial cell and procoagulant responses. On all
four domains cases and controls already differed at base-
line (Additional file 1: Fig. S2). Baseline plasma levels of
the cytokines IL-6 and IL-1RA were higher in cases than
controls, while the plasma concentrations of IL-8 and
the anti-inflammatory cytokine IL-10 were not different

Controls
1681 patients (82.4%)

1049 patients

|

Excluded
Not selected controls

FINAL COHORT

Controls
632 patients

i
Biomarkers measured
Baseline sample: 624 patients (98.7%)
Day 7 sample: 307 patients of 329 patients still in the ICU (93.3%)

between groups. Likewise, systemic inflammation mark-
ers procalcitonin, MMP-8, STREM-1, and sRAGE were
higher at baseline in cases, while tenascin-C and sCD163
concentrations were not different between groups (Fig. 2;
for direct comparison see Additional file 1: Fig. S3). Cases
also displayed higher levels of the endothelial cell mark-
ers fractalkine and angiopoietin-2 (indicative of disturbed
endothelial barrier function), while other endothelial cell
markers (sE-selectin, sVCAM-1, sThrombomodulin, syn-
decan-1, angiopoietin-1) were similar between groups.
Regarding coagulation markers, baseline sTissue factor
levels were higher in cases; D-dimer was similar between
groups (Fig. 2; for direct comparison see Additional file 1:
Fig. S4). Similar results were obtained after adjustment
for potential confounders (Additional file 1: Table S4).
Collectively, these data show that patients who later dur-
ing their ICU stay develop pneumonia have more exag-
gerated host response protein aberrations at baseline
than those who do not acquire pneumonia.

Host response proteins at the time of ICU-acquired
pneumonia diagnosis relative to controls

We next compared host response proteins in cases at the
time of the diagnosis of ICU-acquired pneumonia with
those in controls at day 7 after inclusion. Of 277 cases,
248 event samples (89.5%) were obtained at the day of
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Table 1 Patient characteristics and clinical outcome
Cases (n=316) Controls (n=632) P value

Baseline data
Age, year, mean (SD) 64 (15.3) 63 (16.0) 034
Female sex, n (%) 96 (30.4) 227 (35.9) 0.11
Body Mass Index, mean (SD) 27.3(6.1) 27.2(6.0) 097
Charlson comorbidity index, median (IQR) 3(2-5) 3(2-5) 0.98
Origin prior to ICU admission, n (%) 0.56

Home 173 (54.7) 326 (51.6)

General ward 86 (27.2) 178 (28.2)

Long term facility 72.2) 14(2.2)

Other ICU 39(12.3) 97 (15.3)
Primary reason for ICU admission, n (%) 0.07

Medical 166 (52.5) 292 (46.2)

Surgical, cardiothoracic 11 (3.5) 44 (7.0)

Surgical, other 75(23.7) 171 (27.1)

Trauma 64 (20.3) 125(19.8)
Colonized with Staphylococcus aureus on admission, n (%) 172 (54.4) 6 (50.0) 0.22
Pneumonia on ICU admission, n (%) 75 (23.7) 124 (19.6) 0.17
APACHE IV, mean (SD) 75(37.1) 70 (38.0) 0.07
Laboratory values at ICU admission?

White blood cells, 10°/L, median (IQR) 12.6(86-18.1) 13.0(9.2-17.5) 0.54

Neutrophils, 10%/L, median (IQR) 108 (7.1-15.1) 11.0(7.2-15.2) 0.85

Monocytes, 10%/L, median (IQR) 7 (04-1.0) 7 (04-1.1) 0.74

Lymphocytes, 10°/L, median (IQR) 8(0.5-1.2) 8(0.5-1.3) 0.97

Platelets, 10%/L, median (IQR) 199 (139—266) 205 (148-271) 0.34
Outcome data
Length of ICU stay, days, median (IQR) 5(10-28) 8 (5-14) <0.001
Readmission <30 days of ICU discharge, n (%) 16 (5.1) 21(3.3) <0.001
Status at Day 90 after ICU admission, n (%) 0.02

Alive 158 (53.6) 368 (63.9)

Dead 137 (46.4) 208 (36.1)

APACHE IV—Acute Physiology and Chronic Health Evaluation IV; ICU—Intensive Care Unit; IQR—interquartile range. A case was defined as a subject who developed a
(by protocol defined) ICU-acquired pneumonia. A control was defined as a subject who did not develop a protocol-defined ICU-acquired pneumonia. From all controls
(n=1681) we randomly selected a subset in a 2:1 ratio to cases. Continuous nonparametric data were analyzed using a Wilcoxon signed rank sum- or Kruskal-Wallis
test; categorical data were analyzed using a Fisher exact test; continuous parametric data were analyzed using a Student t test; a P value <0.05 was considered

statistically significant

2 Neutrophil, monocyte, and lymphocyte counts missing in up to 47% of patients (considered missing at random), see Additional file 1: Table S2 for details

ICU-acquired pneumonia diagnosis (at a median of
6 days [IQR, 4—10] after ICU admission. Of 632 controls,
307 follow-up samples (48.6% of all selected controls,
93.3% of the 329 controls still in the ICU) were obtained

(See figure on next page.)

on day 7 after inclusion (8 [7, 8] days after ICU admis-
sion) and available (Fig. 1); of 303 controls who were not
in the ICU anymore at day 7, 234 had been discharged
and 68 had died (no data available for one patient).

Fig. 2 Plasma protein biomarkers indicative of cytokine release and systemic inflammatory responses, and endothelial cell and procoagulant
responses, in Intensive Care Unit (ICU) patients stratified according to the development of an ICU-acquired pneumonia (case) or not (control)

at baseline, event, and their change over time. The baseline sample was obtained upon enroliment into the study. In cases, a follow-up

blood sample was obtained on the day the pneumonia was diagnosed (event); in controls, a follow-up sample (‘event”) was drawn on day 7
after enrollment into the study. Data are expressed as mean estimate with 95 percent confidence interval, derived from the linear mixed model.
Asterisks indicate differences between groups (*P<0.05. **P < 0.01. **P<0.001). Definition of abbreviations: CD—cluster of differentiation, IL—
interleukin, MMP—matrix metalloproteinase, RA—receptor antagonist, RAGE—receptor for advanced glycation endproducts, s—soluble, TREM—
triggering receptor expressed on myeloid cells; VCAM—vascular cell adhesion protein
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Cytokine release and systemic inflammatory responses
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Analyzing the same four pathophysiological domains at
the time of the event, differences were more profound in
cases compared to controls than at baseline (Additional
file 1: Fig. S2). Cytokine levels (IL-6, IL-8, IL-1RA) were
higher in cases than controls; IL-10 levels were not dif-
ferent between groups; regarding systemic inflammation
procalcitonin, MMP-8, sSTREM-1, sSRAGE and tenascin-
C were higher in cases, while sCD163 was not different
between groups (Fig. 2; Additional file 1: Fig. S3). In the
endothelial domain, cases had higher levels of sE-selec-
tin, sVCAM-1, fractalkine, sThrombomodulin and angi-
opoietin-2; other endothelial cell markers (syndecan-1,
angiopoietin-1) were similar between groups (Fig. 2;
Additional file 1: Fig. S4). The levels of the coagulation
marker sTissue factor but not D-dimer were higher in
cases than controls (Fig. 2; Additional file 1: Fig. S4). Sim-
ilar results were obtained after adjustment for potential
confounders (Additional file 1: Table S4). Together these
results suggest that the presence of ICU-acquired pneu-
monia is associated with stronger host response protein
aberrations as compared to critical illness in the absence
of ICU-acquired pneumonia.

Host response protein trajectories

We next sought to obtain insight into host response pro-
tein trajectories from baseline to the diagnosis of ICU-
acquired pneumonia, and differences with host response
protein trajectories in controls remaining in the ICU
without acquiring pneumonia. With regard to cytokine
release and systemic inflammation IL-1RA, tenascin-C,
and sCD163 increased from baseline to the day of pneu-
monia diagnosis, IL-6, IL-10, procalcitonin and sRAGE
decreased, and IL-8, MMP-8, and sTREM-1 remained
unchanged in cases (Fig. 2). With regard to endothelial
cell and procoagulant responses, sVCAM-1, fractalkine,
syndecan-1, angiopoietin-1 and D-dimer increased from
baseline to event, and sE-selectin, sThrombomodulin,
angiopoietin-2, and sTissue factor remained unchanged
in cases (Fig. 2). In controls, cytokine release and sys-
temic inflammation responses decreased from base-
line until day 7 (IL-6, IL-10, procalcitonin, and sRAGE),
while sCD163 increased over time. Endothelial cell and
procoagulant responses in controls increased (synde-
can-1, angiopoietin-1, and D-dimer), and angiopoietin-2
decreased. Importantly, directly comparing biomarker
trajectories between cases and controls revealed several
differences: the levels of IL-6, procalcitonin, sRAGE,
and angiopoietin-2 decreased less strongly over time in
cases, while levels of tenascin-C and sVCAM-1 increased
in cases but remained stable in controls (Fig. 2; Addi-
tional file 1: Table S4). These differences in trajecto-
ries remained significant after adjusting for potential
confounders at baseline (Additional file 1: Table S4).
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Collectively, these data show that host response protein
biomarkers of patients who develop ICU-acquired pneu-
monia, relative to patients who do not develop ICU-
acquired pneumonia, show more strongly altered plasma
levels across distinct pathophysiological domains in a
sustained way, i.e., from briefly after ICU admission up to
the day of the diagnosis of pneumonia.

In 122 cases (44% of all cases) the day of the pneumonia
occurred prior to day 7 after inclusion (a standard sam-
pling day; Additional file 1: Table S5). In this subgroup
we conducted paired analyses across three time points,
providing insight in biomarker trajectories after pneumo-
nia diagnosis. The levels of IL-6, procalcitonin, SRAGE,
and angiopoietin-2 were lower post-event compared to
the day of pneumonia diagnosis, while syndecan-1 and
angiopoietin-1 concentrations were higher post-event;
the other host response biomarkers remained unaltered
(Additional file 1: Figs. S5 and S6). These results suggest
that, while most responses persist, some inflammatory
markers decline and some endothelial markers continue
to rise following pneumonia treatment, reflecting the
heterogeneity of biomarker trajectories in critically ill
patients.

Lastly, we explored if host response protein aberrations
detected in cases at baseline were influenced by the time
interval between admission and the occurrence of pneu-
monia (Additional file 1: Table S6). We hypothesized that
in patients who developed pneumonia shortly after inclu-
sion might show baseline biomarker differences (relative
to controls) resulting from an emerging infection of the
airways that was not yet detected. For most host response
biomarkers we observed nonlinear trends in their trajec-
tories as such that patients who developed ICU-acquired
pneumonia either early after admission (2-5 days) or
very late (> 10 days) showed stronger host response pro-
tein changes at baseline as compared to patients who
developed pneumonia between 6 and 10 days (Additional
file 1: Fig. S7 and S8).

Discussion

Pneumonia is one of the most common nosocomial
infections in the ICU and there is evidence that immune
suppression resulting from critical illness puts patients
at risk for secondary infections [5-8]. We here exam-
ined the possibility that critically ill patients exhibit
broad disturbances in their host response across sev-
eral pathophysiological domains both prior to and dur-
ing ICU-acquired pneumonia by sequentially measuring
19 protein biomarkers in plasma. We show that plasma
biomarker levels, while heterogeneous across time points
and patient groups, were different in patients who later
during their ICU stay develop pneumonia from to those
in patients who do not acquire pneumonia, already
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shortly after admission as well as in the trajectory toward
the day pneumonia is diagnosed.

The majority of studies published on the association
between immune changes and the development of sec-
ondary infections in the ICU focused on immune sup-
pressive features of especially mononuclear cells, such as
their reduced responsiveness to bacterial components,
impaired antigen presentation capacity and signs of
apoptosis [5—8]. Reduced HLA-DR expression on circu-
lating monocytes and lymphocytopenia, both considered
features of immune suppression, have been associated
with an increased risk on nosocomial infections following
sepsis or trauma [12—15]. Additionally, patients with ven-
tilator-associated pneumonia showed lower CD4+ T cell
counts and a reduced capacity of monocytes to release
proinflammatory cytokines upon ex vivo stimulation, as
compared with patients with non-respiratory nosocomial
infections [16], and blood leukocyte gene expression pro-
files also suggested immune suppression in patients with
ICU-acquired pneumonia [17]. Notably, while critical ill-
ness without doubt is associated with various immune
suppressive reactions [5-8], patients admitted to the
ICU concurrently show systemic hyperinflammatory
responses which include cytokine release, and activa-
tion of the coagulation system and the vascular endothe-
lium [6, 9, 18]. Our group recently reported that in ICU
patients the degree of reduction in cytokine release by
blood leukocytes, a common readout of immune sup-
pression, was associated with simultaneously increasing
systemic inflammation, stronger endothelial cell activa-
tion, loss of endothelial barrier integrity and enhanced
procoagulant responses, suggesting that the strongest
immune suppression occurs in those patients who con-
currently display signs of stronger systemic inflammation
[19]. In agreement, another study reported an inverse
relationship between the plasma levels of I1L-6, MMP-8
and CXCL9 (indicative of systemic inflammation) and
the TNF production capacity of whole blood obtained
from patients with sepsis [20]. Moreover, patients admit-
ted for sepsis who later developed a secondary infection
while in the ICU demonstrated greater aberrations in
plasma biomarkers reflective of these hyperinflamma-
tory pathophysiological domains relative to patients who
did not develop an ICU-acquired infection [9]. The pre-
sent investigation further supports the concept that sec-
ondary infections are associated with a widely disturbed
immune response, encompassing distinct mediator sys-
tems, and characterized by not only immune suppression
but also hyperinflammation. This notion is further rein-
forced by a study in trauma patients in whom multiple
proinflammatory mediators were elevated within the first
24 h after trauma in those who subsequently developed
a nosocomial infection [21]. Likewise, in patients with
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sepsis elevated plasma midregional-proadrenomedulin
levels were associated with an increased frequency of
secondary infections [22]. Of note, differences in plasma
biomarkers between cases and controls occurred despite
similar disease severities at ICU admission.

Changes in plasma host response proteins at study
enrollment were most profound in patients in whom
pneumonia was diagnosed relatively shortly (<5 days) or
late (> 10 days) after ICU admission. While the time win-
dows chosen are arbitrarily, possibly these groups rep-
resent distinct pathobiological phenotypes, with in the
first group changes that were partially already the con-
sequence of an evolving infectious process in the lower
airways, and in the latter group alterations with long-
term impact on the susceptibility to pneumonia. To our
knowledge such time-dependent analyses in the context
of ICU-acquired infections have not been performed pre-
viously. Additional studies, with prospective sequential
sampling, are warranted to obtain further insight into the
immunopathobiology preceding secondary infections in
critically ill patients.

The current study is different from and expands our
earlier investigation in which we reported on ICU-
acquired infections in patients with sepsis in several ways
[9]. The present study includes a more heterogeneous
population of critically ill patients with various admis-
sion reasons (rather than only sepsis) and focusses on
ICU-acquired pneumonia specifically (rather than all
ICU-acquired infections combined). We determined
biomarker trajectories to the day pneumonia was diag-
nosed, and in controls to day 7 after enrollment (rather
than measurements restricted during the first 4 days
after ICU admission). Furthermore, this study enrolled
patients from 30 hospitals, both academic and non-aca-
demic, across Europe (rather than from two academic
hospitals in the Netherlands). The plasma biomarker
panels reported in both studies partially overlap (IL-6,
IL-8, IL-10, MMP-8, fractalkine, sE-selectin, angiopoi-
etin-1 and -2). As compared with our previous study,
in the current analyses additional inflammatory mark-
ers (procalcitonin, sSTREM-1, sRAGE, tenascin-C), more
(specific) endothelial cell markers (sVCAM-1, synde-
can-1, sThrombomodulin) and an additional coagulation
marker (sTissue factor) were measured, while platelet
counts, anticoagulant proteins (antithrombin, protein C)
and prothrombin time were not measured.

Our study has strengths and limitations. Due to the
inclusion criteria the study population was relatively
enriched for patients with S. aureus colonization, which
may hamper generalization of results. However, adjusting
for S. aureus colonization status did not change results
on host response differences between cases and con-
trols. We provide information on a large, well-defined,
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prospectively collected cohort including patients admit-
ted to ICUs throughout 30 hospitals in Europe, which
enhances the generalizability of the results. Nonethe-
less, while representative of a general ICU population,
study patients comprised a heterogeneous group with
various underlying diseases that may impact biomarker
responses. The disease of interest, ICU-acquired pneu-
monia, was extensively protocol-defined and assessed
daily in all enrolled patients. However, the embedding
of this large investigation across multiple study sites
precluded functional and/or cell-specific measurements
requiring fresh samples (e.g., blood leukocyte cytokine
production capacity and monocyte HLA-DR expression),
and systematic sampling of the airways. Only admission
types were registered and specific diagnoses for “medi-
cal” admissions were not recorded. Analyses of the bio-
marker trajectories were limited by the fact that 303
controls (47.9%) were not in the ICU anymore at day 7
due to discharge or death, competing risks that may
impact the results in opposite directions.

Conclusions

Immune stimulatory therapy has been suggested as a
novel approach to treat sepsis-induced immune sup-
pression in order to reduce the occurrence of secondary
infections and late mortality [5, 8]. We here report that
critically ill patients developing ICU-acquired pneumo-
nia show changes in plasma protein biomarkers that are
indicative of a more broadly disturbed host response
entailing several proinflammatory reactions prior to
development of pneumonia as compared to critically ill
patients who did not develop ICU-acquired pneumonia.
Together, these data suggest that critically ill patients
who develop pneumonia while on the ICU show hetero-
geneous baseline immune alterations and that the broad
application of immune stimulatory therapy may be harm-
ful in some patients. Additional observational studies
should focus on identifying biological factors that may
inform the personalized application of immunomodula-
tory (stimulation versus suppression) therapies in criti-
cally ill patients at risk of ICU-acquired infections.
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