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Abstract: Thoracic surgeries involving resection of lung tissue pose a risk of severe postoperative
pulmonary complications, including acute respiratory distress syndrome (ARDS) and respiratory
failure. Lung resections require one-lung ventilation (OLV) and, thus, are at higher risk of ventilator-
induced lung injury (VILI) attributable to barotrauma and volutrauma in the one ventilated lung, as
well as hypoxemia and reperfusion injury on the operated lung. Further, we also aimed to assess the
differences in localized and systemic markers of tissue injury/inflammation in those who developed
respiratory failure after lung surgery versus matched controls who did not develop respiratory
failure. We aimed to assess the different inflammatory/injury marker patterns induced in the
operated and ventilated lung and how this compared to the systemic circulating inflammatory/injury
marker pattern. A case–control study nested within a prospective cohort study was performed.
Patients with postoperative respiratory failure after lung surgery (n = 5) were matched with control
patients (n = 6) who did not develop postoperative respiratory failure. Biospecimens (arterial plasma,
bronchoalveolar lavage separately from ventilated and operated lungs) were obtained from patients
undergoing lung surgery at two timepoints: (1) just prior to initiation of OLV and (2) after lung
resection was completed and OLV stopped. Multiplex electrochemiluminescent immunoassays were
performed for these biospecimen. We quantified 50 protein biomarkers of inflammation and tissue
injury and identified significant differences between those who did and did not develop postoperative
respiratory failure. The three biospecimen types also display unique biomarker patterns.

Keywords: one-lung ventilation (OLV); acute lung injury (ALI); ventilation-induced lung injury
(VILI); acute respiratory distress syndrome (ARDS); postoperative pulmonary complications (PPCs)

1. Introduction

Lung cancers are the leading global cause of cancer-related deaths [1]. Surgical re-
section of lung cancers is the standard of care for curative treatment [2], but surgical
manipulation of the operated lung combined with mechanical ventilation of the contralat-
eral lung can increase the risk of acute lung injury (ALI) and ventilation-induced lung
injury (VILI) and the occurrence of serious postoperative pulmonary complications (PPCs),
including respiratory failure and acute respiratory distress syndrome (ARDS) [3].

All surgeries performed under general anesthesia require artificial ventilation using
a mechanical ventilator [4–7]. Normal ventilation in an awake person is achieved by
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creating negative pressure that pulls a volume of air into the lungs. However, mechanical
ventilation uses positive pressure to push air into the lungs through an endotracheal tube
(ETT). Patients undergoing lung surgery are at risk for lung damage/injury for two major
reasons [8–10]. Firstly, the lung being operated on must be deflated so that surgeons
can work on it; therefore, unlike for surgeries on other organs, all mechanical ventilation
is delivered to only one lung, the one opposite the site of surgery [11]. Known as one-
lung ventilation (OLV), this increases the potential for damage to the single ventilated
lung [9–11]. Secondly, most patients who have lung surgery have abnormal lungs, making
them more vulnerable to lung damage with mechanical ventilation, increasing the risk for
developing respiratory complications [4–7,11]. Forcing air into the lungs has significant
potential to cause injury if the frequency, pressure, and volume are not carefully controlled.
As such, mechanical ventilation represents a major risk factor for post-operative respiratory
complications; these include failure to return to normal oxygen levels, pneumonia, and
ALI, which contribute to respiratory failure, which can in turn lead to death. Patients may
also develop compromised breathing capacity that requires them to become permanently
dependent on supplemental home oxygen; this results in a significant loss of quality of
life. In addition to ventilation-induced trauma, patients undergoing lung surgery are also
subjected to mechanical surgical trauma to the lung that is being operated on. For example,
a patient having a right upper lobe removal will be subjected to physical trauma to the
remaining right middle and lower lobes due to the tissue handling and retraction that
are required for the removal of the upper lobe. This surgical trauma may also induce
changes to both local lung and systemic environments, which may increase the risk of
respiratory complications.

ALI following lung resection has an estimated incidence of 2.45%; however, surgeries
requiring more extensive tissue removal have an increased incidence of ALI, with ALI
occurring in 7.9% of pneumonectomies (which is the removal of the entire lung on one side
of the body) [3,12]. Respiratory failure as a result of ALI is the major cause of mortality
following thoracic surgery (mortality rates ranging from 25 to 45%) [3,5,12–15]. The etiol-
ogy and pathogenesis of postoperative ALI is not fully understood, and the mechanism
is expected to be complex and multifactorial [16]. A multiple insult model has been de-
veloped in animal models to account for the incidence and variability of ALI [17,18]. The
contributing factors to ALI after lung surgery are multifactorial; there are factors that can
be attributed to OLV (i.e., VILI) and those that can be attributed to surgical trauma (i.e.,
physical trauma of surgical manipulation, hypoxemia and reperfusion injuries induced by
operated lung deflation/reinflation) [3–5,15,16].

Our best estimates of the risk of developing PPCs, including acute or chronic respira-
tory failure, after lung surgery are based on large-scale registry studies from both North
American and Eurasian populations [19–22]. These studies identified key risk factors for the
development of major pulmonary complications after lung surgery; these risk factors are
unmodifiable, however, as these studies were focused on preoperative and basic surgical
variables. These studies were used to derive predictive risk scores for the development
of PPCs. Despite including registry data on 82,000 and 27,000 patients, respectively, these
predictive scores never exceed an area under the curve (AUC) of 0.74 y in the accuracy of
predicting cardiopulmonary complications and 30-day mortality after lung surgery [20].
The inclusion of all cardiopulmonary complications lumped together creates a limited
applicability to respiratory failure and PPCs as specific outcomes. More importantly, pre-
diction or accuracy is also limited by the absence of important risk factors, such as low
diffusing capacity for carbon monoxide (DLCO), for example [23], as well as reliance on
static clinical predictors of baseline states that are separated both temporally and causally
from the pathogenetic pathway between surgery and the resultant respiratory failure.

In addition to operative variables such as the duration and complexity of surgery,
exposure to mechanical ventilation alone may be a driver of ALI in patients undergoing
major surgery. VILI can potentially occur through multiple mechanisms. It can induce
mechanical stress [24], as well as oxidative damage [25]. During OLV, lung damage can
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result from lung overinflation (volutrauma), high inspiratory pressures (barotrauma),
and oxidative stress resulting from hyperoxia (biotrauma) [5]. The operated lung is also
likely to contribute to respiratory complications. The consequence of lung deflation and
reinflation, pulmonary hypertension due to obligatory shunts, and reperfusion injury is
yet to be defined in terms of risk assessment. These types of traumas are likely to be
especially deleterious in patients undergoing lung resection for two major reasons. First,
these operations typically use OLV; therefore, all the traumatic ventilatory forces described
above are exerted on the one ventilated lung. Second, most patients who have lung surgery
have abnormal lungs, making them more vulnerable to lung damage with mechanical
ventilation, increasing the risk for developing PPCs. Chronic obstructive pulmonary disease
(COPD) and/or interstitial lung disease (ILD) are chronic pulmonary diseases within the
surgical population that make the ventilated lung more vulnerable to mechanical and
inflammatory injury. The reduced respiratory function within these pathologies necessitate
lung recruitment and increased oxygenation strategies, which further increases the risk of
developing ALI. Although lung protective ventilation strategies have been proposed to
minimize the trauma of OLV, there is significant variation among anesthesiologists in both
the definition and implementation of these lung-protective strategies [9–11]. Most of this
variation is due to a lack of a strong evidence base for lung-protective ventilation strategies
for OLV surgeries.

Thus the effect of the preoperative patient condition and the combined insults of OLV
and surgical resection contribute to creating a multiple-hit model, where the cumulative
effects of many respiratory variables contribute to serious or long-term respiratory com-
plications [5]. In this study, we aimed to assess and identify biomarker dynamics that are
indicative of and may be predictors of postoperative respiratory failure after lung surgery.
As our primary objective, we aimed to use a case–control method to assess the differences in
localized and systemic markers of tissue injury and inflammation in those who developed
respiratory failure after surgery versus matched controls who did not develop respiratory
failure after surgery. As our secondary objective, we aimed to assess the different inflam-
matory and injury marker patterns induced in the operated and ventilated lung and how
this compared to systemic circulating inflammatory and injury biomarker pattern.

2. Results
Biomarkers Associated with Respiratory Failure

The bronchoalveolar lavage fluids (BALFs) from the ventilated compared to the oper-
ated lung display distinct biomarker dynamics in patients that have respiratory failure. The
markers with an absolute or combined fold-change greater than four-fold are highlighted
in fold-change plots for sample-specific and patient group comparisons (Figure 1). Changes
in biomarker concentrations according to patient type (PT) and sample time (ST) were log2
transformed, ranked, and analyzed for the significance of interaction in a two-way ANOVA
repeated measures analysis (Tables 1 and 2). Biomarkers that met an inclusive α thresh-
old α ≤ 0.05 for the patient type (PT, p1), sample time (ST, p2), and patient type:sample
time (PT:ST, p3) full effect are plotted for visualization of dynamic trends (Figures 2–4).
Proinflammatory markers TNF-α, IL-12 (p70), IFN-γ, and IL-10 (Figure 1A,B) had a distinct
increase in the patient cases with complications (i.e., those patients with postoperative
respiratory failure), which was not observed in the control patients. INF-γ decreased in
the arterial blood samples (p2 = 0.009; Figure 1C), and this dynamic was reflected in the
operated lung (Figure 1B). IL-10 displayed an increasing trend in the ventilated lung of
both patient groups (Figure 1A), but this increase was on average high in magnitude in the
patients with complications. The elevated level of IL-10 in the arterial plasma (Figure 1C)
was more similar to the dynamics in the ventilated lungs. An acute injury marker, IL-6,
increased in the arterial plasma of controls (Figure 1C p2 = 0.04), but was unchanged in the
complications group. This IL-6 dynamics was more closely reflected in the operated lung
sampling (Figure 1B). Several chemotactic proteins MIP-1α and MIP-3α increased in the
ventilated (Figure 1A) and the operated (Figure 1B) lungs, respectively, while MIP-1β had a
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similar increasing trend within both patient groups. Two biomarkers of innate or adaptive
immunity IL-17D (sample time p2 = 0.03) and IL-23 (p1 = 0.02 and p2 = 0.02) exhibited a
total fold-change of 4.0 and 2.2 within the ventilated lung, respectively. IL-17D displayed an
increasing 5.2-fold trend within the arterial plasma of patients with complications and more
closely reflected the ventilated lung dynamics. Several angiogenic biomarkers including
the soluble FLT-1 receptor and the VEGF-C, VEGF-D, and PIGF growth factors displayed
a complex pattern of expression in the operated lung and arterial plasma. Soluble FLT-1
increased 9.3- and 6.8-fold in the control and complications patient groups, respectively
(p2 = 0.003). Two TGF-β isoforms may also have reciprocal patterns within the two lung
samplings (Figure 1A,B) with TGF-β3 increasing in the ventilated lungs of the group with
complications, while decreasing in both groups within the operated lungs.
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Figure 1. Fold-change comparisons for pre- to post-OLV biomarker mean concentrations within the
complications patient group compared to the control patient group. Mean fold-change calculations
were log2 transformed. Biomarker dynamics detected in the BALFs of the ventilated (A) and operated
(B) lungs and arterial plasma (C). Biomarkers with greater than a 4-fold (large circle) and 2-fold (small
open circle) change in post-OLV concentrations are indicated. Significance was analyzed using a
two-way ANOVA with repeated measures for individual patient type or sample time and combined
effects. (A) 1 IL-8, 2 IL-13, 3 IL-2, 4 IL-17C, 5 IL-4, 6 IL-1β, 7 IL-16, 8 IL-1α, 9 IL-5, 10 MIP-3α, 11 IL-21,
12 FLT-1, 13 IL-Ra, 14 IL-6, 15 IP-10, 16 TARC, 17 VEGF-D, 18 IL-12 p40/IL-23, 19 VEGF-A, 20 IL-15,
21 Eotaxin, 22 MCP-1, 23 IL-7, 24 TGF-β2. (B) 1 IL-17A, 2 IP-10, 3 TNF-α, 4 TARC, 5 IL-12 p70, 6 FLT-1,
7 MIP-1α, 8 IL-16, 9 IL-1β, 10 IL-17C, 11 IL-1α, 12 IL-22, 13 IL-2, 14 IL-8, 15 IL-10, 16 IL-5, 17 IL-21,
18 IL-Ra, 19 MCP-1, 20 VEGF-A, 21 TGF-β1. (C) 1 Eotaxin-3, 2 MIP-3α, 3 IL-17C, 4 IL-15, 5 IL-7,
6 MDC, 7 IP-10, 8 IL-12 p40, 9 IL-5, 10 IL-1Ra, 11 IL-1β, 12 VEGF-A, 13 IL-4, 14 IL-23, 15 TNF-α,
16 IL-27, 17 MCP-1, 18 Tie-2.

Biomarker sampling was designed to determine if the operative lung and/or the
ventilated lung (the lung subjected to OLV) contributed to the incidence and severity of
postoperative respiratory complications. The majority of biomarkers identified in the two-
way ANOVA repeated measures analysis as significant for patient-group-specific effects
(p1, Figure 2A,B) including IL-1Ra (p1 = 0.008), TARC (p1 = 0.02), IL-7 (p1 = 0.03), IL-6
(p1 = 0.04), Eotaxin (p1 = 0.05), IL1α (p1 = 0.05), and TGF-β2 (p1 = 0.05) were detected to
be higher.

Concentrations within the complications group within the ventilated lung sampling,
but not in the operated lung. IL-17C (p1 = 0.02) was higher in the operated lung of com-
plications patients, while IL-21 (p1 = 0.05) displayed the opposite effect with a lower
concentration within the complications group (Figure 1B,C). Only three markers were sig-
nificant for changes over sampling time (i.e., from pre- to post-OLV/surgery) (Figure 2A,B).
IL-23 (p2 = 0.02) and IL-17D (p2 = 0.03) increased in both the complications and control
groups in the ventilated lung sampling. IL-22 (p2 = 0.03) increased in the control group of
the operated lung sampling, while this trend was deficient in the complications group.
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Table 1. Biomarkers detected in the bronchial alveolar lavage fluids with total concentration change
differentials greater than 2-fold when the change in mean concentrations pre-OLV to post-OLV were
compared between the complications and control groups. Patient type (PT), sample time (ST), patient
type:sample type (PT:ST).

Sample Location Fold-Change (log2) ANOVA RM F-Score (p-Value)
α * ≤ 0.05 α ** ≤ 0.001

Biomarker Complication
Mean

Control
Mean ∆ PT (p1) ST (p2) PT:ST (p3)

Ventilated Lung

Tie-2 −∞ 1.93 +∞ 1.305 (0.283) 1.353 (0.275) 2.410 (0.155)
TNF-α −0.50 3.48 3.98 1.608 (0.245) 2.011 (0.199) 2.468 (0.160)

IL-12 (p70) −0.60 2.73 3.33 2.813 (0.137) 2.012 (0.199) 2.890 (0.133)
MIP-1α 0.57 3.26 2.69 1.891 (0.202) 1.925 (0.199) 1.733 (0.221)
INF-γ 0.17 2.54 2.37 1.566 (0.251) 1.265 (0.298) 1.115 (0.326)

TGF-β3 0 2.16 2.16 2.053 (0.195) 1.972 (0.203) 1.972 (0.203)
MIP-1β 1.30 3.42 2.12 1.397 (0.267) 1.603 (0.237) 1.307 (0.282)
IL-17D 3.42 5.42 2.00 1.430 (0.262) 6.699 (0.029) * 1.590 (0.239)
IL-10 0.55 2.45 1.90 2.084 (0.192) 3.159 (0.119) 2.068 (0.194)
IL-8 −0.05 1.34 1.39 1.247 (0.301) 1.975 (0.203) 2.159 (0.185)

IL-13 −0.02 1.34 1.36 0.861 (0.384) 1.469 (0.265) 1.518 (0.258)
IL-4 0.12 1.39 1.27 3.474 (0.105) 1.221 (0.306) 1.072 (0.335)

IL-1β 0.55 1.79 1.24 3.354 (0.110) 4.803 (0.065) 2.929 (0.131)
IL-23 2.85 4 1.15 7.475 (0.023) * 8.280 (0.018) * 3.685 (0.087)
IL-2 −0.78 0.32 1.10 1.355 (0.283) 0.023 (0.885) 0.661 (0.443)

IL-16 0.70 1.76 1.06 2.289 (0.169) 1.932 (0.202) 1.480 (0.258)
TSLP ∞ 3.00 −∞ 1.153 (0.311) 4.891 (0.054) * 0.571 (0.469)
bFGF 2.48 0.80 −1.68 0.649 (0.441) 4.960 (0.053) * 0.001 (0.979)
IL-21 0.80 −0.74 −1.54 1.317 (0.281) 0.174 (0.686) 3.620 (0.090)
Flt-1 1.5 0.08 −1.42 0.392 (0.547) 1.107 (0.320) 0.787 (0.398)

IL-1Ra 1.42 0.11 −1.31 11.506 (0.008) ** 0.542 (0.481) 0.076 (0.789)
IL-6 1.41 0.11 −1.30 6.480 (0.038) * 0.175 (0.689) 0.023 (0.883)

Operated Lung

Tie-2 −∞ 0.01 ∞ 0.601 (0.458) 0.372 (0.557) 0.393 (0.546)
VEGF-C −∞ 0.03 ∞ 2.342 (0.160) 0.040 (0.847) 0.061 (0.811)
MIP-3α 1.83 4.1 2.27 0.881 (0.372) 0.881 (0.372) 0.775 (0.402)
VEGF-D 0.91 2.24 1.33 2.468 (0.151) 4.582 (0.061) 2.710 (0.134)
TGF-β3 ∞ −∞ −∞ 0.215 (0.657) 0.215 (0.657) 1.450 (0.268)

TSLP ∞ 1.82 −∞ 0.301 (0.597) 3.249 (0.105) 0.000 (0.992)
bFGF 3.1 0.44 −2.66 0.668 (0.435) 4.113 (0.073) 0.329 (0.580)
INF-γ 0.29 −2.36 −2.65 4.783 (0.065) 0.157 (0.704) 0.780 (0.406)
PlGF 1.82 −0.69 −2.51 3.201 (0.107) 0.006 (0.939) 0.967 (0.351)
IL-6 2.49 0.02 −2.47 1.617 (0.244) 1.165 (0.316) 1.089 (0.331)

TGF-β2 0.46 −1.67 −2.13 0.100 (0.761) 1.246 (0.301) 3.641 (0.098)
IL-1β 0.5 −1.37 −1.87 0.659 (0.444) 0.291 (0.606) 0.729 (0.421)

IL-17C 1.21 −0.5 −1.71 8.769 (0.016) * 0.000 (0.983) 1.680 (0.227)
IL-1α 1.06 −0.52 −1.58 1.890 (0.206) 0.026 (0.877) 0.205 (0.663)
IL-22 1.24 −0.21 −1.45 0.268 (0.617) 3.558 (0.092) 6.630 (0.030) *
IL-2 0.62 −0.83 −1.45 0.321 (0.589) 0.000 (0.986) 1.271 (0.297)
IL-8 0.59 −0.66 −1.25 0.331 (0.583) 0.004 (0.949) 1.406 (0.274)

IL-10 1.72 0.51 −1.21 5.130 (0.058) 2.913 (0.132) 1.541 (0.254)
IL-5 1.74 0.66 −1.08 0.456 (0.519) 0.871 (0.378) 0.045 (0.838)
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Table 2. Biomarkers detected in the arterial plasma sampling with total concentration change
differentials greater than 2-fold when the change in mean concentrations pre-OLV to post-OLV were
compared between the complications and control groups. Patient type (PT), sample time (ST), patient
type:sample type (PT:ST).

Fold-Change (log2) ANOVA RM F-Score (p-Value)
α * ≤ 0.05 α ** ≤ 0.001

Biomarker Complication
Mean Control Mean ∆ PT ST PT:ST

IL-10 3.43 7.13 3.70 2.279 (0.175) 3.111 (0.121) 2.275 (0.175)
IL-17D −0.04 2.35 2.39 0.165 (0.694) 0.985 (0.347) 1.038 (0.335)

Eotaxin-3 −0.44 0.57 1.01 1.340 (0.277) 0.459 (0.515) 1.603 (0.237)
VEGF-C 2.78 −0.34 −3.12 1.408 (0.266) 1.140 (0.313) 1.327 (0.279)
GM-CSF 1.7 −0.33 −2.03 0.009 (0.926) 0.590 (0.465) 1.562 (0.247)
IL-1Ra 1.79 0 −1.79 0.046 (0.834) 1.733 (0.221) 1.714 (0.223)

IL-6 2.45 0.73 −1.72 2.385 (0.166) 6.654 (0.036) * 0.141 (0.718)
IL-1β −0.07 −1.47 −1.4 1.218 (0.306) 15.207 (0.006) ** 13.379 (0.008) **
IFN-γ −0.81 −2.1 −1.29 2.637 (0.148) 12.899 (0.009) ** 0.126 (0.733)
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Figure 2. Biomarkers correlated with respiratory failure in the ventilated and operated lungs of
OLV patients. Mean biomarker concentrations that differ between the complications and control
patient groups within (A) the BALFs of the ventilated lung pre-OLV and post-OLV and (B) the BALFs
of the operated lung pre-OLV to post-OLV. Biomarkers with a significant patient type effect (p1,
α ≤ 0.05) are plotted with the mean group concentration and standard deviation indicated for each
patient group.
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Figure 3. Biomarkers correlated with the OLV procedure in ventilated and operated lung of OLV
patients. Mean biomarker concentrations that differ between the pre-OLV to post-OLV sampling
within (A) the BALFs of the ventilated lung pre-OLV and post-OLV and (B) the BALFs of the operated
lung pre-OLV to post-OLV. Biomarkers with a significant sample time effect (p2, α ≤ 0.05) or full
effect (p3) are plotted with the mean group concentration and standard deviation indicated for each
patient group.
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Figure 4. Biomarkers correlated with the OLV procedure in arterial plasma of OLV patients. Mean
biomarker concentrations that differ between the pre-OLV to post-OLV sampling within the arterial
plasma pre-OLV and post-OLV. Biomarkers with a significant sample time effect (p2, α ≤ 0.05) or full
effect (p3, α ≤ 0.05) are plotted with the mean group concentration and standard deviation indicated
for each patient group.
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The arterial plasma sampling pre-OLV to post-OLV (Figure 4) identified ten biomark-
ers with significant biomarker dynamics: TNF-α (p2 = 0.000), FLT-1 (p2 = 0.003), IL-1β
(p2 = 0.006), VEGF (p2 = 0.006), MCP-1 (p2 = 0.007), IP-10 (p2 = 0.006), IFN-γ (p2 = 0.009),
IL-6 (p2 = 0.04), IL-4 (p2 = 0.04), and IL-27 (p2 = 0.04). One biomarker IL-1β (p3 = 0.008)
was identified as significant for the full patient type and sample time effect. The majority
of the biomarkers including TNF-α (p2 = 0.000), VEGF (p2 = 0.006), MCP-1 (p2 = 0.007),
IP-10 (p2 = 0.006), and IFN-γ (p2 = 0.009) decreased in the detection of systemic levels in
both patient groups in response to OLV/surgery. This response was similar for IL-1β, but
specific to the patients with complications. In contrast, FLT-1 (p2 = 0.003), IL-6 (p2 = 0.04),
IL-4 (p2 = 0.04), and IL-27 (p2 = 0.04) displayed increasing concentrations in both patient
groups. Only IL-6 was associated with patient-specific elevated levels with higher levels
detected in the ventilated lungs of the complications group (Figure 2A).

3. Discussion

Our case–control study was able to detect biomarkers that differed significantly be-
tween the patient groups. In these analyses, biomarker levels in patients that presented
postoperative respiratory complications (i.e., the cases) were compared to patients without
postoperative respiratory complications (i.e., the controls). Within this matched study
design, patients with similar preoperative variables were compared for differences in
biomarker levels pre-OLV and for changes that occurred in response to OLV, herein de-
fined as the sample time, including changes in biomarker concentration pre-OLV surgery
vs. post-OLV surgery. The three sample types, ventilated lung BALFs, operated lung
BALFs, and arterial plasma, displayed unique biomarker patterns. The ventilated lung
demonstrated the greatest variability in biomarkers when compared to the operated lung.
Only one biomarker, IL-6, had detectable dynamic patterns within two milieus including
the ventilated lung and circulating systemic levels. The direct comparison of the fold-
change dynamics between patient groups provided an informative composite of biomarker
patterns, but trends were typically insignificant in the analysis. This may reflect the physio-
logical range of individual biomarkers, the responsive properties of each biomarker, or the
small sample size of the study, which lacked the power to detect significant changes in the
BALF sampling strategies.

Markers significantly elevated in the ventilated lung of patients with postoperative
respiratory failure, including IL-1Ra, TARC, IL-7, IL-6, Eotaxin, IL-1α, and TGF-β2, were
detected at higher levels in the ventilated lung of the complications group at baseline,
even before OLV and lung surgery was initiated. The implication of this is that that there
may be baseline preoperative inflammatory profiles for patients that are more likely to
result in respiratory failure following lung surgery and, more importantly, that these can
be detected preoperatively with a potential for therapies to prevent or reduce these risks.
IL-17D and IL-23 have a significant response to OLV with a four-fold and two-fold increase,
respectively, in the ventilated lung of patients with complications. Both biomarkers appear
to have a similar trend in both the complications and control patient groups, but the
increase in IL-23 was more robust in the control group. The implication of this finding is
that patients with complications may have a deficient IL-23 response to OLV. Thus, this may
be a future drug target to help prevent/reduce post-operative respiratory complications.
As a future direction, we can use an animal model with IL-23 blockade/knockout to assess
this experimentally.

Previous lung surgery studies identified IL-6, IL-8, and IL-10 as systemic biomarkers
that are elevated in patients with respiratory, cardiac, neurological, and renal complications
at the time of wound closure and 24 h post procedure [26]. Our inclusion of lung fluid
sampling at two perioperative timepoints, pre-OLV and post-OLV, suggests that systemic
IL-6 levels may be elevated in these patients prior to OLV/surgery and further worsened by
OLV as the increased systemic levels are reflected in the ventilated lung patterns of patients
with respiratory complications. Thus, the implication of this is that there are groups of
patients that are already “primed” for experiencing increased circulating inflammatory
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response to OLV; in other words, some patients may have a pre-existing risk for developing
a harmful inflammatory response to OLV and lung surgery. These patients can potentially
be targeted for anti-inflammatory medications pre-operatively or intra-operatively. This
can be tested in future animal models in in vivo studies, as well as human clinical trials.

In our study, the systemic IL-10 concentration displayed the greatest magnitude in
variability, an average of 13-fold increase in complications, when comparing the pre- to
post-OLV arterial sampling, but we did not identify this dynamics as significant in our
small population study. Thus, this suggests that IL-10 may be an important mediator of
harmful inflammatory signals, but that larger samples are required to detect this signal.

Ventilated lung biomarkers: Increasing levels of IL-6 in BALF and plasma sampling is
a predominant cytokine response to OLV, and IL-1 receptor agonists have been detected in
the BALFs following OLV [8]. IL-1Ra is an IL-1 receptor antagonist of IL-1β- and IL-1α-
mediated inflammation [27,28]. Within the lung tissue, recruited interstitial macrophages
and resident alveolar macrophages mediate anti-inflammatory and inflammatory signals,
through IL-10, TNF-α, IL-6, and IL-1 and TGF-β signaling, respectively [29]. IL-1Ra has
been reported to have anti-inflammatory properties and mediate the inflammatory response
of infiltrating immune cells through the localized ratios of IL-1 to IL-1Ra proteins [28,30].
In our study, in patients with complications, IL-1β decreased in response to OLV from
higher systemic levels. This complications group also had elevated levels of IL-1α in
the ventilated lung pre-OLV when compared to control patients. Furthermore, IL-1α
increased specifically in the ventilated lung of the complications group in response to
OLV. A plethora of cytokines are able to stimulate IL-Ra production from monocytes
in culture [31], including the IL-6 and TGF-β molecules detected in our study. IL-1RA-
based therapies have demonstrated efficacy in reducing vascular permeability in VILI
and SARS-CoV-2-stimulated lung injury animal models [32,33]. In a series of clinical
studies, elevated systemic IL-1Ra levels have been associated with the early stages of
non-small cell lung cancer [34], smoking status [35], VILI-induced lung damage in severe
ARDS patients [36], and poor outcome in pediatric ARDS [37]. Elevated levels of two
chemokines TARC and Eotaxin in the bronchoalveolar fluid of ventilated lungs is significant
in patients with complications [38]. IL-7 has anti-apoptotic function in T-cell regulation.
Although the role of IL-7 in ALI is unclear, elevated IL-7 has been associated with the
most-severe cases of ARDS in COVID-19-infected patients [39]. Collectively, enhanced
proinflammatory, immune cell recruitment and survival and imbalances in IL-1 dominant
pro- and anti-inflammatory signaling characterized the ventilated lungs of OLV patients
with postoperative respiratory failure in our current study. Thus, our findings in the context
of the existing literature suggest that the IL-1 axis is a potential drug target for modulating
the inflammatory response to OLV lung surgery and that existing ILRA drugs can be used
to test this hypothesis in animal models.

Operated lung biomarkers: A subset of innate lymphoid cells is functionally similar to
Th17/Th22 immune cells, and the secretion of IL-22 by these cells is a suspected mediator of
epithelial tissue repair [29]. In our work, IL-22 was elevated in the operated lungs of patients
with complications pre-OLV, and this group was deficient for increasing concentrations
observed in the control group. IL-17C is significantly elevated in the operated lungs of
complications, while IL-21 is elevated in the operated lungs of controls. The ventilated
lung responds to OLV with increasing concentrations of IL-23 and IL-17D, where the
increase in IL-23 is more pronounced in the control group. Our results suggest that both
the ventilated and operated lung are contributing to complications through a distinct IL-
17/IL-22 response, and this is an under-investigated mechanism of inflammation specific
to OLV.

Systemic circulating biomarkers: Several proinflammatory molecules, including TNF-
α, IFN-γ, and MCP-1, and the VEGF growth factor decrease in systemic levels in response
to OLV. This decrease may reflect the acute response to injury sustained during OLV and
the proximity of our systemic sampling to the OLV procedure. The recruitment of immune
cells from circulation in an emergent immune response may account for the temporary drop
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in the levels of TNF-α typically observed in response to OLV [8]. Similarly, the VEGF ligand
may be rapidly sequestered from circulation in a mechanotransduction response typical of
VILI within the lung epithelia [40]. Consistent with the role of tissue trauma in acute lung
injury [41], the levels of the soluble VEGF receptor, FLT-1, increased within both patient
groups. Although all of the above biomarkers responded to the OLV procedure, none
were associated with the complications or control group. Interestingly, both VEGF and
FLT-1 haplotypes have been identified, which are associated with complications following
lung surgery [42].

Conclusions: This case–control study used unique sampling of local BALF and cir-
culating biomarkers of inflammation and tissue injury prior to and just after OLV in the
contact of lung surgery. This provided a unique assessment of the differences in local-
ized and systemic markers of tissue injury and inflammation in those who developed
respiratory failure after surgery versus matched controls who did not develop respira-
tory failure after surgery. This has never been previously reported, and thus, these are
important hypothesis-generating findings that will require further focused investigation.
Our findings demonstrated that there were unique biomarker changes that occur in the
operated and ventilated lung, as well as in the circulating plasma compartment. Based
on our assessment of the IL6 response, it appears that there may be groups of patients
that are already “primed” for experiencing increased circulating inflammatory response
to OLV; these patients can potentially be targeted for anti-inflammatory medications pre-
operatively or intra-operatively. Our results suggest that both the ventilated and operated
lung are contributing to complications through distinct IL-17/IL-22/IL-23 response, and
this is an under-investigated mechanism of inflammation specific to OLV lung surgery. Our
findings suggest that the IL-1 axis is a potential drug target for modulating the inflamma-
tory response to OLV lung surgery and that existing ILRA drugs can be used to test this
hypothesis in animal models. This can be tested in future animal models in in vivo studies,
as well as human clinical trials. We established a large animal in vivo OLV lung surgery
model to test these hypotheses further.

4. Materials and Methods

A case–control study nested within a prospective cohort study was performed. Con-
secutive patients undergoing lung resection were recruited from a single center regional
thoracic surgical unit in Canada. From 17 December 2018 to 16 June 2021, all patients
scheduled for lung surgery were approached for recruitment to a prospective cohort study.
Patients were eligible for inclusion if they were deemed operable enough to be booked for
lung surgery and if they were capable of consent. This study was approved by the regional
Heath Research Ethics Board (HREB) HS22088 (H2018:334).

In the prospective cohort study, patients arrived in the operating room and under-
went general anesthetic. Following intubation with an endotracheal tube (ETT), two-lung
ventilation (TLV) was performed in the standard fashion. Before the initiation of OLV,
bronchial alveolar lavage fluid (BALF) samples were collected via bronchoscope-guided
sampling separately from each side of the lung (i.e., the side that will be ventilated and
the side that will be operated on). An endotracheal tube (ETT) was used to perform the
BALF collection by instilling and collecting sterile saline from the alveolar epithelium. The
expelled and retrieved volume were recorded, as well as the sample qualities during the
sampling processing. Arterial blood draws were sampled at this pre-OLV timepoint in
6 mL EDTA tubes. Then, OLV was initiated with the ventilation of the one ventilated lung
while the surgical procedure (i.e., lung resection) was being performed on the operated
contralateral lung. After the surgical procedure was completed, the operated lung could
be re-inflated, and thus, OLV was stopped, then two-lung ventilation was resumed. At
this post-OLV timepoint, the BALF samples were collected again via bronchoscope-guided
sampling separately from each side of the lung (i.e., the side that was ventilated and the
side that was operated on). Arterial blood draws were sampled again at this post-OLV
timepoint in 6 mL EDTA tubes. Patients were then aroused from anesthesia, and the
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ETT was removed. Patients then underwent routine post-operative care. Post-operative
complications were documented prospectively according to the type (pulmonary, pleural,
cardiac, renal, gastrointestinal, neurological, and wound-associated) and the grade of com-
plications using the standardized and validated Ottawa Thoracic Morbidity and Mortality
classification system [43]. The occurrence of these complications was doubly adjudicated
and verified (first by the Attending Thoracic Surgeon, then separately by the Director of
Thoracic Surgery Quality Assurance).

A total of 209 patients underwent the prospective cohort study. Prospective collection
was performed on preoperative variables including preoperative diagnosis, the occurrence
of cancer with biopsy pathology reports, the age at the time of surgery, biological sex,
the Body Mass Index (BMI), pre-existing chronic pulmonary disease including interstitial
lung disease (ILD), chronic obstructive pulmonary disease (COPD), asthma, emphysema,
obstructive sleep apnea (OSA), pulmonary hypertension (PH), pleural disease, and smok-
ing status in pack-years, and patient comorbidities were documented by the attending
physician. Documented also were the baseline pulmonary function tests (PFTs) including
the baseline O2 saturation, the forced expiratory volume in one second (FEV1), the forced
vital capacity (FVC), and the diffusing capacity of the lungs for carbon monoxide (DLCO).
%FEV1/FVC was calculated as an indicator of normal, obstructive, or restricted airways
(restrictive). The surgical procedure was recorded including the type of surgical procedure
(open vs. VATS), the extent of lung resection (wedge resection vs. lobectomy), and the loca-
tion of the operative procedure (right vs. left lung and upper, middle, or lower lobes). The
procedure date, start time, duration, and discharge date were documented. Intraoperative
mechanical ventilation and postoperative extubation recovery were recorded including the
duration of two-lung ventilation (TLV) and one-lung ventilation (OLV). Other interventions
recorded included steroid use and dose, as well the use of regional nerve analgesia (i.e.,
paravertebral, intercostal, or epidural).

In order to perform a nested case–control study, we focused on patients who developed
post-operative respiratory failure, and these were termed the complications. Post-operative
respiratory failure was defined a priori as: the need for continued mechanical ventilation
greater than 48 h immediately after surgery or the need for any new mechanical ventilation
beyond the first post-operative day or new requirement for home oxygen use. We screened
all 209 patients from the prospective cohort study to identify these cases of complications.
Six patients (IDs 9, 44, 47, 54, 76, and 183; Table 3) who had respiratory failure were identi-
fied. The causality of respiratory failure was verified to remove respiratory failure cases
that were likely to be caused by post-operative insults rather than intra-operative insults
(i.e., one patient with respiratory failure was excluded because he/she only developed
respiratory failure after suffering massive aspiration of food and emesis into his/her lungs
on the second post-operative day). To find matched controls for these complications, we
screened for patients (from the 209 patients in the prospective cohort study) that did not
experience respiratory failure and that were good matches for the complications cases.
Matching variables were selected based on important pre-operative/operative variables
known to be predictors of developing post-operative respiratory complications/failure.
These include a greater extent of lung removed and worse preoperative lung function (i.e.,
lower FEV1 or DLCO).

The variables associated with increased postoperative respiratory complications in
the prospective cohort study included sex (five of six patients were males), the extent
of lung and thoracic tissue removal (five of five patients with Grade 4 or 5 respiratory
complications received lobectomies), and low calculated postoperative DLCO values (four
of five patients had values below 60%). Thus, the complications patient cases were matched
with five control patients that were similar in clinical variables and respiratory function
(IDs 64, 66, 145, 146, and 182; Table 3. The highest priority for matching was to ensure a
match on surgical type (i.e., wedge resections vs. lobectomies, as well as location within
the organ including the upper and lower lobes), as well as minimizing the difference
between the DLCO values for each pair of complication and control. Patient matches
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were further optimized to minimize mismatches based on sex and age and the FEV1, and
%FEV1/FVC values.

Table 3. Surgical variables and baseline respiratory assessments for study lung surgery patients.

Patient
ID Surgery Type OLV 1 TLV 1 Sex Age BMI DLCO FEV1 %FEV1/FVC Smoking

Status (PY)

9 VATS
RLL-WR 1:06 0:38 M 77 33.8 61 114 113 125

44 VATS RLL-L 3:11 1:12 M 78 23.9 80 70 58 30.5
47 VATS RUL-L 2 5:35 1:16 M 59 29.7 46 73 83 27
54 VATS RUL-L 3 2:55 1:13 F 69 20.6 47 97 79 33
64 VATS RUL-L 1:49 0:43 F 74 21.1 53 88 100 16.8
66 VATS LLL-L 3:52 0:41 M 78 27.4 82 70 77 20
76 VATS LUL-L 4:14 1:19 M 51 44.6 58 71 102 95
145 VATS LLL-L 3:17 1:08 F 72 21.8 47 58 77 12.5
146 VATS RUL-L 1:32 4 NA F 72 30.4 56 69 81 18
182 VATS LLL-L 2:58 1:05 F 80 21.6 51 106 72 40
183 VATS RUL-L 4:16 0:55 M 66 29.2 52 74 80 40

Abbreviations: VATS: video-assisted thoracic surgery; R: right; L: left, UL upper lobe; LL: lower Lobe; L: lobectomy;
WR: wedge resection; OLV: one-lung ventilation; TLV: two-lung ventilation; M: male; F: female; DLCO: diffusing
lung capacity for carbon monoxide; FEV1: forced expiratory volume in 1 s; FVC: forced vital capacity; CPD:
chronic pulmonary disease; ILD: interstitial lung disease; COPD: chronic obstructive lung disease; Mix CPD:
mixed-presentation CPD; PY: pack-years; BMI: Body Mass Index (kg/m); NA: not available due to the COVID-19
protocol. 1 Time in hours:minutes; 2 mini-thoracotomy; 3 middle lobe and lower lobe pneumopexies; 4 estimate
based on BALF time.

Arterial blood and BALF samples were processed to determine the systemic and local-
ized concentration of 55 biomarkers for two surgery timepoints: pre-OLV and post-OLV.
The lung subject to surgical procedure and that to OLV were distinguished and defined
as the operated and ventilated lung, respectively. Samples were stored on ice and pro-
cessed immediately following the surgery. The blood samples were centrifuged at 4 ◦C
for 5000 rpm for 10 min in a Sorval ST/6R centrifuge. BALF samples were inverted and
centrifuged at 4 ◦C 3500 rpm for 5 min. The serum and BALF supernatants were aliquoted
into a minimum of six 500 uL aliquots and stored at −80 ◦C. Patient sample aliquots were
thawed on ice and briefly centrifuged at 4 ◦C to remove insoluble particulates prior to sam-
ple analysis. The MesoScaleDiscovery multiplex immunoassays were analyzed on a MESO
QuickPlex SQ 120 Model 1300 plate reader with the Discovery Workbench 4.0.12 software
package. The following V-plex and U-plex kits were used according to the manufacturer
protocols. Proinflammatory Panel 1 included interferon (IFN)-γ, interleukin (IL)-1β, IL-2,
IL-4, IL-6, IL-8, IL-10, IL-12 (p70), IL-13, and tumor necrosis factor (TNF)-α; Cytokine
Panel 1 included granulocyte macrophage colony-stimulating factor (GM-CSF), IL-1α,
IL-5, IL-7, IL-12/IL-23 (p40), IL-15, IL-16, IL-17A (to verify lot for comparison to TH17),
TNF-β, and vascular endothelial growth factor (VEGF)-A; Chemokine Panel 1 included
Eotaxin, Eotaxin-3, IL-8 (HA), interferon γ-induced protein (IP)-10, monocyte chemoat-
tractant protein (MCP)-1, MCP-4, mediator of DNA damage checkpoint protein (MDC),
macrophage inflammatory protein (MIP)-1α, MIP-1β, thymus and activation regulated
chemokine (TARC); Cytokine Panel 2 included IL-17A/F, IL-17B, IL-17C, IL-17D, IL-1RA,
IL-3, IL-9, and thymic stromal lymphopoietin (TSLP) K15084 (Lot No. K0081180), TH17
Panel 1 included IL-17AGenB, IL-21, IL-22, IL-23, IL-27, IL-31, and MIP-3α; Angiogene-
sis Panel 1 included VEGF-A, VEGF-C, VEGF-D, tyrosine kinase with immunoglobulin
and EGF factor homology domains (Tie)-2, Fms-related receptor tyrosine kinase (Flt)-1,
placenta growth factor (PIGF), basic fibroblast growth factor (bFGF); the U-plex TGF-β
panel included TGF-β1, TGF-β2, and TGF-β3. For each 96-well assay, standards were
run in duplicate and unknown sample positions were randomized. Samples were run as
single reads or randomly selected duplicates. The average concentration for each protein
was calculated using the Workbench 4.0 software standard curve algorithm. Sample reads
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below the level of detection (LOD) score for each biomarker were assigned the value of the
lowest level of detection divided by ten for bioinformatic analysis.

Of the 55 total analytes, three (IL-17B, IL-9i, IL-3) were not included in the analysis
because a majority of observations were below the level of quantification (LOQ). Another
four (IL-8HA, IL-17A, IL-17A_Fi, VEGF) were not included because they were analyte
duplicates. Samples with duplicate measure were calculated as the mean for the analysis.
Fold-change and ANOVA analysis for each sample type were analyzed in R-programming.
For each cytokine, the means of the pre- and post-OLV values were taken for all patients
according to their identified group type (i.e., complications or control).

Then, the fold-change was calculated by dividing the two means (i.e., the mean of
post-OLV samples/the mean of pre-OLV samples). For graphical visualization, the log2 of
the fold-change was calculated and plotted. An infinite fold-change was indicated, where
the pre-OLV mean was 0 (i.e., below the LOQ value) or a 0 fold-change because both the pre-
and post-OLV mean values were 0 (i.e., not detected). In the case of infinity, the fold-change
was assigned an arbitrary fold-change at the edge of the plot so it could be shown. A
repeated measures ANOVA was performed on the samples, and any test with a p-value of
less than 0.05 was considered significant. For each sample type (i.e., ventilated lung BALF,
operated lung BALF, and arterial plasma), the data were grouped by analyte. The ANOVA
RM test had the formula: anova_test(values ∼ type × sample + Error(id/sample)), where
values is equal to the cytokine abundances for each patient, type indicates if the patient
belongs to the complications or control group type, and sample indicates if the sample
was collected pre- or post-OLV/surgery. For all the significant analytes, the raw data
were plotted, and a linear model was created to test the normality assumption. The p-
values for the significant relationships are annotated within the table and on the dot plots
with the following annotations: p1 patient type effect (PT), p2 sample time effect (ST),
and p3 patient type:sample time full effect (PT:ST). The linear model had the formula:
lm(values ∼ type × sample) · y. Four tests were performed on the created linear model
including the residual QQ plot, the histogram of the residuals, the correlation between
the observed residuals, and the expected residuals under normality, as well as a test for
detecting the violation of the normality assumption. The R-packages (v4.0.3) used were:
readxl, tidyverse, rstatix, flextable, and olsrr.
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