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Summary: Neutrophils induce dead space in the pulmonary microcirculation in sepsis-

induced ALLI, recovered by a Mac-1 inhibitor.



Abstract:

The lung is highly vulnerable during sepsis, yet its functional deterioration accompanied by
disturbances in the pulmonary microcirculation are 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 customized intravital lung microscopic imaging system in a murine model of sepsis-
induced ALI, we achieved direct real-time visualization 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 it was the result of 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 behavior, 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 the hypoxemia.

With the intravital lung imaging system, we observed how Mac-1 upregulated neutrophil
aggregates led to the generation of dead space in the pulmonary microcirculation and its

improvement by a Mac-1 inhibitor in sepsis-induced ALI.



Introduction

Sepsis is one of the most unaffordable conditions of hospitalization and the foremost
contributor to hospital death, representing a major worldwide health burden [1, 2]. Sepsis is a
syndrome characterized by a dysregulated response of the host to invading pathogens which
involves hemodynamic alterations that 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 it has been identified that ‘dead space’
assessment could provide significant clinical value in ARDS [6, 7], until now, it has remained
a hypothesis in terms of an impairment of the 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 which was limited as an ex vivo study, and to date, 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 behavior 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 radiolabeling imaging
devices [15]. Indeed, previous studies have demonstrated neutrophil sequestration in lung
capillaries; however, their mechanism of how a neutrophil sequestration event leads to ARDS
remains limited [16, 17]. Therefore, considering the importance and obscurity of the
pulmonary microcirculation in ARDS, understanding the changes in the pulmonary
microcirculation including the dynamic behavior of neutrophils is imperative for elucidating
the pathophysiology, which may lead to novel treatment strategies for sepsis-induced ARDS

[18].

To investigate the pulmonary microcirculation in sepsis-induced ARDS, we used a custom-
designed video-rate laser scanning confocal microscope in combination with a micro-suction-
based pulmonary imaging window [19, 20]. Using the intravital lung imaging system, we
directly identified the alteration of the 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 the standard guidelines for the
care and use of laboratory animals and were approved by the Institutional Animal Care and
Use Committee (IACUC) of KAIST (protocol No. KA2014-30 and KA2016-55). All mice
were individually housed in ventilated and temperature & humidity-controlled cages (22.5
°C, 52.5 %) under 12:12h light:dark cycle and provided with standard diet and water ad
libitum. For experimental use, 8-20 weeks old male mice (20~30 g) were utilized in this
study. C57BL/6N mice were purchased from OrientBio (Suwon, Rep. of Korea) and Tie2-
GFP mice (Stock No. 003658, Jackson Laboratory) where the GFP is expressed under
MGFP/+

endothelium-specific Tie2 promotor were purchased from the Jackson Laboratory. Lys

mouse was generously provided by Prof. M. Kim (University of Rochester, U.S.A.).

Animal models
To generate sepsis-induced ALI model [12], high-dose LPS (10 mg/kg, E. coli serotype
055:B5, L2880, Sigma-Aldrich) or high-grade CLP model was utilized. Details are provided

in the online data supplement.

Fluorescent dye and antibody utilized in intravital imaging
In vivo labeling of erythrocytes, vasculature, neutrophils (Ly6G), CD11b, CD18, DHE, and
modeling of neutrophil depletion and Mac-1 inhibition treatment is described in the online

data supplement.

Flow Cytometry, Histological Analysis, and Arterial Blood Gas Analysis

Details are provided in the online data supplement.



Imaging System and Intravital Pulmonary Imaging

To visualize in vivo pulmonary microcirculation through pulmonary imaging window, a
custom-built video-rate laser-scanning confocal microscopy system was implemented [21,
22]. Additional details of imaging system and preparation of mouse for intravital pulmonary

imaging are provided in the online data supplement.

Image Processing

Functional capillary imaging analysis was performed using real-time movie of DiD-labeled
erythrocytes flowing in capillaries. After splitting colors of movie, sequential images of
channels detecting DiD was processed by a median filter with a radius of two pixels to
enhance the signal-to-noise ratio. Maximal intensity projection of 600 to 900 (20 — 30
seconds) frames was generated to show the functional capillary perfused by erythrocytes.
Functional capillary ratio (FCR) was determined by calculating the ratio of functional
capillary area (DiD-labeled RBC) to the total capillary area (vessel area detected by Tie2 or
Dextran signaling). 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 with
IMARIS 8.2 (Bitplane). Additional details of image processing are provided in the online

data supplement.

Statistical Analysis

All data are presented as mean + SD or median * interquartile range, as appropriate to
represent values of the group respectively. Statistical differences between means or medians
were determined by unpaired 2-tailed Student’s t-test, Mann-Whitney test, one-way ANOVA

with post hoc Holm-Sidak’s multiple comparisons, or Kruskal-Wallis test with post hoc



Dunn’s multiple comparison tests, as appropriate. Statistical significance was set at P < 0.05,

and analysis was performed with Prism 6.0 (GraphPad).

Results

The functional capillary ratio 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-built intravital video-rate laser scanning confocal microscopy system [19, 20].
Erythrocytes were sampled from a Tie2-GFP transgenic donor mouse by cardiac puncture.
After labeling with DiD, adoptive transfer was performed into a syngenic recipient mouse by
the tail vein [23] (figure 1a). Rapidly flowing DiD-labeled erythrocytes were clearly visible
inside the pulmonary vessel in which the endothelial cells were labeled with GFP in real-
time, enabling the acquisition of spatiotemporal information on the flowing trajectory and
velocity of individual erythrocytes (figure 1b). The track information was acquired in vivo for

multiple erythrocytes simultaneously and analyzed (figure 1c and supplemental video 1).

Next, we used a murine endotoxin-induced indirect lung injury model to investigate the
changes in the erythrocyte flow in the pulmonary microcirculation in sepsis [12]. Six hours
after the administration of 10 mg/kg of intraperitoneal LPS, intravital pulmonary imaging
was performed using DiD-labeled 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 (supplemental Video 2). To determine and quantify the perfusion area,
erythrocytes in sequential images from 600 frames (20 seconds) were presented in a maximal

intensity projection manner (supplemental figure 1a and 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). Next, we defined a parameter termed the functional capillary ratio
(FCR) as a gquantitative measure of the pulmonary microcirculation, which was calculated
from the ratio of the functional capillary area, as determined by the erythrocyte trajectory
(DIiD, 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 and g). Furthermore, we confirmed that
our FCR results correspond to hypoxemia and hypercapnia from the arterial blood gas

analysis in the left ventricle [12] (figure 1h and i).

Entrapped neutrophils in pulmonary capillaries induce microcirculatory disturbances in
sepsis-induced ALI

During the imaging to measure the FCR in the 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 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 LysM® ™" animal showed transient entrapment of neutrophils in the
capillary during circulation [24, 25] (figure 2a and supplemental video 3). 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 and ¢, and
supplemental video 4). 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 behaviors of individual neutrophils during entrapment in the
pulmonary capillary, we performed a total of 30 minutes of time-lapse imaging of neutrophils
in the pulmonary microcirculation 3 and 6 hours after LPS administration (figure 3a and b,
and supplemental video 5). Given that the flow velocity of the erythrocytes was high (>500
um/s), we determined that neutrophils that were detected continuously for more than 2
minutes 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 and d). Interestingly, during sequestration, the motility of the 3 h LPS
neutrophils increased, as determined by the track displacement length (figure 3b and 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.



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 to 6 hours 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,
revealed by real-time imaging (figure 4a and supplemental video 6). The flow stopped
between the two neutrophils, thereby generating a circulatory dead space. At some capillary
sites, we observed clusters of neutrophils where no flow was detected (supplemental figure
2a). Such obstructions were not limited to the capillaries, but was also observed in the
branching regions of the arterioles that were connected to the capillaries (supplemental figure
2b and c). Over the course of 10 minutes 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 supplemental video 7). To confirm the correlation of
neutrophil sequestration and dead space formation, we injected DiD-labeled erythrocytes and
visualized the functional capillary (figure 4c and supplemental video 8). Functional capillary
mapping and track path analysis demonstrated that neutrophil-induced capillary and arteriole

obstruction generated circulatory dead space.

Next, 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 [26] (figure 4d).
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 and f). In contrast to the previous



understanding of ROS production by neutrophils at the site of inflammation [27], our findings
suggest that ROS production had been initiated in 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 pg
of a Ly6G-specific monoclonal antibody (1A8) 24 hours before imaging led to neutrophil
depletion [28] (supplemental figure 3). Using antibodies, neutrophils were depleted in the
LysM®™* mice 24 hours before LPS injection, and then intravital imaging was performed 6
hours 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 and c, and supplemental video 9). 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 [24, 25] (figure 5b, magnified). Nevertheless, our results indicate that
the decreased number of LysM+ cells, mostly intravascular neutrophils, leads to an improved
FCRs in the pulmonary microcirculation (figure 5d). These data support 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 the target for subsets
of sequestered neutrophils, we isolated two groups of neutrophils in a single mouse (figure
6a). We hypothesized that the integrin expression pattern of neutrophils in the left ventricle
that had already passed through the pulmonary capillary may be different from the pattern of
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 supplemental figure 4). 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 compared to the
neutrophils in the left ventricle (figure 6d and e). Intravital pulmonary imaging (Figure 6g
and h) confirmed that the neutrophils sequestered in the lung in the LPS mice expressed high
levels of CD11b and CD18, in agreement with our flow cytometry findings (Figure 6i-1).
Thus, compared to circulating neutrophils, neutrophils sequestered in the lung had an

upregulated expression of Mac-1 (CD11b/CD18) integrins in the sepsis-induced ALI model.

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 model, we performed intravital lung imaging on a cecal
ligation and puncture (CLP) mouse model. As in the LPS model, the FCR was significantly
lower in the CLP mouse model than in the control (figure 7a and b). Administration of an
anti-CD11b antibody (5 mg/kg, IP) [29] and abciximab (10 mg/kg, IP) [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 found to be significantly increased after the injection of
abciximab (10 mg/kg, 1V) (figure 7d and e, and supplemental video 10). Arterial blood gas
analysis in the left ventricle confirmed that the FCR results were in accordance with
hypoxemia and hypercapnia, suggesting that abciximab increases gas exchange in this sepsis-
induced ALI mouse model through an improvement in the microcirculation (figure 7fand g).
Furthermore, pulmonary edema after 24 hours of injury was significantly ameliorated in the

Mac-1 inhibitor model in accordance with previous results (supplemental figure 5).

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 (FCD) and increased intercapillary
areas [33]. Although our study of the pulmonary microcirculation during sepsis partially
agrees with findings from the systemic circulation, the underlying etiology of the
microcirculatory change is distinct from that of the systemic circulation. Previously,
endothelial dysfunction and vasoconstriction were suggested as potential central mechanisms
in impaired systemic microcirculation [34]. Our results suggest that cluster formation of
recruited neutrophils also has a key detrimental role in the pulmonary microcirculation in the

early stage of sepsis-induced ALL.

Even though previous studies suggested that sequestration in pulmonary capillaries functions
as a defensive immune surveillance system for detecting pathogens in the circulation, it could
not explain how neutrophil sequestration progresses to ARDS [14, 35]. In contrast, our study

shows that neutrophils form clusters and act as an obstacle in capillaries and arterioles,



leading to the redistribution and obstruction of the pulmonary microcirculation, highlighting
the novel detrimental role of neutrophils. Recently, studies have revealed the cluster of
neutrophils inside the pulmonary vasculature from the lung biopsies of 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 may
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 and could be the
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 minute 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 to 7 minutes [14, 41]. Additionally, several studies have suggested the inhibition of
Mac-1 as a treatment for protecting against neutrophil infiltration in lung injury during sepsis
[42, 43]. In contrast to indirect assays utilized 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 GP I1b/Illa 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, due to unavailability of platelet imaging, we
were not able to identify the involvement of platelets in the formation of neutrophil cluster
bridging between neutrophils, and thereby the additional effect of abciximab targeting not
only the neutrophil through CD11b but also the platelets through GP Ilb/Illa cannot be ruled
out. 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 advantageous position that it is already FDA approved for use during coronary

intervention to prevent thrombosis, which brings our study much closer to the clinical field.



In conclusion, the use of a custom-designed real-time intravital lung microscopic imaging
system enabled direct visualization 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. Furthermore, 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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Supplemental Video 7. Neutrophils induce cluster formation in situ in the arteriole in sepsis-
induced ALI model.

Supplemental Video 8. Capillary and arteriole obstruction of neutrophil aggregates induces
dead space formation in sepsis-induced ALI model.
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Figure captions

Figure 1. Impaired pulmonary microcirculation in sepsis-induced ALI revealed by the
functional capillary ratio (FCR). a) Schematics of intravital lung imaging experiment for
pulmonary microcirculation visualization with adoptive transfer of DiD-labeled erythrocyte.
b) Sequential images of rapidly flowing DiD-labeled erythrocyte (red) inside the pulmonary
vessel (green) in Tie2-GFP mouse obtained in video-rate (30 frames/second). Scale bars, 100
um. Time elapsed is indicated. c) Velocity color-coded track analysis of DiD-labeled
erythrocyte in pulmonary microcirculation. Color represents the mean velocity of each
segment of erythrocyte tracks (see also Supplemental Video 1). Scale bar, 100 um. d)
Comparison of mean velocity of RBC between PBS and LPS (10 mg/kg) group in the
pulmonary microcirculation (n = 30, 10 field of view (FOV) per mouse, 3 mice per each
group, P = 0.8157, two-tailed t-test). e) Representative functional capillary imaging in PBS
and LPS group (see also Supplemental Video 2). The functional capillary was revealed by
maximal intensity projection of real-time DiD-labeled erythrocyte imaging (see also
Supplemental Figure 1a,b). White asterisks indicate dead spaces where the trajectory of
erythrocyte was not observed. Scale bars, 100 um. f, g) Comparisons of the ratio of the total
capillary area and the functional capillary area between PBS and LPS group (n = 30, 10 FOV
per mouse, 3 mice per each group, *P < 0.05, two-tailed t-test). h, i) Comparisons of the
partial pressure of arterial O, and CO; at 6 hours after LPS between PBS (n = 6) and LPS

group (n = 16) (*P < 0.05, Mann-Whitney test). All data are means * s.d..

Figure 2. Entrapment of neutrophil inside the pulmonary capillary. a) Real-time imaging
of LysM®™"* (green) neutrophil entrapment in the pulmonary capillary (TMR dextran, red)
(see also Supplemental Video 3). Each circulation inside capillary resumes after neutrophil in

the upper region (©, blue) and the lower region (*, red) has squeezed through the pulmonary



capillary. Scale bars, 10 um. Dashed arrows indicate the direction of flow. Time elapsed is
indicated in seconds. b) Representative intravital imaging of Ly6G+ cells (red) and
consequent flow in pulmonary microcirculation (FITC Dextran, green) in PBS and LPS (10
mg/kg) group (see also Supplemental Video 4). 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 um (Wide field) and 20 um (Magnified spot). c)
Comparison of number of Ly6G+ cells in pulmonary microcirculation between PBS and LPS
group (n =30, 10 FOV per mouse, 3 mice per each group, * P <0.05, two-tailed t-test). Data

are means * s.d..

Figure 3. Increased entrapment time and dynamically altered motility of neutrophil
during the development of sepsis-induced ALI. a) Representative time-lapse imaging of
Ly6G+ cells (red spots) in pulmonary microcirculation (FITC Dextran, green) in PBS, LPS 3
hours (LPS 3h), LPS 6 hours (LPS 6h) group (see also Supplemental Video 5). The color-
coded track describes the motion of tracked Ly6G+ cells over a period of 30 minutes. Scale
bars, 100 um. b) Overlay of the track of Ly6G+ cells from a). Each track of Ly6G+ cells in a)
is plotted from the central point and shows XY displacement. Scale bars, 10 um. c)
Histogram of track duration of Ly6G+ cell shown in a). d-h) Comparisons of sequestration
time, track displacement length, track length, track velocity, and meandering index of Ly6G+
cells in pulmonary microcirculation in PBS, LPS 3h, and LPS 6h group (n = 466, 794, and
1076, respectively, 3 mice per each group, * P < 0.05, Kruskal-Wallis test with post hoc
Dunn’s multiple comparison test). Data are medians + interquartile range.

Figure 4. Neutrophil aggregate in capillary and arteriole generates dead space and

release ROS in situ. a) Representative real-time imaging of capillary obstruction with



Ly6G+ cells in sepsis-induced ALI model (see also Supplemental Video 6). Dashed arrow
indicates the direction of flow. Yellow arrowheads indicate previously entrapped neutrophil
and white arrowheads indicate newly appeared neutrophil obstructing capillary followed by
dead space formation inside capillary. Dashed line indicates capillary of dead space. Scale
bars, 20 um. b) Representative time-lapse imaging of cluster formation by Ly6G+ cells in the
branching region of arteriole connected to capillary (see also Supplemental Video 7). Dashed
arrows indicate the direction of flow. Time elapsed is indicated as MM:SS (minute:second).
Scale bars, 20 um. c) Representative imaging of dead space generation triggered by cluster
formation (see also Supplemental Video 8). White dashed circles indicate circulatory dead
spaces. Dashed arrow indicates the direction of flow. Scale bars, 100 um. d) Representative
intravital imaging of ROS (blue, DHE) colocalized with neutrophil (red, Ly6G) in pulmonary
microcirculation (green, FITC Dextran) in PBS and LPS group. Scale bars, 50 um. e and f)
Comparisons of number of ROS+ Ly6G+ cells and the ratio of ROS+ Ly6G+ cells to total
Ly6G+ cells between PBS and LPS group (n = 30, 10 FOV per mouse, 3 mice per each

group, * P < 0.05, two-tailed t-test). Data are means + s.d..

Figure 5. Neutrophil depletion improves FCR of pulmonary microcirculation in sepsis-
induced ALI model. a) Schematics of intravital lung imaging of neutrophil depletion in
sepsis-induced ALI model. b) Representative intravital imaging of FCR in pulmonary
microcirculation in PBS, LPS, N-dep, and N-dep + LPS group. Anatomical capillary (TMR
Dextran, green), functional capillary (DiD-labeled erythrocyte, red), and LysM+ (LysM®™*,
magenta) cell imaging was acquired. White asterisks indicate dead spaces. Magnified images
show entrapped LysM+ cells (arrowhead) and consequent flow disturbance (see also
Supplemental Video 9). Scale bars, 20 um in Magnified, and otherwise, 100 um. c, d)

Comparisons of FCR (%) and count of LysM+ cells among PBS, LPS, N-dep, and N-dep +



LPS group (n = 30, 10 FOV per mouse, 3 mice per each group, * P <0.05, one-way ANOVA

with post hoc Holm-Sidak’s multiple comparisons test). Data are means + s.d..

Figure 6. Mac-1 integrin is upregulated in entrapped neutrophil in pulmonary
microcirculation. a) A schematic diagram showing isolation sampling of two groups of
neutrophil (lung, blue; left ventricle:LV, red). b) Surface expression of integrin of Ly6G+
cells from lung and left ventricle. c-f) Comparisons of expression of integrin from flow
cytometry in PBS and LPS group (n =5 per each group, * P < 0.05, Mann-Whitney test).
MFI, mean fluorescence intensity. Data are means + s.d.. g, h) Representative three-
dimensional intravital imaging of integrin in sequestered neutrophil. Cellular surface
expression of CD11b (green) and CD18 (green) in Ly6G+ cells (red) is visualized in vivo.
Scale bars, 100 um. i-I) Comparisons of number of CD11b+Ly6G+ cells, CD18+Ly6G+
cells, and ratio of CD11b+Ly6G+ cell over total Ly6G+ cell and CD18+Ly6G+ cell over
total Ly6G+ cell in PBS and LPS group (n =9, 3 FOV per mouse, 3 mice per each group, * P

< 0.05, Mann-Whitney test). Data are means + s.d..

Figure 7. Mac-1 inhibitor ameliorates FCR of pulmonary microcirculation in sepsis-
induced ALI. a) Representative intravital imaging of FCR in pulmonary microcirculation in
Sham, Fc, Anti-CD11b, and Abciximab (Abc) group. Anatomical capillary (TMR Dextran,
green), functional capillary (DiD-labeled erythrocyte, red), and neutrophil (Ly6G, magenta)
imaging was acquired. White asterisks indicate dead spaces. Scale bars, 100 pm. b, ¢)
Comparisons of FCR and number of Ly6G+ cells in pulmonary microcirculation. (n = 14-25,
3 mice per each group, * P < 0.05, two-tailed t-test). Data are means * s.d.. d) Representative
intravital lung imaging of Pre-Abc and Post-Abc group (see also Supplemental Video 10).

White arrowheads indicate restoration of erythrocyte perfusion. Scale bars, 100 um. e)



Comparison of FCR in Pre-Abc and Post-Abc group (n = 20 and 24, 6~8 FOV per mouse, 3
mice per each group respectively, * P < 0.05, two-tailed t-test). Data are means + s.d.. f, g)
Comparisons of the partial pressure of O, and CO, in Sham (n = 8), Fc (n = 10), and Abc (n
=6) group (* P < 0.05, Kruskal-Wallis test with post hoc Dunn’s multiple comparison tests).

Data are means + s.d..
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Supplemental Materials

Materials & Methods

Supplemental Figure 1. Mapping of functional capillary ratio (FCR) according to number of
frames.

Supplemental Figure 2. Identification of neutrophil aggregates in capillary and arteriole.
Supplemental Figure 3. Confirmation of neutrophil depletion in LysM®™™* model.
Supplemental Figure 4. Flow cytometry gating strategy to isolate neutrophil.

Supplemental Figure 5. Assessment of pulmonary edema in Mac-1 inhibition.

Supplemental Video 1. Real-time intravital imaging of DiD-labeled erythrocytes in
pulmonary microcirculation

Supplemental Video 2. Reduction of functional capillary ratio in pulmonary microcirculation
in sepsis-induced ALI model.

Supplemental Video 3. Neutrophil entrapment in capillary disturbs flow.

Supplemental Video 4. Increased neutrophil entrapment induces capillary obstruction in
sepsis-induced ALI model.

Supplemental Video 5. Alteration of neutrophil dynamics in sepsis-induced ALI model.
Supplemental Video 6. Neutrophils block capillary and trigger dead space formation in
sepsis-induced ALI model.

Supplemental Video 7. Neutrophils induce cluster formation in situ in the arteriole in sepsis-
induced ALI model.

Supplemental Video 8. Capillary and arteriole obstruction of neutrophil aggregates induces

dead space formation in sepsis-induced ALI model.



Supplemental Video 9. Depletion of neutrophil increases FCR of pulmonary

microcirculation.

Supplemental Video 10. Abciximab improves pulmonary microcirculation in sepsis-induced

ALI model.



Materials & Methods

Animal Model

To generate sepsis-induced ARDS model, high-dose LPS or CLP model was utilized. For
high-dose LPS model, LPS (10mg/kg, E. coli serotype 055:B5, L2880, Sigma-Aldrich) was
intraperitoneally administered to peritoneum before 3 to 6 hours of imaging. In the control
group, the same amount of PBS was injected into the peritoneum. High-grade CLP was
performed by a single experienced operator according to the previously described method
[45]. 75% of the cecum was ligated with 6-0 black silk, and single puncture with a dual hole
in distal cecum was made with a 21-gauge needle. After puncture, the cecum was gently
squeezed to confirm the patency of puncture hole for extrusion of feces. The cecum was
replaced to the abdominal cavity, and abdominal incision was closed with 4-0 black silk. The
sham group underwent the same surgical procedure except for the cecal ligation and

puncture.

Fluorescent dye and antibody utilized in intravital imaging

Erythrocyte was acquired by cardiac puncture and then labeled with VVybrant DiD (V22887,
ThermoFisher Scientific) following the method described in product information sheet. 50
million counts of DiD-labeled erythrocyte was injected via a vascular catheter in tail vein
right before imaging [46]. To visualize the vessel with a fluorescent dye, FITC (Molecular
Weight 2M Da, Sigma-Aldrich) or Tetramethylrhodamine (TMR) conjugated dextran dye
(Molecular Weight 40 KDa, ThermoFisher Scientific) was injected via same vascular catheter
described above. To specifically label the neutrophil in vivo, 25 pug of Anti-Ly6G+
monoclonal antibody (Clone 1A8, 551459, BD) conjugated with a fluorophore Alexa Fluor
555 or 647 (A-20005 / A-20006, ThermoFisher Scientific) was injected via tail vein 2 hours

before imaging. To visualize the molecular expression of pulmonary sequestered neutrophil



in vivo, 25 ug of CD11b (Clone M1/70, 553307, BD Biosciences) and CD18 (Clone GAME-
46, 555280, BD Biosciences) conjugated with Alexa 555 was injected via tail vein 2 hours
before imaging. DHE was prepared in a manner written in previous intravital studies except
for higher dosages (10 mg/kg) [47]. For neutrophil depletion model, 200 ug of Anti-Ly6G
monoclonal antibody (Clone 1A8, 551459, BD Biosciences) was injected intraperitoneally 24
hours before sepsis-induced ARDS modeling [48]. For Mac-1 inhibitor model, Anti-CD11b
[49] (5 mg/kg, Clone M1/70, 553307, BD Biosciences) and Abciximab [50, 51] (10 mg/kag,
Clotinab, ISU Abxis) were injected intraperitoneally 1 hour after CLP modeling which was 5
hours before intravital imaging. To compare the pre-abciximab and post-abciximab FCR,
intravital imaging was performed 6 hours after CLP, and FCR imaging of pre-abciximab
setting was acquired, and then abciximab was injected. At 30 minutes after the abciximab

injection, FCR imaging of post-abciximab was performed.

Flow Cytometry

For flow cytometry analysis, neutrophil was isolated from blood collected from left ventricle
and lung. To isolate pulmonary sequestered neutrophils, lungs were harvested and digested
without perfusion. Lungs were placed in PBS solution, minced and filtered through a 40um
filter and stained with antibody for 30 minutes at 4°C. Antibody clones used in this studies:
Ly6G-FITC (1A8, 551460, BD Biosciences), CD11a-BV510 (M17/4, 563669, BD
Biosciences) CD11b-PE-Cy7 (M1/70, 552850, BD Biosciences), CD18-APC (C71/16,
562828, BD Biosciences), CD62L (MEL-14, 560514, BD Biosciences), Viability Dye eFluor
506 (65-0866-14, ThermoFisher Scientific). Stained cells were analyzed with LSR Fortessa
flow cytometer (BD Biosciences). Analysis for flow cytometry was performed with Flowjo

(FlowJo, LLC)



Histological Analysis

To validate neutrophil depletion in the lung of LysM ™+

mouse, lungs were harvested after
intravital imaging. Perfusion and fixation with 4% paraformaldehyde were performed and
further fixed overnight in 4% paraformaldehyde. For hematoxylin and eosin (H&E) staining,

tissues were processed using standard procedures, embedded in paraffin, and sliced into 4um

sections followed by conventional H&E staining.

Arterial Blood Gas Analysis

To assess the partial pressure of O, and CO- in arterial blood to evaluate the oxygenation
status, arterial blood gas analysis was performed. 1ml syringe with 22 gauge needle was
coated with heparin and introduced into a left ventricle of the heart. Approximately 200 ul of
blood was sampled and analyzed with i-STAT handheld blood analyzer (G3 cartridge, Abbott

Point of Care Inc). Animals were euthanized with CO, chamber right after blood sampling.

Wet-to-dry weight Ratio

To assess the pulmonary edema in mice, the wet-to-dry weight ratio was performed. At 6
hours and 24 hours of injury with the Mac-1 inhibitor experimental model described as above,
the entire unlavaged lung was harvested and immediately weighed (wet weight) and

reweighed after keeping in a 60 °C drying oven for 72 hours (dry weight).

Imaging System

To visualize in vivo pulmonary microcirculation through the window, a custom-built video-
rate laser-scanning confocal microscopy system was implemented [52-56]. Three continuous
laser modules (Wavelength at 488 nm (MLD488, Cobolt), 561 nm (Jive, Cobolt), and 640 nm

(MLD640, Cobolt)) were utilized as excitation light source for multi-color fluorescence



imaging. Laser beams were collinearly integrated by dichroic beam splitters (DBS1; FF593-
Di03, DBS2; FF520-Di02, Semrock) and transferred to the laser-beam scanner by a multi-
edge dichroic beam splitter (DBS3; Di01-R405/488/561/635, Semrock). The laser scanning
section consisted of 2 axises - X-axis scanning with a rotating polygonal mirror with 36
facets (MC-5, aluminum coated, Lincoln Laser) and Y -axis scanning with a galvanometer
scanning mirror (6230H, Cambridge Technology). The two-dimensional raster scanning laser
beam was transferred to the lung of mice through the commercial objective lens
(LUCPLFLN, 20X, NA 0.45, Olympus, LUCPLFLN, 40X, NA 0.6, Olympus,
LCPLFLN100XLCD, 100X, NA 0.85, Olympus). The fluorescence signal emitted from the
lung of the mice on XYZ translational 3D stage (3DMS, Sutter Instrument) were epi-detected
by the objective lens. De-scanned three-color fluorescence signals were spectrally divided by
a dichroic beam splitter (DBS4; FF560-Di01, DBS5; FF649-Di01, Semrock) and then
detected by photomultiplier tubes (PMT; R9110, Hamamatsu) through bandpass filters
(BPF1; FF02-525/50, BPF2; FF01-600/37, BPF3; FF01-685/40, Semrock). The voltage
outputs of each PMTs were digitalized by a 3-channel frame grabber (Solios, Matrox) with 8-
bit resolution at the sampling rate of 10 MHz. Using a custom-written imaging software
based on Matrox Imaging Library (MIL9, Matrox) and Visual C#, video-rate movies were
displayed and recorded in real time at the frame rate of 30Hz and frame size of 512 x 512

pixels.

Intravital Pulmonary Imaging

The detailed description is provided in the previous study [57]. All the mice were
anesthetized with Ketamine (80 mg/kg) and Xylazine (12 mg/kg). After anesthesia, using a
lightning guidewire, intubation with 20 Gauge vascular catheter was performed and

connected to a mechanical ventilator (MouseVent, Kent Scientific). Ventilation was



conducted in the setting of the inspiratory pressure of 24~30 mmHg, a respiratory rate of
120~130 breaths per minute, and a positive-end expiratory pressure of 2 cmH,O. Isoflurane
was delivered with 2% to maintain anesthesia status, and pulse oximetry was applied to
monitor oxygenation and survival status. Thermal probe of the homeothermic system
(RightTemp, Kent Scientific) was introduced into the rectum, and a feedback-regulated
heating pad was used to maintain body temperature at 37.0 °C. Tail vein was cannulated with
a 30-gauge needle attached to the PE-10 tube for intravenous injection of molecular dye and
cell. Then mice were positioned in right lateral decubitus which was followed by dissection
of left thoracotomy. Skin and muscle were dissected until rib exposure and incision was made
between 3rd and 4th rib to exposure pleura. After thoracotomy, previously mentioned
imaging window [58, 59] was applied to the surface of the pleura, and negative suction
pressure (20~30 mmHg) provided by a pump (DOA-P704-AA, GAST) and regulator (NVC

2300a, EYELA) was applied via a tube connected to lung imaging window.

Image Processing

Images were displayed and stored at an acquisition rate of 30 frames per second with 512 x
512 pixels per frame. The real-time image frames were averaged over 30 frames by using a
MATLAB (Mathworks) code to improve contrast and signal-to-noise ratio. To minimize the
motion artifact, each frames were processed with image registration algorithm prior to
averaging. Functional capillary imaging analysis was performed using real-time movie of
DiD-labeled erythrocytes flowing in capillaries. After splitting colors of movie, sequential
images of channels detecting DiD was processed by a median filter with a radius of two
pixels to enhance the signal-to-noise ratio. Maximal intensity projection of 600 to 900 (20 —
30 seconds) frames was generated to show the functional capillary perfused by erythrocytes.

Functional capillary ratio (FCR) was determined by calculating the ratio of functional



capillary area (DiD-labeled RBC) to the total capillary area (vessel area detected by Tie2 or
Dextran signaling). 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 with

IMARIS 8.2 (Bitplane).

Statistical Analysis

All data are presented as mean + standard deviation (S.D.) or median * interquartile range, as
appropriate to represent values of the group respectively. Statistical differences between
means or medians were determined by unpaired 2-tailed Student’s t-test, Mann-Whitney test,
one-way ANOVA with post hoc Holm-Sidak’s multiple comparisons, or Kruskal-Wallis test
with post hoc Dunn’s multiple comparison tests, as appropriate. Statistical significance was

set at P < 0.05, and analysis was performed with Prism 6.0 (GraphPad).
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Supplemental Figure 1. Mapping of functional capillary ratio (FCR) according to
number of frames.

(a) Representative image of functional capillary area revealed by perfusion of DiD-labeled
erythrocyte, anatomical capillary revealed by Tie2+GFP+ endothelial cell, and merged image
according to the number of maximally projected sequential frames. FCR was generated by
calculating the area of anatomical capillary overlapped with the functional capillary area
produced with maximal intensity projection of real-time sequential image of DiD-labeled
erythrocyte. Scale bars, 100 um. (b) Quantification of FCR in each time-projected frames (n

=5 per each group).
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Supplemental Figure 2. Identification of neutrophil aggregates in capillary and
arteriole.

(a) Representative intravital lung imaging of thrombus formation inside capillary. Scale bar,
20 um. (b) Representative intravital lung imaging of thrombus formation in arteriole and (c)

magnified image in b. Scale bars, 100 um in b, and 20 ym in c.
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Supplemental Figure 3. Confirmation of neutrophil depletion in LysMééF”+ model. |
Representative intravital imaging of neutrophil depletion in PBS and LPS and neutrophil
depletion (N-Dep) group. Intravital imaging was performed 6 hours after intraperitoneal PBS
or LPS injection. Intravital imaging of N-dep model was performed 24 hours after
intraperitoneal high-dose of anti-Ly6G antibody injection. Neutrophil depletion was
confirmed by intravital imaging and histological study of H&E section. Remnant LysM+ cell

in N-dep model represents macrophage. Scale bars, 100 pm
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Supplemental Figure 4. Flow cytometry gating strategy to isolate neutrophil.
Representative flow cytometry gating strategy to identify surface expression of neutrophil in

PBS and LPS group.
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Supplemental Figure 5. Assessment of pulmonary edema in Mac-1 inhibition.
Comparisons of wet-to-dry weight ratios of the lung in sham, CLP, CLP with Anti-CD11b,
and CLP with Abciximab treatment group at 6 and 24 hours after lung injury. Significant
amelioration of lung edema by Mac-1 inhibition was identified at 24 hours after injury while
no difference was identified at the early stage of injury (6 hours) [60, 61]. (n = 4 and 6 mice
in 6 hours ; 5, 8, 4, and 7 mice in 24 hours, * P < 0.05, Mann-Whitney test). Data are means

+s.d..
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