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ABSTRACT The lung is highly vulnerable during sepsis, yet its functional deterioration accompanied by
disturbances in the pulmonary microcirculation is poorly understood. This study aimed to investigate how
the pulmonary microcirculation is distorted in sepsis-induced acute lung injury (ALI) and reveal the
underlying cellular pathophysiologic mechanism.
Using a custom-made intravital lung microscopic imaging system in a murine model of sepsis-induced
ALI, we achieved direct real-time visualisation of the pulmonary microcirculation and circulating cells
in vivo. We derived the functional capillary ratio (FCR) as a quantitative parameter for assessing the
fraction of functional microvasculature in the pulmonary microcirculation and dead space.
We identified that the FCR rapidly decreases in the early stage of sepsis-induced ALI. The intravital
imaging revealed that this decrease resulted from the generation of dead space, which was induced by
prolonged neutrophil entrapment within the capillaries. We further showed that the neutrophils had an
extended sequestration time and an arrest-like dynamic behaviour, both of which triggered neutrophil
aggregates inside the capillaries and arterioles. Finally, we found that Mac-1 (CD11b/CD18) was
upregulated in the sequestered neutrophils and that a Mac-1 inhibitor restored the FCR and improved
hypoxaemia.
Using the intravital lung imaging system, we observed that Mac-1-upregulated neutrophil aggregates led
to the generation of dead space in the pulmonary microcirculation that was recovered by a Mac-1 inhibitor
in sepsis-induced ALI.
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Introduction
Sepsis is one of the most unaffordable conditions of hospitalisation and the foremost contributor to
hospital death, representing a major worldwide health burden [1, 2]. Sepsis is a syndrome characterised by
a dysregulated response of the host to invading pathogens that involves haemodynamic alterations which
lead to multiple life-threatening organ dysfunctions [3, 4]. Among the injured organs, the lung is the first
and most frequent organ to fail. Accompanying acute respiratory distress syndrome (ARDS), which is the
clinical term for acute lung injury (ALI), is one of the most critical prognostic factors for mortality in
patients with sepsis [5]. Despite intense research efforts aimed at treating sepsis-induced ARDS, a lung
supportive ventilation strategy remains a mainstay of treatment, and no effective therapies aimed at the
microcirculation to directly improve the ventilation–perfusion mismatch are available in ARDS [6].
Although “dead space” assessment could provide significant clinical value in ARDS [6, 7], to date it has
remained a hypothesised impairment in lung alveoli that are ventilated but not perfused. Admittedly,
ARDS is a poorly understood syndrome with regard to the association between lung injury and
microcirculation [6, 8]. Recently, a study reported evidence of thrombi in the pulmonary vasculature but
the findings were limited because it was an ex vivo study; the in vivo process of neutrophil influx and the
consequent disturbance in the pulmonary microcirculation remain to be investigated [9, 10].
Unregulated recruitment and activation of neutrophils could induce organ injury through the release of
inflammatory mediators, including cytokines and reactive oxygen species (ROS) [11, 12]. Yet, our
knowledge on the detailed dynamic behaviour of neutrophils in the pulmonary microcirculation is mostly
limited to speculation gleaned from observations in the systemic circulation [13]. Because the diameter of
neutrophils is greater than that of the pulmonary capillaries, neutrophils must deform to pass through the
capillaries, which is a relatively time-consuming process [14]. This process, referred to as neutrophil
sequestration, was originally described for cells other than the freely circulating group of neutrophils within
the lung and has been observed, to some extent, using macroscopic radiolabelling imaging devices [15].
Previous studies have demonstrated neutrophil sequestration in lung capillaries; however, the
mechanism by which a neutrophil sequestration event leads to ARDS remains unknown [16, 17]. Given
the importance and obscurity of the pulmonary microcirculation in ARDS, it is imperative that we
understand the changes occurring in the pulmonary microcirculation, including the dynamic behaviour of
neutrophils, to elucidate the pathophysiology; this may lead to novel treatment strategies for
sepsis-induced ARDS [18].
To investigate the pulmonary microcirculation in sepsis-induced ARDS, we used a custom-made video-rate
laser scanning confocal microscope in combination with a microsuction-based pulmonary imaging
window [19, 20]. Using the intravital lung imaging system, we directly identified an alteration in
microcirculatory perfusion in a murine sepsis-induced ALI model and demonstrated the role of
Mac-1-upregulated neutrophils in the pulmonary microcirculation, which suggests the clinical potential of
a Mac-1 inhibitor as a therapeutic drug for sepsis-induced ALI.

Materials and methods
Mice
All animal experiments were performed in accordance with standard guidelines for the care and use of
laboratory animals and were approved by the Institutional Animal Care and Use Committee (IACUC) of
Korea Advanced Institute of Science and Technology ( protocol no. KA2014-30 and KA2016-55). All mice
were individually housed in ventilated, temperature- and humidity-controlled cages (22.5°C, 52.5%) under
a 12:12 h light:dark cycle and provided with standard diet and water ad libitum. For experimental use,
8–20-week-old male mice (20–30 g) were used in this study. C57BL/6N mice were purchased from
OrientBio (Suwon, Republic of Korea). Tie2-GFP mice, in which the green fluorescent protein (GFP) is
expressed under an endothelium-specific Tie2 promoter, were purchased from Jackson Laboratory (stock
no. 003658; Jackson Laboratory, Bar Harbor, ME, USA). LysMGFP/+ mice were generously provided by
Professor M. Kim (University of Rochester, Rochester, NY, USA).
Animal models
To generate a sepsis-induced ALI model [12], a high-dose lipopolysaccharide (LPS) (10 mg·kg−1,
Escherichia coli serotype 055:B5, L2880; Sigma-Aldrich, St Louis, MO, USA) or a high-grade caecal ligation
and puncture (CLP) model was utilised. Details are provided in the supplementary material.
Fluorescent dye and antibody utilised in intravital imaging
In vivo labelling of erythrocytes, vasculature, neutrophils (Ly6G), CD11b, CD18, dihydroethidium (DHE)
and modelling of neutrophil depletion and Mac-1 inhibition treatment are described in the supplementary
material.
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Flow cytometry, histological analysis and arterial blood gas analysis
Details are provided in the supplementary material.
Imaging system and intravital pulmonary imaging
To visualise in vivo pulmonary microcirculation through a pulmonary imaging window, a custom-made
video-rate laser scanning confocal microscopy system was implemented [21, 22]. Additional details of
the imaging system and preparation of the mouse for intravital pulmonary imaging are provided in the
supplementary material.
Image processing
Functional capillary imaging analysis was performed using a real-time video of DiD-labelled erythrocytes
flowing in capillaries. After splitting the colours in the video, sequential images of channels detecting DiD
were processed by a median filter with a radius of two pixels to enhance the signal-to-noise ratio. A
maximal intensity projection of 600–900 frames (20–30 s) was generated to show the functional capillary
perfused by erythrocytes. The functional capillary ratio (FCR) was determined by calculating the ratio of
the functional capillary area (DiD-labelled red blood cells) to the total capillary area (vessel area detected
by Tie2 or Dextran signalling). All image processing to calculate FCR was performed by ImageJ
(https://imagej.nih.gov/ij/). Image rendering with three-dimensional reconstruction, track analysis of
erythrocytes and neutrophils, and plotting track displacement was conducted using IMARIS 8.2 (Bitplane,
Zurich, Switzerland). Additional details of image processing are provided in the supplementary material.
Statistical analysis
All data are presented as mean±SD or median (interquartile range), as appropriate to represent the values
of the group. Statistical differences between means or medians were determined by unpaired two-tailed
t-tests, Mann–Whitney tests, one-way ANOVAs with post hoc Holm-Sidak’s multiple comparisons or
Kruskal–Wallis tests with post hoc Dunn’s multiple comparison tests, as appropriate. Statistical significance
was set at p<0.05, and analyses were performed with Prism 6.0 (GraphPad, San Diego, CA, USA).

Results
The FCR is decreased in the pulmonary microcirculation in sepsis-induced ALI
The cellular dynamics in the pulmonary microcirculation were investigated in vivo in mice using a
custom-made intravital video-rate laser scanning confocal microscopy system [19, 20]. Erythrocytes were
sampled from a Tie2-GFP transgenic donor mouse by cardiac puncture. After labelling with DiD, adoptive
transfer was performed into a syngenic recipient mouse by the tail vein (figure 1a) [23]. Rapidly flowing
DiD-labelled erythrocytes were clearly visible in real-time inside the pulmonary vessel in which the
endothelial cells were labelled with GFP, enabling the acquisition of spatiotemporal information on the
flow trajectory and velocity of individual erythrocytes (figure 1b). The track information was acquired
in vivo for multiple erythrocytes simultaneously and analysed (figure 1c and supplementary video S1).
Next, we used a murine endotoxin-induced indirect lung injury model to investigate changes in the
erythrocyte flow in the pulmonary microcirculation in sepsis [12]. Intravital pulmonary imaging was
performed 6 h after the administration of 10 mg·kg−1 of intraperitoneal LPS, using DiD-labelled
erythrocytes that were injected during the imaging. Though no significant difference was found in the
mean velocity of the erythrocytes between the control and LPS groups (figure 1d), the erythrocyte
perfusion pattern dramatically changed in the LPS-treated mice (supplementary video S2). To determine
and quantify the perfusion area, erythrocytes in sequential images from 600 frames (20 s) were presented
in a maximal intensity projection manner (supplementary figure S1a, b). The control group exhibited
widespread and diffuse characteristics of perfusion, whereas the distribution of perfusion in the
LPS-treated mice was more concentrated and overlapped with arterioles and a few capillaries (figure 1e).
We then defined the parameter FCR as a quantitative measure of the pulmonary microcirculation, which
was calculated from the ratio of the functional capillary area, as determined by the erythrocyte trajectory
(DiD, red), to the total capillary area (Tie2, green). A decreased FCR, which represents abnormal
perfusion, was observed in the sepsis-induced ALI group even though there was not a large difference in
the total capillary area (figure 1f, g). Furthermore, we confirmed that our FCR results correspond to
hypoxaemia and hypercapnia from the arterial blood gas analysis in the left ventricle (figure 1h, i) [12].
Entrapped neutrophils in pulmonary capillaries induce microcirculatory disturbances in
sepsis-induced ALI
During the imaging to measure the FCR in sepsis-induced ALI mice, we observed several sites of capillary
obstruction in the magnified view. These obstructions were induced by objects inside the capillaries that
could represent the primary pathophysiological mechanism underlying the decreased FCR in the early
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FIGURE 1 Impaired pulmonary microcirculation in sepsis-induced acute lung injury revealed by the functional
capillary ratio. a) Schematics of intravital lung imaging experiment for pulmonary microcirculation
visualisation with adoptive transfer of DiD-labelled erythrocytes. b) Sequential images of rapidly flowing
DiD-labelled erythrocyte (red) inside the pulmonary vessel (green) in Tie2-GFP mouse obtained in video rate
(30 frames·s−1). Scale bars, 100 µm. Time elapsed is indicated. c) Velocity colour-coded track analysis of
DiD-labelled erythrocyte in pulmonary microcirculation. Colour represents the mean velocity of each segment
of erythrocyte track (supplementary video S1). Scale bar, 100 µm. d) Comparison of mean velocity of red blood
cells (RBC) between the PBS and lipopolysaccharide (LPS) (10 mg·kg−1) groups in the pulmonary
microcirculation (n=30, 10 fields of view (FOV) per mouse, three mice per group, two-tailed t-test, p=0.8157).
e) Representative functional capillary imaging in the PBS and LPS groups (supplementary video S2). The
functional capillary was revealed by maximal intensity projection of real-time DiD-labelled erythrocyte
imaging (supplementary figure S1a, b). White asterisks indicate dead spaces where the trajectory of the
erythrocyte was not observed. Scale bars, 100 µm. f, g) Comparisons of the ratio of the total capillary area (f )
and the functional capillary area (g) between the PBS and LPS groups (n=30, 10 FOV per mouse, three mice
per group, two-tailed t-test, *p<0.05). h, i) Comparisons of the arterial oxygen (PaO2) and carbon dioxide (PaCO2)
tension at 6 h after LPS between the PBS (n=6) and LPS (n=16) groups (Mann–Whitney test, *p<0.05). Data are
presented as mean±SD. GFP: green fluorescent protein.
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stage of ALI development. Because neutrophils rapidly respond to systemic inflammation, we postulated
that the objects that induced the obstruction could be neutrophils [13]. Real-time intravital imaging of the
pulmonary capillaries in a naive LysMGFP/+ animal showed transient entrapment of neutrophils in the
capillary during circulation (figure 2a and supplementary video S3) [24, 25]. During the period in which
the capillaries became obstructed, circulating cells, which were assumed to be predominantly erythrocytes,
could not flow through the capillaries. However, capillary flow resumed after the neutrophils passed
through the capillaries. In contrast, in the sepsis-induced ALI model of mice in which neutrophil
recruitment was augmented, the flow of the cells in the pulmonary microcirculation was interrupted in
numerous spots (figure 2b, c and supplementary video S4). Thus, during early inflammation, when innate
immune cells are recruited, we identified neutrophils as the primary obstacle in the microcirculation in
pulmonary capillaries.
Intravascular neutrophil motility initially increases and later decreases to arrest during the early
development of sepsis-induced ALI
To investigate the dynamic behaviours of individual neutrophils during entrapment in the pulmonary
capillary, we performed a total of 30 min of time-lapse imaging of neutrophils in the pulmonary
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FIGURE 2 Entrapment of neutrophil inside the pulmonary capillary. a) Real-time imaging of LysMGFP/+ (green)
neutrophil entrapment in the pulmonary capillary (tetramethylrhodamine (TMR) dextran, red) (supplementary
video S3). Each circulation inside the capillary resumes after the neutrophil in the upper region (blue caret)
and the lower region (red asterisk) has squeezed through the pulmonary capillary. Scale bars, 10 µm. Dashed
arrows indicate the direction of flow. Time elapsed is indicated. b) Representative intravital imaging of Ly6G+
cells (red) and consequent flow in pulmonary microcirculation (fluorescein isothiocyanate (FITC) dextran,
green) in the PBS and lipopolysaccharide (LPS) (10 mg·kg−1) groups (supplementary video S4). Magnified
spots consist of averaged imaging up to 30 frames and single frame imaging. Dashed arrows indicate the
direction of flow. White arrowheads indicate entrapped neutrophils, and yellow arrowheads indicate
obstructed capillary with no flow. Scale bars, 100 µm (wide field) and 20 µm (magnified spot). c) Comparison
of number of Ly6G+ cells in pulmonary microcirculation between the PBS and LPS groups (n=30, 10 fields of
view per mouse, three mice per group, two-tailed t-test, *p<0.05). Data are presented as mean±SD.
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microcirculation 3 h and 6 h after LPS administration (figure 3a, b and supplementary video S5). Given
that the flow velocity of the erythrocytes was high (>500 µm·s−1), we determined that neutrophils that were
detected continuously for more than 2 min were not flowing; rather, they were sequestered (i.e. crawling or
marginating inside the vessel). Time-lapse imaging showed that the proportion of sequestered neutrophils,
as well as their individual sequestration times in the LPS group, dramatically increased compared to the
PBS control group, in which most of the neutrophils were sequestered briefly (figure 3c, d). Interestingly,
during sequestration, the motility of the 3 h LPS neutrophils increased, as determined by the track
displacement length (figure 3b, e), track length (figure 3f) and mean velocity (figure 3g). However, as
sepsis progressed, the 6 h LPS neutrophils became less motile, and the track length and velocity
decreased. In addition, the meandering index decreased in a timely manner, which was influenced by an
increased sequestration time and the arrest characteristics of the neutrophils (figure 3h). Taken together,
these data show that, during the early period of endotoxin-induced ALI, neutrophils begin to activate
and become motile inside the capillaries; however, in the late period, they gradually begin to arrest inside
the capillaries.
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FIGURE 3 Increased entrapment time and dynamically altered motility of neutrophils during the development
of sepsis-induced acute lung injury. a) Representative time-lapse imaging of Ly6G+ cells (red spots) in the
pulmonary microcirculation (fluorescein isothiocyanate (FITC) dextran, green) in the PBS and
lipopolysaccharide (LPS) 3 h and 6 h groups (supplementary video S5). The colour-coded track describes the
motion of tracked Ly6G+ cells over a period of 30 min. Scale bars, 100 µm. b) Overlay of the track of Ly6G+
cells from (a). Each Ly6G+ cell track in (a) is plotted from the central point and shows XY displacement. Scale
bars, 10 µm. c) Histogram of track duration of Ly6G+ cells shown in (a). d–h) Comparisons of sequestration
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median (interquartile range).
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Neutrophils obstruct pulmonary vessels, generate circulatory dead space and release ROS in situ
in sepsis-induced ALI
Using the intravital imaging of the pulmonary microcirculation 3–6 h after LPS administration, we
observed for the first time the entire process of dead space formation in the pulmonary microcirculation.
In the capillaries, a circulating neutrophil became trapped on one side of a vessel in which the other side
was already obstructed by another neutrophil, as revealed by real-time imaging (figure 4a and
supplementary video S6). The flow stopped between the two neutrophils, thereby generating a circulatory
dead space. At some capillary sites, we observed clusters of neutrophils for which no flow was detected
(supplementary figure S2a). Such obstructions were not limited to the capillaries, but were also observed in
the branching regions of the arterioles that connected to the capillaries (supplementary figure S2b, c).
Over the course of 10 min of time-lapse intravital imaging, we observed that neutrophils quickly blocked
the branching sites and disturbed the microcirculation near the obstructed region (figure 4b and
supplementary video S7). To confirm the correlation of neutrophil sequestration and dead space
formation, we injected DiD-labelled erythrocytes and visualised the functional capillary (figure 4c and
supplementary video S8). Functional capillary mapping and track path analysis demonstrated that
neutrophil-induced capillary and arteriole obstruction generated circulatory dead space.
To identify the function and activation of the entrapped neutrophils, we investigated ROS production in
the sequestered neutrophils. Using our intravital imaging system, we detected ROS generation in
intravascular neutrophils in the lungs in situ (figure 4d) [26]. Compared to the control group, in which
ROS was undetectable in transiently sequestered neutrophils, both the number and proportion of
ROS-generating neutrophils were dramatically increased in the LPS-treated mice (figure 4e, f). In contrast
to the previous understanding of ROS production by neutrophils at the site of inflammation [27], our
findings suggest that ROS production is initiated at a much earlier stage because of the development of
neutrophil entrapment in the capillary. The findings also imply that entrapped neutrophils could release
ROS in situ, which could harm the endothelial cells and adjacent intravascular structure before
extravasation.
Neutrophil depletion improves the pulmonary microcirculation in sepsis-induced ALI
To further confirm the essential role of neutrophils in capillary blockade, we investigated the pulmonary
microcirculation in a neutrophil-depleted (N-dep) mouse model. Injecting 200 µg of a Ly6G-specific
monoclonal antibody (1A8) 24 h before imaging led to neutrophil depletion (supplementary figure S3) [28].
Using antibodies, neutrophils were depleted in the LysMGFP/+ mice 24 h before LPS injection, and then
intravital imaging was performed 6 h after LPS injection (figure 5a). Consistent with our hypothesis,
neutrophil depletion improved the FCR in the LPS treatment group; this was repeatedly verified by
magnified imaging (figure 5b, c and supplementary video S9). The number of LysM+ cells decreased to a
certain level after neutrophil depletion, but there was not complete depletion because of remnant LysM+
cells (figure 5d), which were presumably alveolar macrophages in the extravascular spaces (figure 5b,
magnified) [24, 25]. Nevertheless, our results indicate that the decreased number of LysM+ cells, mostly
intravascular neutrophils, leads to improved FCRs in the pulmonary microcirculation (figure 5d). These
data support the idea that neutrophils function as the main components of aggregates and the primary
blockers of flow in the pulmonary microcirculation during systemic inflammation.
Mac-1-upregulated neutrophils are sequestered in the lung in sepsis-induced ALI
Although neutrophil depletion increased the FCR, bench-to-bedside clinical translation of the neutrophil
depletion strategy is not feasible [13]. Therefore, to identify a target for subsets of sequestered neutrophils,
we isolated two groups of neutrophils in a single mouse (figure 6a). We hypothesised that neutrophils in
the left ventricle, which have already passed through the pulmonary capillary, would have a different
integrin expression pattern from neutrophils in the lung, where sequestration occurs. Flow cytometry was
performed for the two groups of neutrophils gated on Ly6G+ to investigate their integrin expression (figure
6b and supplementary figure S4). We found that the baseline expression of CD11b and CD18 was
upregulated in the neutrophils in the LPS group. Interestingly, in the same mouse, the neutrophils in the
lung expressed higher levels of CD11b and CD18 than the neutrophils in the left ventricle (figure 6c–f ).
Intravital pulmonary imaging (figure 6g, h) confirmed that neutrophils sequestered in the lung in LPS mice
expressed high levels of CD11b and CD18, in agreement with our flow cytometry findings (figure 6i–l).
Thus, compared to circulating neutrophils, neutrophils sequestered in the lung had upregulated expression
of Mac-1 (CD11b/CD18) integrins in the sepsis-induced ALI model.
A Mac-1 inhibitor restores the FCR in the pulmonary microcirculation in sepsis-induced ALI
Given that Mac-1 is upregulated in neutrophils that are sequestered in the lung, we investigated the effects
of a Mac-1 inhibitor on the pulmonary microcirculation. To extend our findings to a polymicrobial sepsis
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FIGURE 4 Neutrophil aggregates in the capillaries and arterioles generate dead space and release reactive
oxygen species (ROS) in situ. a) Representative real-time imaging of capillary obstruction with Ly6G+ cells in
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microcirculation in the PBS, lipopolysaccharide (LPS), N-dep and N-dep+LPS group. Anatomical capillary
(tetramethylrhodamine (TMR) dextran, green), functional capillary (DiD-labelled erythrocyte, red) and LysM+
(LysMGFP/+, magenta) cell imaging was acquired. White asterisks indicate dead spaces. Magnified images
show entrapped LysM+ cells (arrowheads) and consequent flow disturbance (supplementary video S9). Scale
bars, 20 µm in magnified, otherwise, 100 µm. c, d) Comparisons of FCR (%) and LysM+ cell count among PBS,
LPS, N-dep and N-dep+LPS groups (n=30, 10 fields of view per mouse, three mice per group, one-way ANOVA
with post hoc Holm–Sidak’s multiple comparisons test, *p<0.05). Data are presented as mean±SD.
IP: intraperitoneal; OBJ: objective lens; RBC: red blood cells.

model, we performed intravital lung imaging on a CLP mouse model. As in the LPS model, the FCR was
significantly lower in the CLP mouse model than in the control (figure 7a, b). Administering an anti-CD11b
antibody (5 mg·kg−1, intraperitoneal) [29] and abciximab (10 mg·kg−1, intraperitoneal) [30–32],
a cross-reactive inhibitor for the binding of various ligands to Mac-1, restored the FCR with less
sequestration of Ly6G+ cells (figure 7c). To further confirm our findings, the FCR was calculated at the
same site and was significantly increased after the injection of abciximab (10 mg·kg−1, intravenous)
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FIGURE 6 Mac-1 integrin is upregulated in entrapped neutrophils in the pulmonary microcirculation. a)
Schematic diagram showing isolation sampling of two groups of neutrophils (lung, blue; left ventricle (LV),
red). b) Surface expression of integrin of Ly6G+ cells from the lung and LV. c–f) Comparisons of expression of
integrin from flow cytometry in the PBS and lipopolysaccharide (LPS) groups (n=5 per each group, Mann–
Whitney test, *p<0.05). Data are presented as mean±SD. g, h) Representative three-dimensional intravital
imaging of integrin in sequestered neutrophils. Cellular surface expression of CD11b (green) and CD18
(green) in Ly6G+ cells (red) is visualised in vivo. Scale bars, 100 µm. i–l) Comparisons of number of CD11b
+Ly6G+ cells and CD18+Ly6G+ cells and ratios of CD11b+Ly6G+ cells and CD18+Ly6G+ cells over total Ly6G+
cells in the PBS and LPS groups (n=9, three fields of view per mouse, three mice per group, Mann–Whitney
test, *p<0.05). Data are presented as mean±SD. SSC-A: side scatter-area; MFI: mean fluorescence intensity.
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FIGURE 7 Mac-1 inhibitor ameliorates the functional capillary ratio (FCR) of the pulmonary microcirculation in
sepsis-induced acute lung injury. a) Representative intravital imaging of FCR in the pulmonary
microcirculation in the sham, fragment crystallisable (Fc), Anti-CD11b and abciximab (Abc) groups.
Anatomical capillary (tetramethylrhodamine (TMR) dextran, green), functional capillary (DiD-labelled
erythrocytes, red) and neutrophil (Ly6G, magenta) imaging was acquired. White asterisks indicate dead
spaces. Scale bars, 100 µm. b, c) Comparisons of FCR and number of Ly6G+ cells in the pulmonary
microcirculation (n=14–25, three mice per group, two-tailed t-test, *p<0.05). Data are presented as mean±SD.
d) Representative intravital lung imaging of the pre- and post-Abc groups (supplementary video S10). White
arrowheads indicate restoration of erythrocyte perfusion. Scale bars, 100 µm. e) Comparison of FCR in the
pre- and post-Abc groups (n=20 and 24, 6–8 fields of view per mouse, three mice per group, two-tailed t-test,
*p<0.05). Data are presented as mean±SD. f, g) Comparisons of the arterial oxygen (PaO2) and carbon dioxide
(PaCO2) tension in the sham (n=8), Fc (n=10) and Abc (n=6) groups (Kruskal–Wallis test with post hoc Dunn’s
multiple comparison tests, *p<0.05). Data are presented as mean±SD. RBC: red blood cells.

(figure 7d, e and supplementary video S10). Arterial blood gas analysis in the left ventricle confirmed that
the FCR results were in accordance with hypoxaemia and hypercapnia, suggesting that abciximab increases
gas exchange in this sepsis-induced ALI mouse model through an improvement in the microcirculation
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(figure 7f, g). Furthermore, pulmonary oedema after 24 h of injury was significantly ameliorated in the
Mac-1 inhibitor model, in accordance with previous results (supplementary figure S5).

Discussion
Despite differences between the systemic and pulmonary capillary network, most of our knowledge of the
microcirculation in sepsis has come from studies of the systemic circulation, with decreased functional
capillary density and increased intercapillary areas [33]. Although our study of the pulmonary
microcirculation during sepsis partially agrees with findings from the systemic circulation, the underlying
aetiology of the microcirculatory change is distinct from that of the systemic circulation. Endothelial
dysfunction and vasoconstriction have previously been suggested as potential central mechanisms in
impaired systemic microcirculation [34]. Our results suggest that cluster formation by recruited
neutrophils also has a key detrimental role in the pulmonary microcirculation in the early stage of
sepsis-induced ALI.
Even though previous studies have suggested that sequestration in pulmonary capillaries functions as a
defensive immune surveillance system to detect pathogens in the circulation, this does not explain how
neutrophil sequestration progresses to ARDS [14, 35]. By contrast, our study shows that neutrophils form
clusters and obstruct capillaries and arterioles, leading to the redistribution and obstruction of the
pulmonary microcirculation, highlighting the novel detrimental role of neutrophils. Recently, studies have
revealed clusters of neutrophils inside the pulmonary vasculature in lung biopsies from patients with
ARDS [10] and murine fungal sepsis [36], which supports our results regarding the aggregate formation of
neutrophils. The neutrophil-induced obstruction of flow increases the mismatching areas of ventilation
and perfusion, thereby intensifying hypoxia due to sepsis-induced ARDS. Compared to previous intravital
imaging studies on the adhesion of neutrophils in the pulmonary capillary [37, 38], our study clearly
shows how dead space with ventilation–perfusion mismatch is created in the microcirculation by
neutrophils. Moreover, we can directly image the dead space fraction, which has been estimated indirectly
by the difference in the partial pressure of arterial versus exhaled carbon dioxide using volumetric
capnography.
Although our results imply that neutrophil depletion improves the pulmonary circulation, there is
considerable debate about the effects of treatment-induced neutrophil depletion in sepsis because the
effects on bacterial clearance and the response to systemic inflammation are unclear [39]. Accordingly, we
evaluated the subpopulation of neutrophils that might ameliorate lung injury [40]. Flow cytometry showed
that Mac-1 (CD11b/CD18), which interacts with ICAM-1 in endothelial cells and various coagulation
factors, was significantly upregulated in the sequestered neutrophils in lungs from the ALI model. Mac-1
could, therefore, be a potential target integrin for improving the pulmonary microcirculation. Previous
studies have investigated the role of L-selectin and CD11/CD18 in neutrophil sequestration and revealed
that neither was required for the initial immediate sequestration occurring within 1 min in the pulmonary
capillaries. However, once the neutrophils were sequestered, L-selectin and CD11/CD18 were critical for
the adherence of neutrophils within the capillary bed for more than 4–7 min [14, 41]. Additionally, several
studies have suggested the inhibition of Mac-1 as a treatment for protection against neutrophil infiltration
in lung injury during sepsis [42, 43]. In contrast to indirect assays utilised in previous studies, our research
used real-time intravital microscopic imaging to show that the inhibition of Mac-1 reduced neutrophil
sequestration, increased the FCR and offered protection from ALI. However, a recent study reported on
neutrophil–platelet interactions in thrombosis in the pulmonary vasculature [10, 44], raising concerns
about whether platelets in thrombosis may have a confounding effect and whether the effects of
abciximab, also known as glycoprotein IIb/IIIa inhibitor, are the consequence of thrombus resolution due
to interactions with platelets. There may be platelets that were not identified in our study; nevertheless,
most of the flow disturbances we observed were resolved by neutrophil depletion. This implies that
neutrophils have an essential role in augmenting cluster formation inside pulmonary capillaries in
sepsis-induced ALI [36]. Moreover, because we found that anti-CD11b and abciximab elicited equivalent
improvements in the FCR, it seems that the effects of abciximab could be attributed to its anti-Mac-1
activity on neutrophils. Nevertheless, owing to the unavailability of platelet imaging, we were not able to
identify the involvement of platelets in the formation of neutrophil cluster bridging between neutrophils.
We could not, therefore, rule out the additional effect of abciximab targeting not only the neutrophil
through CD11b but also the platelets through glycoprotein IIb/IIIa. Additional intravital lung imaging
should be performed to further elucidate neutrophil–platelet thrombogenesis in vivo to gain a better
understanding of the relevant pathophysiology and subsequent molecular targets in the pulmonary
vasculature. Furthermore, abciximab has the advantage that is has already been approved by the US Food
and Drug Administration for use during coronary intervention to prevent thrombosis, which brings our
study much closer to the clinical field.

https://doi.org/10.1183/13993003.00786-2018

12

BASIC SCIENCE | I. PARK ET AL.

In conclusion, the use of a custom-made real-time intravital lung microscopic imaging system enabled
direct visualisation of prolonged neutrophil entrapment in capillaries during sepsis-induced ALI in mice.
The resulting disturbance in flow in the pulmonary microcirculation correlated with dead space. This
finding provides novel insights into how capillary entrapment of neutrophils contributes to pulmonary
microcirculatory disturbances. This system could serve as a useful tool for investigating diseases that affect
the pulmonary microcirculation and could be used to evaluate potential treatments for sepsis-induced
ARDS.
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