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Deficiency of the co-inhibitory receptor, Programmed cell death receptor (PD)-1, provides
a survival benefit in our murine shock/sepsis model for the development of indirect
acute respiratory distress syndrome (IARDS). Further, of clinical significance, patients
that develop ARDS express increased PD-1 on their blood leukocytes. While PD-1
expression and its regulatory role have been associated with mainly T-cell responses,
the contribution of its primary ligand, PD-L1, broadly expressed on non-immune cells
such as lung endothelial cells (ECs) as well as immune cells, is less well-understood.
Here we show that a “priming insult” for iARDS, such as non-lethal hemorrhagic shock
alone, produced a marked increase in lung EC PD-L1 as well as blood leukocyte
PD-1 expression, and when combined with a subsequent “trigger event” (polymicrobial
sepsis), not only induced marked IARDS but significant mortality. These sequelae were
both attenuated in the absence of PD-L1. Interestingly, we found that gene deficiency
of both PD-1 and PD-L1 improved EC barrier function, as measured by decreased
bronchoalveolar lavage fluid protein (i.e., lung leak). However, PD-L1 deficiency, unlike
PD-1, significantly decreased EC activation through the Angiopoietin/Tie2 pathway in
our iARDS mice. Additionally, while PD-1 gene deficiency was associated with decreased
neutrophil influx in our IARDS mice, EC monolayers derived from PD-L1 deficient mice
showed increased expression of EC junction proteins in response to ex vivo TNF-a
stimulation. Together, these data suggest that ligation of PD-1:PD-L1 may play a novel
role(s) in the maintenance of pulmonary EC barrier regulation, beyond that of the classic
regulation of the leukocyte tolerogenic immune response, which may account for its
pathogenic actions in IARDS.
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PD-1: PD-L1 Mediate Responses to iARDS

KEY MESSAGES

e PD-L1 gene deficiency imparts survival benefit to mice with
indirect ARDS

e In ARDS mice, loss of PD-L1 signaling reduces EC Ang-2
release and contributes to restoration of pericyte Ang-1 release

e Hemorrhagic shock increases percentage of PD-17
neutrophils in blood and PD-L1" endothelial cells in
lung

e PD-L1 gene deficiency decreases EC activation/lung tissue
injury (maintains EC junctional integrity)

e Neutrophil expression of PD-L1 is potentiated following influx
to lung in indirect ARDS

INTRODUCTION

Programmed cell death receptor (PD)-1 and its ligand, PD-L1
(B7H1), are primarily known for their roles as negative regulatory
molecules modulating leukocyte activation and sustaining
antigen tolerance (1). PD-1 is broadly expressed in lymphoid
tissue and organs (2-4), and its primary ligand, PD-L1, has
been shown, additionally, to be widely expressed on a variety
of immune and non-immune cells including lung vascular
endothelial cells (ECs) (5).

While many current studies focus on the PD-1:PD-L1
pathway in T-cell immunoregulatory responses, our laboratory
has demonstrated that expression of PD-1 contributes to
mortality in our murine model of hemorrhagic shock (Hem)
priming for the development of indirect acute respiratory distress
syndrome (iARDS) following a subsequent septic challenge
(CLP) (6, 7). This finding is of specific clinical interest since we
have previously reported data showing that trauma intensive care
unit (TICU) patients with lower levels of PD-17 blood leukocytes
have a greater likelihood of surviving ARDS (8). We have also
reported increased PD-1 expression on Ly6G™/neutrophils in
our murine sequential hemorrhagic shock/polymicrobial septic
challenge (cecal ligation & puncture [CLP]) model for the
development of iARDS (4). For this study, further investigating
the interactions between neutrophils and pulmonary vascular
ECs in the pathogenesis of iARDS, we have chosen to focus on
the impact of PD-L1 or PD-1 deficiency on these cells.

ARDS is a complication of trauma characterized by increased
microvascular permeability, pulmonary edema, inflammation,
and neutrophil accumulation in the lung. Advances in supportive

Abbreviations: Ang-1, Angiopoietin-1; Ang-2, Angiopoietin-2; BALE
bronchoalveolar lavage fluid; CLP, cecal ligation and puncture; EC(s), endothelial
cell(s); H, hour(s); Hem, hemorrhage alone; H/C, our mouse model of
hemorrhagic shock (Hem) induced “priming” followed by the induction of sepsis
(CLP) for the development of iARDS; HIV/AIDS, human immunodeficiency
virus/acquired immunodeficiency syndrome; iARDS, indirect acute respiratory
distress syndrome; ICAM-1, intracellular adhesion molecule 1; IL-6, interleukin-6;
IV, intravenous; MCP-1, monocyte chemotaxin protein-1; MIP-2, macrophage
inflammatory protein-2; MPO, myeloperoxidase; PD-1, Programmed cell
death receptor-1 (mice deficient in this gene, PD-1/7); PD-L1, Programmed
cell death receptor ligand-1 (mice deficient in this gene, PD-L17/7); siRNA,
short interference ribonucleic acid; TICU, trauma intensive care unit; Tie2
—tunica intima endothelial receptor tyrosine kinase-2; TNF-a -tumor necrosis
factor-alpha; WT, wild type (background mouse strain); ZO-1 - Zona Occludins-1.

care have reduced mortality associated with ARDS (9), however,
morbidity and long-term survival remain a major concern
(10, 11). ARDS can stem from either direct or indirect/extra-
pulmonary factors; direct ARDS includes pneumonia, aspiration
and lung trauma, while indirect (i) ARDS is associated with
extra-pulmonary sepsis and multisystem trauma (12-14). The
complexity of these multi-systemic factors has likely contributed
to the pathogenesis of IARDS being less well-understood. To this
end, we have investigated a number of proteins associated with
the pathogenesis of iARDS in our murine model (4, 15-17).
Inhibition of neutrophil migration (via antibody and siRNA
blockade of chemokines MIP-2 & KC) decreases indices of
iARDS (15) and EC interaction with hemorrhage-primed
neutrophils plays a significant role in EC activation and release of
Angiopoietin-2 (Ang-2). Ang-2 is an EC growth factor that plays
a significant role in EC loss of function (i.e., edema/increased
microvascular permeability) in the development of iARDS (16).
The extent to which EC PD-L1 expression and/or EC
interaction with PD-1 expressing neutrophils contributes to lung
EC dysfunction encountered during iARDS has not yet been
determined. In this study we investigated the role of co-inhibitory
molecule, PD-L1, as well as the potential contribution of PD-
1:PD-L1 interactions, in the development of iARDS in mice
following hemorrhagic shock and subsequent septic challenge.

METHODS

Mice

Male C57BL/6] mice (Jackson Laboratories, Bar Harbor, ME)
were used for wild-type control (WT). B7-H1/PD-L1 (PD-
L17/7) (18) and PD-17/~ gene deficient mice were generously
provided (see acknowledgments) and colonies maintained in
our animal care facility. All mice used in this study were 7-11
weeks old. Experiments were performed in accordance with NIH
Guidelines for Animal Use and Care and approval from Rhode
Island Hospital Institutional Animal Care and Use Committee
(Providence, RI; AWC# 0125-13 & 0040-16).

Reagents

Antibodies for PD-1, PD-L1 (B7-H1), Ly6G, ICAM-1, CD31,
VE-Cadherin and MIP-2 were obtained from R&D Systems,
Minneapolis, MN; anti-CD31 ELISA kit and mouse CBA
cytokine assay kit (IL-6, TNF-a, MCP-1) from BD Bioscience, San
Diego, CA; and Ang-1 and Ang-2 cytokine assay kits from Life
Sciences Advanced Technologies, St. Petersburg, FL. Tie2 and
phosphorylated Tie2 ELISA kits purchased from R&D Systems,
Minneapolis, MN. All other chemicals were analytical reagent
grade.

Experimental Model of iARDS

A mouse model of hemorrhagic shock induced “priming”
followed by the induction of sepsis for the development of iARDS
[a model with which we have considerable experience and in
which we have shown induces arterial PO,/FIO; (mmHg) of
~150 mmHg by 24 h post-shock/sepsis along with evidence of
protein leak and morphological changes (19)] was used here
(15, 16, 20). Mortality associated with this model is typically

Frontiers in Immunology | www.frontiersin.org

December 2018 | Volume 9 | Article 3030


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Lomas-Neira et al.

PD-1: PD-L1 Mediate Responses to iARDS

60-70% after 48 h post-sepsis (15, 20). Hemorrhage (Hem): As
previously described (15, 20), we used a 90-min, fixed pressure
(35 £ 5 mmHg) Hem followed by resuscitation with Ringers
lactate at 4X drawn blood volume.

Polymicrobial Sepsis (CLP)

Twenty-four post-Hem, sepsis was induced as a secondary
challenge via cecal ligation and puncture (CLP) as previously
described (15, 20). Timing of this secondary insult is based
on our previous findings that hemorrhage “priming” followed
24 H later by CLP produced significantly higher levels of lung
pro-inflammatory cytokines, increased myeloperoxidase (MPO)
activity, and levels of neutrophil specific chemokine, MIP-2, than
when sepsis was induced at later time points (15, 20). Mice
were euthanized 24 H post CLP, and lung tissue and blood was
harvested.

Inasmuch; except for the initial studies presented in Figure 1
where animals were either subjected to hemorrhage alone (Hem)
or a sham protocol (Sham-Hem); WT background control
mice, PD-17/~ , and/or PD-L17~/~ gene deficient mice were
randomized to either Hem/CLP (H/C) or the Sham Hem/CLP
(SH/C) group.

Survival Study

iARDS was induced in WT and PD-L17/~ mice as described
above. Mice were given access to food and water and assessed for
survival over 10-days (2, 21, 22).

Broncho-Alveolar Lavage Fluid (BALF)

BALF was collected to assess protein concentration as an index of
pulmonary vascular permeability (injury) as previously described
(20).

Flow Cytometry (FACS)

Neutrophil and EC expression of PD-L1 or PD-1 was analyzed
at 6 or 12h following Hem by flow cytometry of whole blood
and single-cell suspensions of saline-perfused lung tissue as
previously described (3, 4, 15, 23, 24). Based on forward/side
scatter results for lung ECs, the granulocyte population was
gated out. Neutrophils were characterized as Ly6G™. Expression
of PD-1 or PD-L1 (antibody labeled in whole blood) vs.
dissociated antibody labeled lung tissue was calculated as
%PD-1TLy6G" and %PD-L1TLy6G™, and CD31" (endothelial
cells) in lung tissue, and were determined using a FACSarray
flow cytometer (BD Bioscience, San Jose, CA). Fluorochrome
conjugated antibodies used: anti-Ly6G (clone 1A8), anti-CD-31
(clone 390), anti-B7-H1 (clone MIH5), anti-PD-1 (clone J43).
Single cell suspensions of lung tissue from WT control, PD-
17/=, and PD-L17/~ mice following SH/C or H/C were also
stained to assess EC expression of intercellular adhesion molecule
(ICAM)-1. Cells were incubated with PE-Cy7 labeled rat anti-
mouse CD31 and BV421 labeled hamster anti-mouse ICAM-1
(Miltenyi biotec).

Cytokine/Chemokine Assays
Cytokine/Chemokine Assays on lung tissue homogenates,
plasma, BALF and culture supernatants were performed as per
manufacturer’s protocol.
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FIGURE 1 | Representative dot-plots illustrating how hemorrhagic shock
increased the percentage of PD-1+ LyBG™ neutrophils in peripheral blood
(A,B) and PD-L1T CD31% endothelial cells in lung tissue (C,D). Summary
data document that percentage of PD-11 Ly6G* neutrophils increases early
and significantly at 6 h and continues to increase over the 24 h following Hem
(E). In contrast, the percentage PD-L1+ CD31% endothelial cells increase at
6 h post-Hem but decreases by 24 h post-Hem (F). Mean + SEM,

N = 3/group, *p < 0.05 vs. Sham Hem; #p < 0.05 vs. 6h. One-way ANOVA

and a Tukey’s multiple comparisons test.

Myeloperoxidase (MPO) Activity
To assess neutrophil influx to lung, MPO activity in lung tissue
homogenates was measured as previously described (20, 25).

Mouse Lung Endothelial Cell Isolation for

Culture

Per experiment, for each group, lungs from 5 mice were
enzymatically digested using Miltenyi Biotec (Auburn, CA)
mouse lung dissociation kit and GentleMACs™ Dissociator
protocols. Cells were passed through a 70 um screen, washed
and incubated with mouse CD45 microbeads. CD45% cells
(leukocytes) were depleted using a MACS column and magnetic
field. CD45~ cells/flow through cells were labeled with mouse
CD31 microbeads. CD317" cells were enriched on a MACS
column and magnetic field then eluted from the column
(Miltenyi Biotec). Cells were washed and resuspended in
MCDB131 enriched media (Vec Technologies, Rensselaer, NY),
counted, plated onto gelatin-coated six-well plates and grown to
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confluence. These cells were then used for following different
experiments. (1) Cells were stimulated with TNF-a and assessed
the changes in VE-Cadherin by Western Blot, and changes in
VE-Cadherin/CD31 expression using fluorescent microscopy.
Supernatants were collected, spun down, and assessed for Ang-2
and cytokine release. (2) Culture cells from six-well plates were
trypsinized and plated onto collagen coated glass coverslips to
characterize by fluorescence for von Willebrand factor, acetylated
LDL uptake, and CD31 by immunofluorescent staining. (3)
Culture cells were trypsinized and plated on Lab-Tek Permanox
chambered (8 well) slides at 50,000 cells/per well/treatment in
duplicate, 3 separate slides per experiment. When confluent, cells
were stimulated with TNF-a for 4h and assessed for changes
in CD31/ICAM-1 expression using flow cytometry (FlowJo,
Ashland, OR).

Fluorescence Microscopy

ECs isolated (as described above) from either WT or PD-
L17/~ mouse lungs were grown to confluence on Lab Tek 8
chambered (Permonox) slides coated with 30 ug/ml fibronectin.
EC monolayers were treated with either TNF-a (40 ug/ml) or
PBS for 4h. Cells were fixed, permeabilized and blocked (26)
prior to dual staining for ICAM-1 (Alexa 647)/ VE-Cadherin
(Alexa 488) and VE-Cadherin (Alexa 488)/ ZO-1 (phycoerythrin-
PE). Images were captured with a Nikon Eclipse Ni microscope
with an ANDOR Zysa sCMOS camera using NIS-Elements BR
software.

Western Blot Analysis

CD31, VE-Cadherin, and ZO-1 protein levels from EC
monolayer lysates following TNF-a stimulation was performed
as previously described (27)

Statistical Analysis

Data are expressed as means &= SEM. Statistically significant
differences were determined using OneWay ANOVA, SigmaStat
v2.03 (post-hoc test was Tukey’s). Group means were considered
significantly different when p-values were < 0.05. For survival
study, statistical significance was assessed by Kaplan-Meier
Survival analysis and comparisons were performed by Chi-square
test on each of days post-CLP.

RESULTS

PD-1 Expression on Lung
Ly6G*/Neutrophils Increases Following
Hemorrhagic Shock

We have previously reported that expression of PD-1 on
Ly6G™ /neutrophils increased in mouse lungs following iARDS
(4). Here we show, both in a typical animal’s dissociated
lung-tissue flow cytometry dot-plot (Figures 1A,B) and as
summary data of repeated experiments (Figure 1E), that 24h
following hemorrhage alone (Hem), the percentage of PD-1"
Ly6G*/lung tissue neutrophils increased by 35% compared to
Sham-Hem. This increase is evident as early as 6h post-Hem
(Figure 1E). Of note, while not the focus of this study we also

observed a significant increase in the number of Ly6G~ PD-
1" sub-population. In this respect, we have previously reported
that within this Ly6G~ PD-17 sub-population that we could
detect CD4* PD-17, CD11c* PD-1" but not CD115*PD-17,
B220"PD-1" nor CD317PD-1" cells in the lungs of iARDS
mice (4).

Hemorrhagic Shock Upregulates the
Expression of PD-L1 on Lung Vascular
Endothelial Cells

Flow cytometric analysis of dissociated lung tissue cells 24h
following Hem indicates that PD-L1 expression increased on
CD311/ECs (Figures 1C,D). At 24H, PD-L1 expression on lung
ECs was decreased from 6h measurement, but still elevated
when compared to Sham-Hem (Figure 1F). This 24h post-
Hem time point is significant since, in our model, this is the
time point at which sepsis (CLP), as a secondary challenge is
induced for the development of iARDS. To further investigate
the contribution of increased PD-L1 expression on lung vascular
ECs, we assessed the development of iARDS in our model
using PD-L1 gene deficient mice (PD-L17/~) compared to
WT background control animals and PD-1 deficient (PD-17/7)
mice (4).

PD-L1 Gene Deficiency Imparts a Survival
Benefit to Mice With iARDS

Mice lacking PD-L1 gene expression [much like we previously
reported for PD-1 —/~ mice (4)] exhibit a significant survival
benefit following H/C iARDS compared to WT controls. A 45%
survival benefit was seen at day 3 for PD-L1~/~ mice and this was
sustained until euthanasia on day 10 (Figure 2).

* % % % % % % *
100A—A—A—4A A—A A A A A A
PD-L1+-
80
©
g 60
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o 401 wWT
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" 20
0 T 1 1 1 T 1 T 1 T T
0 2 4 6 8 10

Days Post-H/C

FIGURE 2 | Ten-day percentage (%) survival in PD-L1 =/~ mice (triangles,
n = 12) compared to WT (circles, n = 13) following H/C. *p < 0.05 vs. WT.
Kaplan Meier Survival analysis and comparisons were performed by
Chi-square test on each of 10 days post-CLP.
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Both PD-1 and PD-L1 Gene Deficiency Is
Associated With Reduced Lung Injury

Increased lung micro-vascular permeability is characteristic
pathology in patients and in our experimental model of iARDS
(20, 23). Bronchalveolar lavage fluid (BALF) protein leak was
measured to assess loss of EC barrier function/lung tissue
injury in Hem/CLP (H/C) animals’ lungs compared to Sham
Hem/CLP (SH/C) controls. Both PD-17/~ and PD-L1~/~ mice
had significantly reduced BALF protein levels compared to WT
controls in response to H/C induced iARDS (Figure 3A).

PD-1, but Not PD-L1, Gene Deficiency
Suppresses the Rise in Lung MPO/

Neutrophil Influx

Neutrophil influx into lung tissue is a feature of ARDS pathology
in both the patient population (28) and in our animal model (20,
23). Using MPO activity in the lung tissue to assess neutrophil
influx (20, 23), we found that, as previously described, animals
deficient in the PD-1 gene exhibited an attenuated rise in lung
tissue MPO levels following H/C (4). In contrast, PD-L1~/~ H/C
mouse lung MPO activity was elevated similar to WT H/C mice
(Figure 3B).

Neutrophil Chemokine Protein, MIP-2, Is
Decreased in Lung Tissue and BALF in
PD-L1 ~/— as Well as PD-1-/— Mice
Following iARDS

While neutrophil influx into the lung (increased MPO activity)
did not decrease in PD-L17~/~ mice when compared to PD-
1=/=, MIP-2, in both lung tissue and BALF from PD-1-/~ and
PD-L17/~ mice, was significantly decreased compared WT H/C
controls (Figure 3C).

PD-L1 Gene Deficiency Suppresses Local
Pulmonary Levels of Pro-Inflammatory

Mediators Following iARDS

The levels of lung TNF-a, IL-6, and MCP-1, were consistently
elevated in WT H/C animals’ lung tissue compared to the
respective SH/C group. Only mice deficient in PD-L1 produced
a consistent marked suppression of these mediators, while
attenuation noted with the PD-17/~ H/C mice was less
consistent from a statistical perspective (Figures 4A-C). This
difference between PD-L1~/~ and PD-17/~ was even more overt
when looking at the systemic levels of these same mediators in the
blood/plasma, where again PD-1 gene deficiency had little to no
impact on H/C induced rise in cytokines/chemokines, but lack
of PD-L1 had marked impact (suppression) on the elevation of
these agents (Figures 4D-F).

PD-L1 Gene Deficiency Significantly
Potentiates Expression of ICAM-1 Protein,
on iARDS Mouse Lung Endothelial Cells

Since ICAM-1 is an EC surface protein that mediates firm
adhesion of neutrophils to the activated endothelium (29, 30), we
wondered if changes in EC ICAM-1 expression following H/C
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FIGURE 3 | Concentration of protein in bronchial alveolar lavage fluid (BALF)
as an assessment of lung injury in SH/C and H/C in PD-1 =/=,PD-L1~/~ and
WT Control mice (A). N = 5-7/group; ©p < 0.05 vs. Control H/C; *p < 0.05
vs. respective SH/C. Lung tissue myeloperoxidase activity (MPO) in the lungs
of PD-1=/=, PD-L1~/~ and WT Control mice following SH/C and H/C (B).

N = 3-5/group; *p < 0.05 vs. respective SH/C; &p < 0.05 vs. Control SH/C;
@p < 0.05 vs. Control H/C. Neutrophil chemotactic protein, MIP-2, in lung
tissue and BALF in those same groups (C). Mean + SEM, N = 5-7/group;
@p < 0.05 vs. Control H/C (lung protein); #p < 0.05 vs. Control H/C (BALF).
One-way ANOVA and a Tukey’s multiple comparisons test.

might be associated with the difference in neutrophil recruitment
(MPO; Figure 3B) seen in the PD-L1~/~ animals compared
to PD-17/~. Lung tissue EC expression of ICAM-1 increased
significantly in the PD-L1~/~ SH/C verses H/C groups as well as
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compared to corresponding WT controls (Figure 5). While PD-
17/~ Hem/CLP ICAM-1 was increased compared to H/C WT
control, no significant difference was detected between WT SH/C
and H/C groups (Figure 5).

Deficiency in Either PD-1 or PD-L1 Gene
Expression Attenuates the Marked Rise in
the EC Growth Factor, Angiopoietin (Ang)-2
(but Not Ang-1), as Well as the Changes in
Signaling Through Tie-2 Seen Following
iARDS

Ang-2 is stored as a preformed entity, and when released from
activated ECs, functions in an autocrine fashion, promoting

vessel destabilization, inflammation and vascular permeability
(31, 32). Ang-2 regulation of EC activation is counter-balanced
by the paracrine release of Ang-1, largely derived from local
pericytes, which acts to stabilize ECs and potentiate their survival
via signaling through the tyrosine kinase receptor, Tie2, on ECs
(33, 34). Specific to this, we have recently shown that blocking
Ang-2 improves 10-day survival following H/C induced iARDS
in WT mice (16). Here we observed, with the exception of the
PD-L17/~ H/C mouse group samples (which declined), that
lung tissue Ang-1 protein levels typically did not change in
WT and PD-1"/~ animals subjected to H/C when compared to
SH/C group levels (Figure 6A). Alternatively, unlike WT H/C
mice, where we observed a marked rise in lung tissue Ang-2
levels (corresponding with increased lung tissue injury) when
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FIGURE 5 | ICAM-1 expression on CD311 ECs isolated from lung tissue of
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compared to their respective SH/C group, Ang-2 protein levels
in both the PD-17/~ and PD-L1~/~ iARDS mouse lung tissue
was significantly suppressed when compared to the WT H/C
controls and no changes compared to their respective SH/C
group (Figure 6B). Coincident with a decrease in Ang-2 protein
expression in the lung of PD-1 and PD-L1 gene deficient H/C
mice, we also noted that the marked decline in phosphorylated
Tie2, as a percentage of total Tie2 expression levels, observed
in WT H/C mice was attenuated in the H/C PD-17/~ and
PD-1L~/~ H/C mice (Figure 6C).

Neutrophil Expression of PD-L1, Not PD-1,
Is Potentiated Following Migration Into
Lung Tissue in iARDS

We have previously shown that neutrophil/EC interactions play
an important role in EC loss of (barrier) function in iARDS (16).
In addition, we have shown that depletion of peripheral blood
neutrophils prior to H/C significantly decreases indices of lung
injury (decreased BALF protein) and EC activation (decreased
Ang-2 protein) in our iARDS mice (16). In previous experiments
in our lab, we have identified PD-1 expression on peripheral
blood neutrophils (4) and in this study we characterized PD-1
expression on neutrophils that have trans-migrated into the lung
following hemorrhage (Figures 1A,B).

The expression of PD-L1 on neutrophils has been reported by
other laboratories in response to inflammation in autoimmune
disease and infection (35, 36). However, to address the extent that
PD-L1 expression on neutrophils might also be playing a role
in the development of iARDS, we further investigated changes
in PD-1 and PD-L1 expression on neutrophils immigrating into
the lungs. To do this, we compared PD-1 and PD-L1 expression
on peripheral blood neutrophils (Figure 7A) vs. neutrophils that
had trans-migrated into the lungs (Figure 7B). The percentage
of PD-1"Ly6G™ neutrophils increased in both peripheral blood
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and lung tissue following H/C when compared to hemorrhage
(Hem) only (Figures 7A,B). However, while the percentage
of PD-L1TLy6G" neutrophils decreased in peripheral blood
following H/C, neutrophils that had transmigrated into the lung
showed significantly increased frequency of cells expressing PD-
L1 (Figures 7A,B).

PD-L1 Gene Deficiency Differentially
Regulates ex vivo EC Capacity to Release
Angiopoietin-2 vs. Cytokine, IL-6, and the
Neutrophil Chemokine, MIP-2

Having found changes in indices associated with the development
of iARDS in our model specific to the PD-L1~/~ phenotype,
we further characterized lung ECs from PD-L17/~ mice
in vitro. ECs were isolated from WT or PD-L1 gene deficient

mouse lungs, grown to confluence, and stimulated with either
TNF-a (40ng/ml), Thrombin (1 U/ml) to assess vascular
injury verses inflammatory response, or culture media for
Control. Of significance to our study here, neither TNF-a nor
Thrombin treatment increased Ang-2 release from PD-L17/~
ECs (Figure 8A). This matches our in vivo lung tissue findings
from PD-L1~/~ H/C mice (Figure 6B). Also, consistent with
H/C (iARDS) mouse lung tissue, increased MIP-2 was measured
in the supernatant from isolated pulmonary PD-L1~/~ ECs
following TNF-a stimulation (Figure 8C). Interestingly, while
TNF-a stimulation increased IL-6 release by both WT and PD-
L1~/~ ECs, supernatant IL-6 was significantly elevated by TNF-a
treatment of PD-L1~/~ ECs (Figure 8B).

PD-L1 Gene Deficiency Attenuates EC
Induced Changes in Adherence Junction
Protein Expression Seen in Response to
iARDS

To further investigate the potential mechanism(s) imparting
improved iARDS survival in PD-L1 gene deficient mice, we
examined changes in the expression of EC cell-cell adhesion
protein, VE-cadherin, and an Occludins tight junction signaling
protein, Zona Occludins (ZO)-1. The decrease in lung tissue VE-
Cadherin observed following H/C in the WT mice was abrogated
in the PD-L1~/~ H/C mice (Figure 9A). In addition, ZO-1
protein was significantly increased in PD-L17/~ H/C lung ECs
compared to WT H/C (Figure 9B).

To visualize these results, using fluorescence microscopy, we
examined WT and PD-L1~/~ mouse derived lung EC monolayer
expression of VE-cadherin and ZO-1 following 4-h stimulation
with TNF-a or media. Expression of these proteins (Figure 9C),
associated with maintenance of EC barrier functions, were
decreased in TNF-a treated EC monolayers derived from WT
mice (Figure 9D). In contrast, VE-cadherin expression on EC
monolayers derived from PD-L1~/~ mice were similar to their
non-stimulated controls (Figure 9C, WT and Figure 9E, PD-
L17/7) and ZO-1 staining appeared to increase (Figure 9F).

DISCUSSION

The ubiquitous expression of PD-1 on immune cells and PD-L1
on immune, as well as non-immune cell populations in many
tissues and organs suggests a broader role for these molecules
than the frequently reported T-cell immune regulatory responses.
We have previously shown that PD-1 plays a role in potentiating
the morbidity and mortality, associated with sepsis and iARDS,
that we observe in our hemorrhagic shock (Hem) and/or CLP
challenged mice (2, 4). Furthermore, our laboratory and other
investigators have documented that in patients with severe septic
shock, ARDS or severe injury (as determined by increased
APACHE 2 scores), peripheral blood T-cells and monocytes
exhibit a marked increase in PD-1 and PD-L1 expression (2, 8,
37-39). Importantly, in patients who have recently succumbed to
sepsis, there is evidence of increased lung tissue PD-L1 expression
at post-mortem assessment (40). However, as this clinical data is
correlative in nature, in this study we employed our mouse model
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of hemorrhagic shock-induced priming for the development Our initial findings showed that following hemorrhage alone

of iARDS following septic challenge to investigate the role of  (Hem), expression of PD-1 and PD-LI increased on Ly6G*
pulmonary PD-L1 and/or PD-1 expression in the development  neutrophils (Figures 1A,B) and CD317" lung cells, respectively
iARDS. (Figures 1C,D). Despite our previous observations that a
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significant influx of neutrophils in the lungs is not seen 24h
post-hemorrhage (20, 41), we were able to confirm an increase in
Ly6G™ PD-17 (neutrophils) expression between 6 and 24 h post-
Hem (Figure 1E). Interestingly, PD-L1 expression on CD31"
ECs decreased overall (Figure 1F). This could potentially speak
to the distinctive activation patterns of “priming” in these 2 cell
populations and/or kinetics of PD-1/PD-L1 expression.

To better characterize the contribution of PD-L1 expression,
the response of PD-L17/~ mice were compared to that of
PD-17/~ or WT background animals in our model of H/C
induced iARDS. Our initial question was whether PD-L1 gene
expression, as we had previously shown for PD-1 gene deficiency
(4), influenced iARDS mortality. Similar to PD-1 gene deficient
animals (28), PD-L1 gene deficiency also provided a significant
10-day survival benefit to mice following iARDS (Figure 2).
We next compared indices of lung injury and inflammation
associated with iARDS in our model. Consistent with improved
survival, a significant decrease in BALF protein (vascular
permeability) was seen in both PD-17/~ and PD-L1~/~ iARDS
mice compared to WT controls (Figure 3A). However, this
vascular leakage appears to be independent of neutrophil influx
into lungs since deficiency of the PD-1 gene suppressed the
rise in lung MPO activity, but no difference in MPO activity
was observed between PD-L17/~ and WT background control
H/C mice (Figure 3B). In contrast to MPO data, neutrophil
chemotactic protein, MIP-2, was significantly decreased in both
lung tissue and BALF derived from PD-17/~ as well as PD-L17~/~
H/C mice when compared to WT H/C animals (Figure 3C).

One possible factor that could account for unchecked
neutrophil influx (MPO) in conjunction with significantly
decreased neutrophil chemotactic protein, MIP-2, in PD-L1~/~
H/C mice may be the concurrent increase in ICAM-1lexpression
on PD-L17/~ H/C ECs (Figure5). ICAM-1 expression on
pulmonary vascular ECs typically increases during inflammation,
serving to increase neutrophil adhesion and migration from
the vasculature into the tissue (42, 43). Decreased ICAM-1 in
the absence of neutrophil expression of PD-1 and conversely,
increased ICAM-1 in the absence of PD-L1 gene expression
on EC interacting neutrophils suggests that PD-L1 and/or
signaling resulting from PD-1:PD-L1 ligation may play a role in
maintenance/regulation of quiescent endothelium by decreasing
neutrophil adherence and EC stimulation.

A decrease in neutrophil:EC interactions propagating the
inflammatory response (and decreased vascular permeability) in
PD-L17/~ mice may also contribute to the general suppression
of pro-inflammatory mediators. Local and systemic levels
of TNF-a, IL-6 and MCP-1 decrease in PD-L17/~ mice
following H/C compared to PD-17/~ H/C and WT control
(Figures 4A-F). As we describe in Figure 1, the percentage of
PD-1" neutrophil and PD-L1" lung ECs increase following
hemorrhage as compared to Sham/Hem, potentially contributing
to the dysregulated responsiveness or “priming” (sequestration
and delayed apoptosis) of migrating neutrophils and loss of
endothelial barrier function we see in our model following a
subsequent septic challenge (19, 21). Loss of PD-1 expression
may improve survival by contributing to the resolution of the
inflammatory response while PD-L1 gene deficiency appears to

more closely impact EC function, potentially associated with EC
activation and Ang/Tie2 signaling pathway.

Endothelial growth factors, Angiopoietin-1 and -2 have been
shown to regulate angiogenesis, cell survival and EC response
to inflammatory mediators (16, 44-46). This occurs through
regulated expression of Ang-1, Ang-2 and their binding to a
shared receptor tyrosine kinase-2, Tie2, predominantly expressed
on ECs (47, 48). Ang-2/Tie2 binding is associated with increased
vascular permeability and decreased Tie2 phosphorylation, and
has been reported to be significantly elevated in patients
with ARDS and in our experimental model of iARDS (16).
In this respect, as we have recently shown that the release
of Ang-2 detected in animals subjected to H/C (as well as
the associated rise in lung BALF protein leak) appears to
be affected by pulmonary EC/ neutrophil interaction (16).
We hypothesized that the expression of the either the PD-1
and/or the PD-L1 gene product could alter these important
EC growth factors involved in maintaining vascular function.
To assess PD-L1 and PD-1’s potential contribution to Ang-
1:Ang-2/Tie2 mediated endothelial activation in response to
iARDS, we measured protein levels of Ang-1 and Ang-2 in
PD-17/~ and PD-L17/~ gene deficient mice following H/C
induced iARDS. While Ang-1 levels in both the WT background
control H/C and the PD-1"/~ H/C mice decreased (when
compared to their respective SH/C controls) there was a small
but statistically significant increase in the PD-L17/~ H/C mouse
Ang-1 levels (Figure 6A). However, deficiency in either PD-1 or
PD-L1 markedly attenuated the rise in lung tissue Ang-2 levels
(Figure 6B), while restoring the downstream signaling via Tie2
(phosphorylated-Tie2 as a percentage of total Tie2) that was lost
in WT H/C mice (again, as compared to each groups respective
SH/C controls)(Figure 6C). This data implies that the effects of
PD-1:PD-L1 interaction/signaling on the Ang/Tie2 pathway are
more likely directed at the regulation of EC activation. Relative
to EC activation through the Ang/Tie2 pathway, pericytes on
the abluminal surface of vascular ECs contribute significantly
to the modulation of EC activation through the release of Ang-
1 (49). Pericytes may be contributing indirectly to the survival
benefit seen for PD-L17/~ iARDS mice here, as the anti-
inflammatory/vascular stabilizing EC phenotype associated with
Ang-1 was not decreased in PD-L1~/~ H/C lung tissue compared
to PD-17/~ or WT H/C. How the pericyte’s capacity to release
Ang-1 might be affected by H/C is not well-understood, but it
may be related to neutrophil/EC interactions driving pericyte
dissociation from activated endothelium and the subsequent
decrease in Ang-1 available to bind to Tie2. We have shown that
neutrophil depletion prior to H/C restores Ang-1 expression to
SH/C levels (19), similarly reducing loss of function.

Our laboratory has reported lower blood leukocyte PD-
1 expression associated with improved patient survival from
ARDS (4). Alternatively, PD-L1 has been shown to be over-
expressed by neutrophils in the blood of patients with active
tuberculosis infection (35) and HIV/AIDS (36); thus, suggesting
that increased PD-1 and/or PD-L1 expression may be associated
with a failure to control disease pathology. A comparison of
PD-1 vs. PD-L1 expression on peripheral blood neutrophils vs.
neutrophils that had trans-migrated into lung tissue showed
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that %PD-1TLy6G™ expression increased in both peripheral
blood and lung tissue following H/C compared to WT controls.
However, while percentage of PD-L1TLy6G™ cells decreased
in peripheral blood following H/C (Figure7A), this trend
was reversed on the trans-migrated neutrophils (Figure 7B).
Interestingly, an increase in the total % PD-1TLy6G™ and
%PD-L1"TLy6G™ cells was seen in lung tissue vs. blood. While
the functional significance of these changes in PD-1/PD-L1
expression on these neutrophil populations has yet to be fully
elucidated, these data imply that the trans-migrated neutrophil,
which appears in the injured lung in response to H/C induced
iARDS, may be the result of either a selective recruitment
of a given sub-population of neutrophils (PD-1* vs. PD-
L1%) to actively diapedesis or alternatively, expression of a
differentiating phenotype that appears as a result of specific PD-
1:PD-L1 interactions during diapedesis (neutrophil/EC) and/or
interactions occurring within the lung microenvironment.

With this stated, as PD-L1 is not known to possess the
same type of signaling motifs, e.g., ITIM, ITSM, SHP and/or
GB2 motifs, as seen with PD-1 and other related members
of this co-inhibitor family. One would therefore speculate
that recruitment/association of a novel signaling protein(s) is
required. However, how this might occur is unclear at present,
and beyond the scope of this study, but cross-linking PD-L1
has (independent of signaling mediated by PD-1) been recently
shown to not only potentiate the process of apoptotic cell death
in the PD-L1 expressing target cells, but such ligation also up-
regulated interferon production (50).

To better characterize the potential contribution(s) of PD-L1
to Ang-2/Tie2 regulation of EC barrier function, we compared
isolated lung ECs from WT and PD-L1~/~ mice in in vitro cell
culture. Supernatants collected from EC monolayers following
stimulation with Thrombin or TNF-a showed that PD-L1 gene
deficiency did not impact EC release of neutrophil chemokine,
MIP-2 (Figure 8C). This is consistent with in vivo findings
showing no change in lung tissue MPO (neutrophil influx to
lung) (Figure 3B). In contrast to in vivo lung tissue and plasma
data, a significant increase in IL-6 was measure in PD-L1~/~ EC
supernatant compared to WT (Figure 8B), this may be a result
of the isolated culture environment and lack of signaling from
cells typically associated with the endothelium. Ang-2 release,
similar to our findings in lung tissue from H/C iARDS mice, was
significantly reduced in stimulated PD-L1~/~ ECs (Figure 8A).

Immuno-fluorescent microscopy and Western Blot analysis
of junction proteins associated with EC barrier integrity
provide further data supporting the survival benefit seen for
PD-L1~/~ iARDS mice. VE-cadherin is an adherens junction

REFERENCES
1. Francisco LM, Sage PT, Sharpe AH. The PD-1 pathway in
tolerance and autoimmunity. Immunol Rev. (2010) 236:219-42.

doi: 10.1111/j.1600-065X.2010.00923.x
2. HuangX, Venet F, Wang YL, Lepape A, Yuan Z, Chen Y, et al. PD-1 expression
by macrophages plays a pathologic role in altering microbial clearance and

protein important in maintaining EC barrier function. Loss of
VE-cadherin expression is associated with increased vascular
permeability (51). ZO-1 is a protein associated with the occludins
tight junction family (52). Both of these proteins complex with
the actin cytoskeleton maintaining EC junctional integrity.
EC monolayers from PD-L1~/~ mice show no loss of VE-
cadherin or ZO-1 expression following TNF-a stimulation when
compared to WT ECs (Figures 9A,B). Western Blot analyses
of cells harvested from non-fixed monolayers confirm these
findings (Figures 9C,D). This in vitro cell culture data further
suggest that PD-L1 expression may contribute to downstream
EC activation/reprogramming, EC:neutrophil interactions,
altered release of Ang-2 and the loss of vascular barrier
integrity.

Taken together, these findings also imply that PD-
1:PD-L1 interactions have a potential role(s) in not only
leukocyte:leukocyte, but leukocyte:non-immune cell interactions
in the pathogenesis of experimental iARDS; presenting potential
novel therapeutic targets in the treatment of ARDS.

AUTHOR CONTRIBUTIONS

JL-N designed research and experiments, and wrote manuscript.
JL-N and XH performed research and data analysis. SM, EE, C-SC
and AA performed data analysis and contributed to manuscript
writing, editing and revision.

FUNDING

This work was funded in part by NIH-NIGMS P20GM103625
(JL-N and SM), NIH-NIGMS R35GM118097 (AA); start-
up funding from the Department of Surgery, Rhode Island
Hospital (SM); the C. James Carrico Faculty Research Fellowship
Award- American College of Surgeons (SM); the Deans
Emerging Area of New Science Award from Brown University
(SM); an Armand D. Versaci Research Scholar in Surgical
Sciences Fellowship (EF) and a Surgical Infection Society
Foundation-Basic & Translational Research Fellowship award
(EF).

ACKNOWLEDGMENTS

The authors acknowledge Dr. Lieping Chen (Yale University,
New Haven, CT) for providing B7-H1~/~ (PD-L17/~) mice, Dr.
Tasuku Honjo (Kyoto University, Kyoto, Japan) and Dr. Megan
Sykes (Massachusetts General Hospital, Transplantation Biology
Research Center, Boston, MA) for providing PD-17/~ mice.

the innate inflammatory response to sepsis. Proc Natl Acad Sci USA. (2009)
106:6303-8. doi: 10.1073/pnas.0809422106

3. Monaghan SE Thakkar RK, Tran ML, Huang X, Ciofi WG, Ayala
A, et al. Identification of B7-H1 as a novel mediator of the innate
immune/proinflammatory response a possible myeloid
cell prognostic biomarker in sepsis. J Immunol. (2014) 192:1091-9.
doi: 10.4049/jimmunol.1302252

a well as

Frontiers in Immunology | www.frontiersin.org

11

December 2018 | Volume 9 | Article 3030


https://doi.org/10.1111/j.1600-065X.2010.00923.x
https://doi.org/10.1073/pnas.0809422106
https://doi.org/10.4049/jimmunol.1302252
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Lomas-Neira et al.

PD-1: PD-L1 Mediate Responses to iARDS

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

. Monaghan SE, Thakkar RK, Heffernan DS, Tran HL, Huang X, Chung CS,

et al. Mechanisms of indirect acute lung injury: a novel role for the co-
inhibitory receptor, programmed death-1 (PD-1). Ann Surg. (2012) 255:158-
64. doi: 10.1097/SLA.0b013e31823433ca

. Eppihimer MJ, Gunn J, Freeman GJ, Greenfield EA, Chernova T, Erickson

J, et al. Expression and regulation of the PD-L1 immunoinhibitory
molecule on microvascular endothelial cells. Microcirculation (2002) 9:133—
45. doi: 10.1080/713774061

. Venet F Chung C-S, Huang X, Lomas-Neira ], Chen Y, Ayala A, et al.

Lymphocytes in the development of lung inflammation: a role for regulatory
CD4+ T cells in indirect pulmonary lung injury. ] Immunol. (2009) 183:3472—
80. doi: 10.4049/jimmunol.0804119

. Tang L, Bai J, Chung C-S, Lomas-Neira J, Chen Y, Huang X, et al.

Active players in resolution of shock/sepsis induced indirect lung
injury:immunomodulatory effects of Tregs and PD-1. ] Leukoc Biol.
(2014) 96:809-20. doi: 10.1189/jlb.4MA1213-647RR

. Monaghan SE Thakkar RK, Tran ML, Huang X, Cioffi WG, Ayala A, et al.

Programmed death 1 expression as a marker for immune and physiological
dysfunction in the critically ill surgical patient. Shock (2012) 38:117-22.
doi: 10.1097/SHK.0b013e31825de6a3

. Pham T. Rubenfield fifty years of research in ARDS, the epidemiology of acute

respiratory distress syndrome, a 50th birthday review. Am J Respir Crit Care
Med. (2017) 195:860-70. doi: 10.1164/rccm.201609-1773CP

Angus DC, Musthafa AA, Clermont G, Griffin ME Linde-Zwirble WT,
Dremsizov TT, et al. Quality-adjusted survival in the first year after the
acute respiratory distress syndrome. Am ] Respir Crit Care Med. (2001)
163:1389-94. doi: 10.1164/ajrccm.163.6.2005123

Schmidt M, Zogheib E, Roze H, Repesse X, Lebreton G, Luyt CE,
et al. The preserve mortality risk score and analysis of long-term
outcomes after extracorporeal membrane oxygenation for severe acute
respiratory distress syndrome. Intensive Care Med. (2013) 39:1704-13.
doi: 10.1007/s00134-013-3037-2

Ware LB, Matthay MA. The acute respiratory distress syndrome. N Engl ] Med.
(2000) 342:1334-9. doi: 10.1056/NEJM200005043421806

Gordon D. Incidence and outcomes of acute lung injury. NEJM (2005)
353:1685-93. doi: 10.1056/NEJM0a050333

Pelosi P, D’Onofrio D, Chiumello D, Paolo S, Chiara G, Capelozzi VL, et al.
Pulmonary and extrapulmonary acute lung respiratory distress syndrome are
different. Eur Resp J. (2006) 22:48s—56s. doi: 10.1183/09031936.03.00420803
Lomas JL, Chung CS, Grutkoski PS, LeBlanc BW, Lavigne L, Reichner J, et al.
Differential effects of macrophage inflammatory protein-2 and keratinocyte-
derived chemokine on hemorrhage-induced neutrophil priming for lung
inflammation: assessment by adoptive cell transfer in mice. Shock (2003)
19:358-65. doi: 10.1097/00024382-200304000-00011

Lomas-Neira J, Venet F, Chung C-S, Thakkar RK, Heffernan DS, Ayala
A. Neutrophil-endothelial interactions mediate angiopoietin-2 associated
pulmonary cell dysfunction in idirect ALI in mice. Am J Respir Cell Mol Biol.
(2014) 50:193-200. doi: 10.1165/rcmb.2013-01480C

Tang L, Bai ], Chung CS, Lomas-Neira ], Chen Y, Huang X, et al. Programmed
cell death ligand 1 regulates the regulatory T cells' capacity to repress
shock/sepsis induced indirect acute lung injury by recruiting phosphatase SRC
homology region 2 domain-containing phosphatase 1. Shock (2015) 43:47-54.
doi: 10.1097/SHK.0000000000000247

Dong H, Strome SE, Salomao DR, Tamura H, Hirano E Flies DB, et al.
Tumor-associated B7-H1 promotes T-cell apoptosis: a potential mechanism
of immune evasion. Nat Med. (2002) 8:793-800. doi: 10.1038/nm730
Lomas-Neira J, Heffernan DS, Ayala A, Monaghan SF. Blockade of endothelial
growth factor, Angiopietin-2, reduces indices of ARDS and mortality in mice
resulting from the dual-insults of hemorrhagic shock and sepsis. Shock (2016)
45:157-65. doi: 10.1097/SHK.0000000000000499

Lomas-Neira ], Chung CS, Grutkoski P, Dunican AL, Simms HH,
Cioffi WG, et al. Divergent roles of murine neutrophil chemokines in
hemorrhage induced priming for acute lung injury. Cytokine (2005) 31:169-
79. doi: 10.1016/j.cyt0.2005.04.005

Perl M, Chung CS, Perl U, Lomas-Neira JL, De Paepe ME, Cioffi WG, et al.
Fas induced pulmonary apoptosis and inflammation during extrapulmonary
acute lung injury. Am J Respir Crit Care Med. (2007) 176:591-601.
doi: 10.1164/rccm.200611-17430C

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Wesche-Soldato DE, Chung CS, Lomas-Neira ], Gregory SH, Ayala A. In vivo
delivery of caspase 8 siRNA improves the survival of septic mice. Shock (2004)
21 Suppl. 2:23. doi: 10.1097/00024382-200406002-00066

Lomas-Neira J, Chung C-S, Perl M, Gregory S, Biffl W, Ayala A. Role
of alveolar macrophage and migrating neutrophils in hemorrhage-induced
priming for ALI subsequent to septic challenge. Am ] Physiol. (2006) 290:L51-
8. doi: 10.1152/ajplung.00028.2005

Ware LB. Pathophysiology of acute lung injury and the acute respiratory
distress syndrome. Semin Respir Crit Care Med. (2006) 27:337-49.
doi: 10.1055/s-2006-948288

Lomas-Neira JL, Chung C-S, Wesche DE, Perl M, Ayala A. In vivo gene
silencing (with siRNA) of pulmonary expression of MIP-2 versus KC results
in divergent effects on hemorrhage-induced, neutrophil-mediated septic acute
lung injury. ] Leukocyte Biol. (2005) 77:1-8. doi: 10.1189/j1b.1004617

Perl M, Chung CS, Lomas-Neira J, Rachel TM, Biffl WL, Cioffi WG,
et al. Silencing of Fas- but not caspase-8 in lung epithelial cells
ameliorates pulmonary apoptosis, inflammation, and neutrophil influx
after hemorrhagic shock and sepsis. Am ] Pathol. (2005) 167:1545-59.
doi: 10.1016/50002-9440(10)61240-0

Wesche-Soldato DE, Chung CS, Lomas-Neira JL, Doughty LA, Gregory SH,
Ayala A. In vivo delivery of caspase 8 or Fas siRNA improves the survival of
septic mice. Blood (2005) 106:2295-301. doi: 10.1182/blood-2004-10-4086
Parsey MV, Kaneko D, Shenkar R, Abraham E. Neutrophil apoptosis in
the lung after hemorrhage or endotoxemia: apoptosis and migration are
independent of IL-1 beta. Clin Immunol. (1999) 91:219-25.

Feltes CM, Hassoun HT, Lie ML, Cheadle C, Rabb H. Pulmonary endothelial
cell activation during experimental acute kidney injury. Shock (2011) 36:170-
6. doi: 10.1097/SHK.0b013e3182169¢76

McEver RP. Selectins: initiators of leukocyte adhesion and signaling at the
vascular wall. Cardiovasc Res. (2015) 107:331-9. doi: 10.1093/cvr/cvv154
Daly C, Pasnikowski E, Burova E, Wong V, Aldrich TH, Griffiths J,
et al. Angiopoietin-2 functions as an autocrine protective factor in stressed
endothelial cells. PNAS (2006) 103:15491-6. doi: 10.1073/pnas.0607538103
Hegen A, Koidl S, Weindel K, Marme D, Augustin HG, Fiedler U. Expression
of angiopoietin-2 in endothelial cells is controlled by positive and negative
regulatory promoter elements. Arterioscler Thromb Vasc Biol. (2004) 24:1803-
9. doi: 10.1161/01.ATV.0000140819.81839.0e

Suri C, Jones PE Patan S, Bartunkova S, Maisonpierre PC, Davis
S, et al. Requisite role of angiopoietin-1, a ligand for the TIE2
receptor, during embryonic angiogenesis. Cell (1996) 87:1171-80.
doi: 10.1016/50092-8674(00)81813-9

Thurston G, Suri C, Smith K, McClain J, Sato TN, Yancopoulos
GD, et al. Leakage-resistant blood vessels transgenically
overexpressing angiopoietin-1. Science 286:2511-4.
doi: 10.1126/science.286.5449.2511

McNab FW, Berry MPR, Graham CM, Block SAA, Oni T, Wilkinson KA,
et al. Programmed death receptor 1 is over-expressed by neutrophils in the
blood of patients with active tuberculosis. Eur | Immunol. (2011) 41:1941-7.
doi: 10.1002/eji.201141421

Bowers NL, Helton ES, Huijbregts RP, Goepfert PA, Heath SL, Hel Z. Immune
suppression by neutrophils in HIV-1 infection: role of PD-L1/PD-1 pathway.
PLOS Pathog. (2014) 10:e1003993. doi: 10.1371/journal.ppat.1003993
Laudanski K, Miller-Graziano C, Xiao W, Mindrinos MN, Richards DR, De
A, et al. Cell-specific expression and pathway analyses reveal alterations in
trauma-related human T cell and monocyte pathways. Proc Natl Acad Sci USA.
(2006) 103:15564-9. doi: 10.1073/pnas.0607028103

Guignant C, Lepape A, Huang X, Kherouf H, Denis L, Poitevin E et al.
Programmed death-1 levels correlate with increased mortality, noscomial
infection and immune dysfunction in septic shock patients. Crit Care (2011)
15:R99. doi: 10.1186/cc10112

Zhang Y, Li ], Lou ], Zhou Y, Bo L, Zhu J, et al. Upregulation of programmed
death-1 on T cells and programmed death ligand-1 on monocytes in septic
shock patients. Crit Care (2011) 15:R70. doi: 10.1186/cc10059

Hotchkiss RS, Monneret G, Payen D. Immunosuppression in sepsis: a novel
understanding of the disorder and new therapeutic approach. Lancet Infect
Dis. (2013) 13:260-8. doi: 10.1016/S1473-3099(13)70001-X

Ayala A, Chung CS, Lomas JL, Song GY, Doughty LA, Gregory SH, et al. Shock
induced neutrophil mediated priming for acute lung injury in mice: divergent

in mice

(1999)

Frontiers in Immunology | www.frontiersin.org

December 2018 | Volume 9 | Article 3030


https://doi.org/10.1097/SLA.0b013e31823433ca
https://doi.org/10.1080/713774061
https://doi.org/10.4049/jimmunol.0804119
https://doi.org/10.1189/jlb.4MA1213-647RR
https://doi.org/10.1097/SHK.0b013e31825de6a3
https://doi.org/10.1164/rccm.201609-1773CP
https://doi.org/10.1164/ajrccm.163.6.2005123
https://doi.org/10.1007/s00134-013-3037-2
https://doi.org/10.1056/NEJM200005043421806
https://doi.org/10.1056/NEJMoa050333
https://doi.org/10.1183/09031936.03.00420803
https://doi.org/10.1097/00024382-200304000-00011
https://doi.org/10.1165/rcmb.2013-0148OC
https://doi.org/10.1097/SHK.0000000000000247
https://doi.org/10.1038/nm730
https://doi.org/10.1097/SHK.0000000000000499
https://doi.org/10.1016/j.cyto.2005.04.005
https://doi.org/10.1164/rccm.200611-1743OC
https://doi.org/10.1097/00024382-200406002-00066
https://doi.org/10.1152/ajplung.00028.2005
https://doi.org/10.1055/s-2006-948288
https://doi.org/10.1189/jlb.1004617
https://doi.org/10.1016/S0002-9440(10)61240-0
https://doi.org/10.1182/blood-2004-10-4086
https://doi.org/10.1097/SHK.0b013e3182169c76
https://doi.org/10.1093/cvr/cvv154
https://doi.org/10.1073/pnas.0607538103
https://doi.org/10.1161/01.ATV.0000140819.81839.0e
https://doi.org/10.1016/S0092-8674(00)81813-9
https://doi.org/10.1126/science.286.5449.2511
https://doi.org/10.1002/eji.201141421
https://doi.org/10.1371/journal.ppat.1003993
https://doi.org/10.1073/pnas.0607028103
https://doi.org/10.1186/cc10112
https://doi.org/10.1186/cc10059
https://doi.org/10.1016/S1473-3099(13)70001-X
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Lomas-Neira et al.

PD-1: PD-L1 Mediate Responses to iARDS

42.

43.

44,

45.

46.

47.

48.

effects of TLR-4 and TLR-4/FasL deficiency. Am ] Pathol. (2002) 161:2283-94.
doi: 10.1016/S0002-9440(10)64504-X

Mulligan MS, Watson SR, Fennie C, Ward PA. Protective effect of selectin
chimeras in neutrophil-mediated lung-injury. ] Immunol. (1993) 151:6410-7.
Martinez-Mier G, Toledo-Pereyra LH, Ward PA. Adhesion molecules
in liver ischemia and reperfusion. ] Surg Res. (2000) 94:185-94.
doi: 10.1006/jsre.2000.6006

Sato TN, Tozawa Y, Deutsch U, Wolburg-Buchholz K, Fujiwara Y, Gendron-
Maguire M, et al. Distinct roles of the receptor tyrosine kinases tie-1 and tie-2
in blood vessel formation. Nature (1995) 376:70-4. doi: 10.1038/376070a0
Maisonpierre PC, Suri C, Jones PF, Bartunkova S, Wiegand SJ, Radziejewski
C, et al. Angiopoietin-2, a natural antagonist for tie2 that disrupts in vivo
angiogenesis. Science (1997) 277:55-60. doi: 10.1126/science.277.5322.55
Lemieux C, Maliba R, Favier ], Théorét JE Merhi Y, Sirois MG.
Angiopoietins can directly activate endothelial cells and neutrophils
to promote proinflammatory responses. Blood (2005) 105:1523-30.
doi: 10.1182/blood-2004-09-3531

Teichert-Kuliszewska K, Maisonpierre PC, Jones N, Campbell AI, Master Z,
Bendeck MP, et al. Biological action of angiopoietin-2 in a fibrin matrix model
of angiogenesis is associated with activation of Tie2. Cardiovasc Res. (2000)
49:659-70. doi: 10.1016/S0008-6363(00)00231-5

Gale NW, Thurston G, Hackett SF, Renard R, Wang Q, McClain J,
et al. Angiopoietin-2 is required for postnatal angiogenesis and lymphatic
patterning, and only the latter role is rescued by angiopoietin-1. Dev Cell
(2002) 3:411-23. doi: 10.1016/S1534-5807(02)00217-4

49.

50.

51.

52.

Ayres-Sander CE, Lauridsen H, Maier CL, P, Pober JS.
Transendothelial ~migration enables subsequent transmigration of
neutrophils through underlying pericytes. PLoS ONE (2013) 8:¢60025.
doi: 10.1371/journal.pone.0060025

Ikebuchi R, Konnai S, Okagawa T, Yokoyama K, Nakajima C, Suzuki
Y, et al. Influence of PD-L1 cross-linking on cell death in PD-L1-
expressing cell lines and bovine lymphocytes. Immunology (2014) 142:551-61.
doi: 10.1111/imm.12243

Dejana E. Endothelial cell-cell junctions: happy together. Nat Rev Mol Cell
Biol. (2004) 5:261-70. doi: 10.1038/nrm1357
Dudek SM, Garcia JG. Cytoskeletal
vascular permeability. Am ] Appl Physiol.
doi: 10.1152/jappl.2001.91.4.1487

Sava

regulation
(2001)

of pulmonary
91:1487-500.

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Lomas-Neira, Monaghan, Huang, Fallon, Chung and Ayala.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Immunology | www.frontiersin.org

13

December 2018 | Volume 9 | Article 3030


https://doi.org/10.1016/S0002-9440(10)64504-X
https://doi.org/10.1006/jsre.2000.6006
https://doi.org/10.1038/376070a0
https://doi.org/10.1126/science.277.5322.55
https://doi.org/10.1182/blood-2004-09-3531
https://doi.org/10.1016/S0008-6363(00)00231-5
https://doi.org/10.1016/S1534-5807(02)00217-4
https://doi.org/10.1371/journal.pone.0060025
https://doi.org/10.1111/imm.12243
https://doi.org/10.1038/nrm1357
https://doi.org/10.1152/jappl.2001.91.4.1487
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	Novel Role for PD-1:PD-L1 as Mediator of Pulmonary Vascular Endothelial Cell Functions in Pathogenesis of Indirect ARDS in Mice
	Key Messages
	Introduction
	Methods
	Mice
	Reagents
	Experimental Model of iARDS
	Polymicrobial Sepsis (CLP)
	Survival Study
	Broncho-Alveolar Lavage Fluid (BALF)
	Flow Cytometry (FACS)
	Cytokine/Chemokine Assays
	Myeloperoxidase (MPO) Activity
	Mouse Lung Endothelial Cell Isolation for Culture
	Fluorescence Microscopy
	Western Blot Analysis
	Statistical Analysis

	Results
	PD-1 Expression on Lung Ly6G+/Neutrophils Increases Following Hemorrhagic Shock
	Hemorrhagic Shock Upregulates the Expression of PD-L1 on Lung Vascular Endothelial Cells
	PD-L1 Gene Deficiency Imparts a Survival Benefit to Mice With iARDS
	Both PD-1 and PD-L1 Gene Deficiency Is Associated With Reduced Lung Injury
	PD-1, but Not PD-L1, Gene Deficiency Suppresses the Rise in Lung MPO/ Neutrophil Influx
	Neutrophil Chemokine Protein, MIP-2, Is Decreased in Lung Tissue and BALF in PD-L1 -/- as Well as PD-1-/- Mice Following iARDS
	PD-L1 Gene Deficiency Suppresses Local Pulmonary Levels of Pro-Inflammatory Mediators Following iARDS
	PD-L1 Gene Deficiency Significantly Potentiates Expression of ICAM-1 Protein, on iARDS Mouse Lung Endothelial Cells
	Deficiency in Either PD-1 or PD-L1 Gene Expression Attenuates the Marked Rise in the EC Growth Factor, Angiopoietin (Ang)-2 (but Not Ang-1), as Well as the Changes in Signaling Through Tie-2 Seen Following iARDS
	Neutrophil Expression of PD-L1, Not PD-1, Is Potentiated Following Migration Into Lung Tissue in iARDS
	PD-L1 Gene Deficiency Differentially Regulates ex vivo EC Capacity to Release Angiopoietin-2 vs. Cytokine, IL-6, and the Neutrophil Chemokine, MIP-2
	PD-L1 Gene Deficiency Attenuates EC Induced Changes in Adherence Junction Protein Expression Seen in Response to iARDS

	Discussion
	Author Contributions
	Funding
	Acknowledgments
	References


