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Abstract: Acute respiratory distress syndrome (ARDS) is a life-threatening form of respiratory failure
defined by dysregulated immune homeostasis and alveolar epithelial and endothelial damage. Up
to 40% of ARDS patients develop pulmonary superinfections, contributing to poor prognosis and
increasing mortality. Understanding what renders ARDS patients highly susceptible to pulmonary
superinfections is therefore essential. We hypothesized that ARDS patients who develop pulmonary
superinfections display a distinct pulmonary injury and pro-inflammatory response pattern. Serum
and BALF samples from 52 patients were collected simultaneously within 24 h of ARDS onset. The
incidence of pulmonary superinfections was determined retrospectively, and the patients were clas-
sified accordingly. Serum concentrations of the epithelial markers soluble receptor for advanced
glycation end-products (SRAGE) and surfactant protein D (SP-D) and the endothelial markers vascu-
lar endothelial growth factor (VEGF) and angiopoetin-2 (Ang-2) as well as bronchoalveolar lavage
fluid concentrations of the pro-inflammatory cytokines interleukin 18 (IL-18), interleukin 18 (IL-18),
interleukin 6 (IL-6), and tumor necrosis factor-alpha (TNF-a) were analyzed via multiplex immunoas-
say. Inflammasome-regulated cytokine IL-18 and the epithelial damage markers SP-D and sRAGE
were significantly increased in ARDS patients who developed pulmonary superinfections. In contrast,
endothelial markers and inflammasome-independent cytokines did not differ between the groups.
The current findings reveal a distinct biomarker pattern that indicates inflammasome activation and
alveolar epithelial injury. This pattern may potentially be used in future studies to identify high-risk
patients, enabling targeted preventive strategies and personalized treatment approaches.

Keywords: pulmonary superinfection; inflammasome; molecular phenotyping; acute respiratory
distress syndrome; precision medicine; pneumonia; influenza

1. Introduction

Acute respiratory distress syndrome (ARDS) is a heterogeneous syndrome character-
ized by a dysregulated inflammatory host response leading to severe alveolar epithelial
and endothelial injury. A subsequent loss of alveolar—capillary barrier integrity results
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in the accumulation of protein-rich edema fluid in the lung interstitium and critical ar-
terial hypoxemia in ARDS patients [1]. One of the main complications of ARDS is the
development of pulmonary superinfections contributing to negative outcomes and excess
mortality. Up to 40% of patients suffering from ARDS develop pulmonary superinfections
over the course of treatment [2,3]. Major risk factors include a loss of epithelial barrier
function, prolonged mechanical ventilation, and prone positioning which might facilitate
microbial dissemination and increase the risk for abundant microaspiration of gastric con-
tents. Pulmonary dysbiosis in combination with defects in innate and adaptive immunity
may further explain the high incidence of pulmonary superinfection [4-6]. Hence, it is
imperative to understand what predisposes ARDS patients to pulmonary superinfections
to tailor future clinical trials and to be able to adjust treatment accordingly.

Several biomarkers indicating lung endothelial and epithelial damage as well as pul-
monary inflammation in ARDS patients have been identified so far and are promising tools
to refine molecular phenotyping, assess prognosis, and evaluate treatment response [7,8].
Although biomarkers have been validated for ARDS, little is known about their predictive
value for pulmonary superinfections in ARDS.

Serum surfactant protein D (SP-D) and soluble receptor for advanced glycation end-
products (sSRAGE) are both promising markers of alveolar epithelial injury which have
both been linked to poor prognosis in ARDS [9-11]. Furthermore, external validation
of biomarkers and a clinical prediction model for hospital mortality in ARDS patients
included SP-D in a variety of clinical settings and may be useful in risk assessments for
clinical trial enrolment [12]. In contrast, vascular endothelial growth factor (VEGF) and
Angiopoetin-2 (Ang-2) reflect endothelial injury in ARDS [13,14] and predict ARDS onset
as well as increased mortality [15,16].

Lung injury including epithelial and endothelial damage is mediated by inflammatory
cytokines [1]. In particular, inflammasome activation and its downstream cytokines IL-1£3
and IL-18 are major contributors to lung injury in ARDS and correlate with an unfavorable
outcome [17-20]. Inflammasomes are pivotal components of the innate immune system
that consist of a sensor NOD-, LRR-, and pyrin-domain-containing protein 3 (NLRP3),
an adaptor-apoptosis-associated speck-like protein containing a CARD (ASC), and an effec-
tor (caspase-1) [8,21]. Its activation is tightly controlled by a two-step mechanism. Step one
or the priming signal is initiated by pattern recognition receptors (PRRs) such as TLRs (toll-
like receptors) that sense a diverse set of microbial molecules, termed pathogen-associated
molecular patterns (PAMPs), such as bacterial lipopolysaccharides (LPS) or endogenous
damage-associated molecular patterns (DAMPs) including ATP, mitochondrial DNA, and
fibrinogen. As a result of, e.g., TLR-4 sensing LPS, transcription factor nuclear factor
kappa B (NF-kb) becomes activated leading to the subsequent upregulation of the sensor
NLRP3 and pro-interleukin-1£ (pro-IL-1£3). A plethora of stimuli including extracellular
ATP, pathogen-associated RNA, and bacterial pore-forming toxins can activate NLRP3,
triggering inflammasome assembly via the recruitment of adaptor protein ASC (step two).
The assembled inflammasome includes activated caspase 1 which cleaves pro-IL-1{s and
pro-IL-18 into their biologically active forms IL-18 and IL-18, inducing pyroptosis, a form of
alternative inflammatory cell death [8,22,23]. Excess inflammation and deleterious pyropto-
sis are major drivers of pulmonary injury and may predispose ARDS patients to pulmonary
superinfections [1,5,24].

We hypothesize that ARDS patients who develop pulmonary superinfections exhibit
a distinct pulmonary injury and inflammatory response pattern. To test this hypothesis, we
analyzed epithelial and endothelial damage markers as well as pro-inflammatory markers
in ARDS patients with and without pulmonary superinfections.

2. Materials and Methods
2.1. Study Design and Population

We performed a single-center, retrospective analysis of ARDS patients hospitalized at
the University Hospital Bonn, Bonn, Germany. ARDS was diagnosed according to the Berlin
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definition of the 2012 announcement which defines ARDS as the acute onset of hypoxemia
with bilateral infiltrates and no evidence of left atrial hypertension [25]. Bronchoalveolar
lavage fluid (BALF) and serum samples were collected within 24 h of disease onset. The
incidence of pulmonary superinfection was then determined in a retrospective analysis via
electronic health records.

If ARDS was already present at the time of hospital admission, we defined ARDS
onset as the time of symptom onset. Pulmonary superinfection was defined as any sec-
ondary pulmonary infection caused by bacterial, viral, or fungal pathogens that occurred
within 28 days after ARDS onset. Diagnosis of pulmonary superinfection was confirmed
by pathogen detection in microbial cultures or via RT-PCR accompanied by increased
secondary white cell count and procalcitonin (PCT) as well as the presence of new or
progressive pulmonary infiltrates on chest radiographs or chest computed tomography
(CT) scans.

BALF and serum samples were obtained from ARDS patients of the University Hospi-
tal Bonn, Bonn, Germany, with approval of the Institutional Review Board of the University
Hospital Bonn, Bonn, Germany (No0.088/16). The study was conducted according to the
guidelines of the Declaration of Helsinki. Written informed consent was obtained from all
participants prior to inclusion in this study.

2.2. Sample Collection and Processing

BALF and serum samples were collected simultaneously within 24 h of ARDS on-
set. Blood samples were collected from ARDS patients using serum gel monovettes (S-
Monovette, Sarstedt AG & Co. KG, Nuembrecht, Germany). After centrifugation at 2500 g
and room temperature for 10 min, the serum samples were aliquoted into cryotubes and
stored at —80 °C until further processing.

A standard bronchoscopy protocol was used to obtain BALF for bacterial and virologi-
cal testing as described before [8]. In brief, bronchoalveolar lavage (BAL) was performed
with a flexible bronchoscope wedged in a segment of the right middle lobe. A total quantity
of 200 mL of normal saline was instilled in 4 aliquots with a 50 mL syringe and added
tubing, and BALF was recovered by manual aspiration. The BALF samples were imme-
diately placed on ice after collection and centrifuged at 400x g and 4 °C for 5 min. The
supernatant was stored at —80 °C until further processing. Levels of SP-D, RAGE, Ang-2,
VEGE IL-18, IL-18, TNF-«, and IL-6 were analyzed by multiplex immunoassay (Luminex
Assay, Bio-Techne, Minneapolis, MN, USA).

2.3. Data Collection

The data collected from electronic health records included patient demographics (age,
gender), epidemiology, comorbidities, physiological and laboratory parameters (white
cell count, procalcitonin, and blood gas analysis), including those used to calculate the
Sequential Organ Failure Assessment (SOFA) score, microbiology and virology results
(respiratory tract cultures and viral RT-PCRs), ventilatory parameters, immunosuppressive
medication administration, and short- and long-term outcomes. The electronic health
records of all ARDS patients included in this study were reviewed by several researchers to
ensure clinical significance.

2.4. Statistical Analysis

The statistical analysis and calculations were performed with GraphPad Prism Soft-
ware (Version 9.0, La Jolla, CA, USA); a p-value < 0.05 was considered statistically significant.
The patient characteristics were compared by the Kruskal-Wallis test or Fisher’s exact test
and expressed as median, 25% percentile, and 75% percentile. For better comparability and
to achieve normal distribution, the biomarker data were log-transformed and presented
as an individual value with mean + SD. Comparisons between groups were analyzed by
an unpaired f-test.
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3. Results
3.1. Patient Characteristics

Fifty-two ARDS patients who were treated at the University Hospital Bonn, Bonn,
Germany, from October 2018 until October 2020 were included in this retrospective study.
A total quantity of 25 ARDS patients developed pulmonary superinfections over the course
of treatment. The main characteristics of the ARDS patients with and without superin-
fections are shown in Table 1 and Table S1. No significant differences in demographics,
comorbidities, immunocompromised conditions, ventilatory settings, inflammatory pa-
rameters, disease severity, and mortality were observed between the ARDS patients that
developed or did not show pulmonary superinfections.

Table 1. Characteristics of ARDS patients with and without pulmonary superinfections.

ARDS (Superinfection) ARDS (No Superinfection)

Characteristics (1 = 25) (1 = 27) p

Age (y) 60 (45-69) 53 (44-58) 0.158
Male (%) 68 85 0.1933
BMI (kg/m?) 31.1 (27-37.6) 29.39 (27.2-34.1) 0.4315

Diabetes (%) 12 18.5 0.705
Immunosuppression (%) 8 7.4 >0.9999
Steroids (%) 20 37 0.2274
PaO, /FiO, ratio (mmHg) 80 (68.5-116.5) 92 (64.9-161.5) 0.4642
PEEP (cmH;0) 19 (15-20) 18 (15-20) 0.7482

Driving pressure (cmH,0O) 10 (7.5-13.5) 9 (6-12) 0.33
Tidal volume (ml/kg predicted body weight) 251741 3.3 (1.9-6.4) 0.3555
Procalcitonin (ug/L) 17.1 (1.4-43,6) 5.57 (1.2-45.8) 0.7714
Lactate (mmol/L) 1.9 (1.64.6) 1.68 (1.2-3.1) 0.5276
SOFA score (best assumed) 8 (7-10.5) 8 (6-11) 0.6636
ICU mortality (%) 36 33.3 >0.9999

The data are presented as median, 25% percentile, and 75% percentile using the Kruskall-Wallis test or Fisher’s
exact test. Abbreviations: BMI, body mass index; PEEP, positive end-expiratory pressure; SOFA score, sepsis-
related organ failure assessment score (best assumed for CNS).

3.2. Epithelial Damage Markers Differ in ARDS Patients with and without Secondary
Pulmonary Infection

Epithelial barrier function plays an important role in preventing superinfections.
Both sRAGE and SP-D have previously been described as promising biomarkers to assess
epithelial damage in ARDS patients and are associated with an unfavorable prognosis in
ARDS patients [9-11]. To investigate whether these lung epithelial damage markers are also
associated with pulmonary superinfections in ARDS patients, we determined the levels
of sSRAGE and SP-D in serum samples drawn within 24 h of ARDS onset. As shown in
Figure 1A, the serum concentrations of SP-D and sRAGE were both significantly increased
in ARDS patients with pulmonary superinfections compared to ARDS patients who did not
develop pulmonary superinfections (p = 0.0397 and p = 0.0495, respectively). We next tested
whether endothelial damage might also be associated with pulmonary superinfections.
Ang-2 and VEGEF both play a central role in activating endothelial cells and increasing
microvascular permeability. We therefore monitored the endothelial injury molecules Ang-
2 and VEGF and did not observe any differences in serum levels between ARDS patients
with and without pulmonary superinfections. Altogether, we found that epithelial rather
than endothelial damage markers were increased in patients with secondary infections.
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Figure 1. Epithelial damage markers are differentially expressed in ARDS patients with and without
pulmonary superinfections. Violin plots of (A) SP-D, (B) sRage, (C) VEGEF, and (D) Angiopoetin-2
serum levels in ARDS patients with and without pulmonary superinfections. Blood samples were
collected from ARDS patients within 24 h of disease onset and analyzed via multiplex immunoassay.
A total of 25 ARDS patients with pulmonary superinfections and 27 ARDS patients without pul-
monary superinfections were included in this study. Mean =+ SD of log-transformed data; unpaired
t-test; * p < 0.05; ns = not significant; red violin plot = ARDS with superinfection; yellow violin
plot = ARDS without superinfection.

3.3. Inflammasome-Regulated Cytokines Differ in ARDS Patients with and without Secondary
Pulmonary Infection

As inflammation is a modulator of host susceptibility to pulmonary superinfections [5],
we investigated the local pro-inflammatory cytokine milieu in the lungs. In particular, the
inflammasome-regulated cytokines IL-1f3 and IL-18 are crucial mediators of pulmonary
hyperinflammation in ARDS [8,17]. We therefore determined the BALF levels of IL-18 and
IL-18 as well as TNF-a and IL-6 which are known to be elevated in ARDS patients with fatal
outcomes [11,20]. Interestingly, the inflammasome-regulated cytokine IL-18 (but not IL-113)
was significantly increased in ARDS patients who developed pulmonary superinfections
compared to patients without a secondary infection (p = 0.0271). In contrast, no signifi-
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cant differences between the groups were detected for the inflammasome-independent
mediators TNF-« and IL-6 (Figure 2).
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Figure 2. Pulmonary superinfections in patients with ARDS are associated with the increased
production of inflammasome-dependent cytokines. Flexible fiberoptic bronchoscopy was performed
within 24 h of disease onset. Bronchoalveolar lavage fluid (BALF) samples were collected in the right
middle lobe and analyzed afterward via multiplex immunoassay. BALF concentrations of (A) IL-1£,
(B) IL-18, (C) TNF-«, and (D) IL-6 compared between ARDS patients with and without pulmonary
superinfections. Mean =+ SD of log-transformed data; unpaired ¢-test; * p < 0.05; ns = not significant;
red violin plot = ARDS with superinfection; yellow violin plot = ARDS without superinfection.

4. Discussion

Pulmonary superinfection significantly influences patients” outcomes. Although the
pathogenesis of ARDS development is well studied, the underlying mechanisms of the
development of pulmonary superinfection remain not well understood. Besides the loss of
epithelial barrier function, prolonged mechanical ventilation, and prone positioning, pul-
monary dysbiosis in combination with altered immune defenses are major risk factors [4-6].

In this study, we showed that the alveolar epithelial damage markers sSRAGE and SP-D
were significantly increased in ARDS patients who developed pulmonary superinfections
while the levels of the endothelial injury markers VEGF and Ang-2 did not differ be-
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tween the groups (Figure 1). Furthermore, ARDS patients with pulmonary superinfections
demonstrated increased levels of inflammasome-regulated IL-18 but not I1-1£3 (Figure 2B).

To the best of our knowledge, the current study is the first report that links alveolar
epithelial damage markers in ARDS to pulmonary superinfection. Yet, whether sSRAGE
and SP-D are direct injurious mediators or just markers of tissue damage that lead to
pulmonary superinfection is unknown. sRAGE and SP-D are both elevated in ARDS pa-
tients and correlate with increased mortality and the severity of disease [9,26-28]. Patients
with pneumonia or ARDS caused by influenza A virus infection are highly susceptible to
co-infections and are characterized by increased SP-D and sRAGE levels [4,11,29-32]. This
might be explained by multifactorial pathogenesis. Elevated levels of SP-D and sRAGE
may indicate a loss of barrier function rendering patients more susceptible to pulmonary
superinfections by forming new bacterial attachment sites and allowing bacterial translo-
cation [6]. Furthermore, SP-D strongly potentiates the neutrophil respiratory burst in the
presence of the influenza A virus by increasing the neutrophil uptake of the influenza
A virus [33]. Similar to SP-D, sRAGE has been shown to promote a pro-inflammatory
response by activating Nf-Kb. A side effect of RAGE signaling is the induction of reactive
oxygen species (ROS), which can also activate Nf-Kb and boost other pro-inflammatory
pathways such as cellular apoptosis [34]. Nf-Kb and ROS serve as key inflammasome
activators triggering inflammasome assembly which mediates caspase-1 activation and
subsequently the release of pro-inflammatory IL-16 and IL-18 [21].

Inflammasome activation and consecutive IL-188 and IL-18 production play a major role
in the development of ARDS by driving tissue inflammation and a rapid, pro-inflammatory
form of cell death called pyroptosis [8,17,35,36]. The subsequent loss of pulmonary epithe-
lial cells might lead to immune barrier dysfunction, thereby increasing the susceptibility to
pulmonary superinfections [37]. Accordingly, we observed significantly increased IL-18
concentrations and lung epithelial damage in ARDS patients who developed pulmonary
superinfections in comparison to patients without pulmonary superinfections. Consis-
tent with this, murine studies suggest that the production of inflammasome-regulated
cytokines including IL-18 may contribute to the increased susceptibility to pulmonary
superinfections [24,38,39]. Furthermore, inflammasome adaptor ASC~/~ mice possessing
a dysfunctional inflammasome function were protected from bacterial superinfection and
associated lethality [40]. Yet, the current study found no differences in IL-1f3 concentra-
tions between ARDS patients with and without pulmonary superinfections. This might be
explained by the extremely short half-life of IL-1f5, which is therefore often undetectable
even in human pathologies that are clearly mediated by IL-1 [40-43]. In addition, the
immunopathological activity of IL-1f3 in ARDS patients might also be confined to local
secretion and paracrine signaling that cannot be captured by a universal detection method
such as BAL [43-45]. Therefore, previous studies that investigated the role of inflammasome
activation in ARDS also focused on IL-18 production as a readout [17,46].

This study has several limitations, primarily its small sample size and single-center
status which do not allow us to draw far-reaching conclusions from the results. The data
from this study should be regarded as hypothesis-generating and used to design future
confirmatory trials with larger cohorts which may allow us to define cut-off values for
pulmonary superinfection biomarkers. Due to the retrospective nature of this study, routine
systematic testing for pulmonary superinfection was not performed. Moreover, the decision
to obtain microbiological and virological testing depended heavily on the treating physician
and disease severity of the patient which might have indirectly created selection bias. The
sensitivity of quantitative BAL cultures is as high as 90% for the diagnosis of bacterial
infection and up to 80% in mycobacterial, fungal, and most viral infections [47]. However,
false negative rates vary among studies possibly due to the lack of a uniform threshold for
positive BAL cultures. The use of RT-PCR was also mostly limited to virological testing
while multiplex PCR, which has shown superior sensitivity for the detection of respiratory
lower tract infections compared to quantitative bacterial cultures [48], has rarely been
performed. Hence, the number of pulmonary superinfections may be underestimated in



J. Clin. Med. 2023, 12, 3649

8 of 10

References

our study. Another limitation is the lack of a universal, valid definition of pulmonary
superinfection making it a challenging diagnosis. Timing, chest imaging, laboratory values,
and microbiology and/or virology results in conjunction with clinical parameters should
be incorporated into the definition. Lastly, the complexity and host susceptibility for
pulmonary superinfection cannot be fully mirrored by biomarkers measured in serum and
BALF at one specific time point. Although the identification of a unique time point can
be easily implemented into clinical trials and routine practice, it may not fully reflect the
intricate release kinetics of each individual biomarker, thus suggesting the superiority of
serial measurements vs. single measurements. Serial measurements at the time of ICU
admission and over the course of treatment may provide better prognostic information and
ensure reliability. In addition, SP-D, sRAGE, and Ang-2, for example, are biomarkers that
display high sensitivity and specificity for the diagnosis or outcome prediction of ARDS
but have not been evaluated for pulmonary superinfections in ARDS patients [7].

5. Conclusions

In summary, the current study demonstrates that ARDS patients who develop pul-
monary superinfections may exhibit a distinct biomarker pattern that indicates epithelial
injury and inflammasome activation upon ICU admission. Our findings raise the ques-
tion of whether this biomarker pattern could potentially be utilized to identify high-risk
patients, possibly implementing targeted prevention and facilitating personalized treat-
ment approaches.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /jem12113649/s1. Table S1: Origin of ARDS in patients with and
without pulmonary superinfection.
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