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Abstract

Introduction: Severe hemorrhage (Hem) has been shown to be causal for the development

of extra-pulmonary/indirect acute respiratory distress syndrome (iARDS) and is associated with
severe endothelial cell (EC) injury. EC growth factors, Angiopoietin (Ang)-1 and -2, maintain
vascular homeostasis via tightly regulated competitive interaction with the tyrosine kinase
receptor, Tie2, expressed on ECs.

Objective: Since it has been reported that the orphan receptor, Tiel, may be able to play a role in
Ang:Tie2 signaling; we chose to examine Tiel’s capacity to alter the lung Ang:Tie2 interaction in
response to the sequential insults of shock/sepsis (cecal ligation and puncture [CLP]), culminating
in iIARDS.

Methods: Male mice were subjected to Hem alone or sequential Hem followed 24 hours

late by CLP that induces iARDS. Changes in lung and/or plasma levels of Tiel, Tie2, Ang-1,
Ang-2, various systemic cytokine/chemokines and indices of lung injury/inflammation were then
determined. The role of Tiel was established by intravenous administration of Tiel specific or
control siRNA at 1 hour post-Hem. Alternatively, the contribution of neutrophils was assessed by
pre-treating mice with anti-neutrophil antibody depletion 48 hours prior to Hem.

Results: Lung tissue levels of Tiel expression elevated over the 15t 6-24 hours post-Hem alone.
Subsequently, we found that treatment of Hem/CLP mice with Tiel-specific SiRNA not only
decreased Tiel expression in lung tissue compared to control siRNA, but, suppressed the rise in
lung inflammatory cytokines, lung MPO and the rise in lung protein leak. Finally, much as we
have previously shown that neutrophil interaction with resident pulmonary vascular ECs contribute
significantly to Ang-2 release and EC dysfunction, central to the development of iARDS. Here we
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report that depletion of neutrophils also decreased lung tissue Tiel expression and increased Tie2
activation in Hem/CLP mice.

Conclusion: Together, these data imply that shock-induced increased expression of Tiel can
contribute to EC activation by inhibiting Ang:Tie2 interaction, culminating in EC dysfunction and
the development of iARDS.
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INTRODUCTION

Severe hemorrhage/hemorrhagic shock (Hem), a common component of severe traumatic
injury, has been shown to be causal for the development of extra-pulmonary/indirect (i)
acute respiratory distress syndrome (ARDS) and is associated with severe endothelial cell
(EC) injury (1,2). Since increased microvascular permeability is a hallmark of iIARDS,
understanding the mechanisms for loss of EC barrier function is critical in the development
and delivery of potential therapies. Endothelial cells are important mediators of tissue/organ
fluid homeostasis, immunity and inflammation. They form a tight barrier between the
pulmonary circulation and lung parenchyma, thus, are of crucial significance to maintenance
of normal gas exchange. Because of their anatomical position, pulmonary ECs are the first
cells to come into contact with mediators from the systemic circulation. These interactions
serve to activate the endothelium (regulating vascular barrier function), up-regulating the
expression of lung EC surface proteins, such as ICAM-1, tyrosine kinase receptor 2 (Tie2),
etc., as well as stimulating growth factor production (3-5). Relative to endothelial growth
factors, Angiopoietins-1 and -2 mediate EC activation through competitive binding to

their shared receptor, Tie2 (6,7). Angiopoietin-1 binding induces Tie2 phosphorylation (P-
Tie2) and signaling for downstream anti-inflammatory, anti-apoptotic protein synthesis and
sustained vessel barrier integrity (8). Alternatively, Ang-2:Tie2 binding promotes increased
pro-inflammatory signaling and decreased barrier integrity/increasing lung leak (9,10).

Angiopoietin-2 is significantly elevated in plasma from patients with ARDS and in our
murine model of Hem induced-priming for the development of iARDS when followed by

a subsequent septic challenge (11-14). We have demonstrated that EC interaction with
hemorrhage-primed neutrophils (15,16) contributes to EC activation and Ang-2 release,
while depletion of peripheral blood neutrophils prior to hemorrhage/sepsis restores Ang-1
production and Tie2 phosphorylation (13). Recent publications suggest that the orphan
receptor, Tiel, expressed on ECs, may also play a role in modulating EC activation/
function by forming a complex with Tie2 (17-19). This complex of Tiel:Tie2 is proposed

to inhibit Ang-1 binding of/interaction with Tie2 (binding of/interaction with Tie2 leading to
its phosphorylation [activation] typically is thought to promote EC quiescent/survival/anti-
inflammatory phenotype), thus, contributing to an activated/pro-inflammatory EC phenotype
(20). However, whether the orphan receptor, Tiel, plays a role in the vascular changes that
occur in response to insults associated with iARDS is unknown. To begin to investigate this,
we tested the hypothesis that Ang:Tie2 interactions are altered by the increased expression
Tiel following Hem, that this altered state is a result of EC interaction with activated
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(shock-primed) PMN and that this change in Tiel expression/interaction contributes to the
development of iARDS.

MATERIALS AND METHODS

Animals and Groups:

Male C57BL/6 mice from Jackson Laboratory (Bar Harbor, ME) were utilized at 8-12
weeks old. This choice was made so as to maximize our ability to initially see an
experimental difference in the iIARDS response based on previous reports that male mice
did poorer in response to these experimental stressors of shock (hemorrhage) and/or septic
(CLP) challenge than pro-estrus stratified female (21,22). Animals obtained from our
outside vendor were acclimated no less than 7 days, and often longer [maximum ~5 weeks],
prior to utilizing these animals in studies done here. During this period they were housed

in the Rhode Island Hospital (RIH) rodent facility (12-hours: 12-hours light/dark cycle,
23-25°C, 30-70% humidity) where they received standard care and diet (Standard rodent
chow)/water ad libitum. All protocols were carried out in the morning (8—11AM) and were
performed in accordance with NIH guidelines and approved by the Institutional Animal Care
and Use Committee of Rhode Island Hospital (AWC# 0079-13 & 0040-16).

For the intial study, examining the impact of shock on lung Tiel, Tie2 and phosphorylated
Tie-2 levels, mice were randomly separated into two experimental groups: 1) subjected to
sham Hem + resuscitation (sham) and 2) to Hem + resuscitation (Hem), along with a group
of unmanioulated (Naive) animals to serve as a baseline comparator.

Subsequently, animals where randomly divided into three groups of animals each: 1) the
control group (Sham): mice underwent sham Hem and sham CLP, surgical procedure with
cecal exposure, however, the cecum was neither ligated nor punctured; 2) the Hem/CLP
group: mice underwent hemorrhage and followed CLP + control siRNA treatment (Cont
SiRNA + Hem/CLP) (delivered intravenous 1 hour after Hem resuscitation); and 3) the
Hem/CLP + Tiel specific siRNA treatment group (Tiel siRNA + Hem/CLP); to assess the
contribution of Tiel gene expression on changes in lung Tie2 activation/phosphorylation,
Ang-1/-2 levels, inflammatory mediator burden, neutrophil influx and lung permeability
changes.

Finally, to consider the possible contribution of neutrophil influx to the pulmonary
expression of Tiel in response to Hem/CLP, a small number of mice were randomly
separated to receive either 1) intravenous tail vein delivery of rat anti-mouse neutrophil
antibody (Grl ab+ Hem/CLP) or 2) control IgG (Cont ab+ Hem/CLP) 48 hours prior to
subjecting to Hem/CLP. A time frame that we have previously shown leads to marked
depletion, ~95%, of the circulating peripheral blood neutrophil numbers (15,16).

Mouse model of iARDS (Hem/CLP):

Hemorrhagic shock (Hem; non-lethal, fixed pressure model [~40 mmHg for 90 minutes]
[circulatory access obtained via bilateral femoral arterial catheterization under isoflurane
anesthesia], resuscitated with 4X shed blood volume [typically 40%] in Lactated Ringers
Solution) followed by a septic challenge-cecal ligation and puncture (CLP; dual-punture
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with a 21 gauge needle following laparotomy under isoflurane anesthesia, resuscitated
with 1 ml of Lactated Ringers Solution) 24 hours later was utilized to induce iARDS,

as previously described (13,15). Using this model we have shown induces arterial blood
PO,/FIO, of ~150 mmHg by 24 hours-post Hem-CLP, along with evidence of protein leak,
edema, morphological changes, increase lung tissue levels of pro-inflammatory cytokines/
chemokines and neutrophil influx into the lungs (as assessed by immune-histochemistry &
tissue myeloperoxidase [MPO] levels) (13,15).

In vivo siRNA delivery:

Mice received siRNA in a liposome encapsulated preparation (DOTAP, Roche

Applied Science, Indianapolis, IN) at 1 hour following shock-resuscitation via

intravenous tail vein delivery (13,23). Mouse Tiel siRNA-SMART pool sequences: 1.
5’-UGAGCAUGAACUAAUAUGU-3’; 2. 5’- GUAUCAGCUCUCAGAUUUC-3’; 3. 5’-
UCUGUAGACACCAUUUAUA-3’; 4. 5’-CAUGGUGUUGGAUUGGUG-3’ and scrambled
(Control) sequence were from Dharmacon (Lafayette, CO). EC specificity of sSiRNA uptake
for the intravenous delivery route has been previously described (23,24). The Tiel siRNA
construct efficacy was validated ex vivo using mouse lung primary EC monolayers.

Neutrophil depletion.

Mice were depleted of resident neutrophils via intraperitoneal injection of 500 mg of rat
anti-mouse neutrophil antibody, anti-Grl (clone RB6-8C5, rat IgG2b, Cat #: BE0Q75 from
BioXcell, Lebannon, NH), per mouse 48 hours before hemorrhage as previously described
(16,25).

Sample acquisition:

Blood/plasma, bronchoalveolar lavage fluids (BALF) and lung tissues were collected

either at various times post-Hem alone (6—24 hours) or at 24 hours post-CLP (when
sequential Hem/CLP model was performed to assess Tiel/Tie2/P-Tie2, Ang-1/Ang-2,
cytokine/chemokine, protein concentration (as a measurement for pulmonary vascular leak)
and lung MPO as described previously (13,15,23,26-28).

Quantification of Tiel/Tie2/P-Tie2, Ang-1/Ang-2, cytokines and chemokines:

Mouse Tiel (Cat #: MBS764504) and Ang-1 (Cat #: DYC2816) ELISA kit were purchased
from MyBiosource, Inc, San Diego, CA. Tie2 (Cat #: MTE200) and Phosphorylated-

Tie2 (P-Tie2) (Cat #: DYC2816) ELISA kits were purchased from R&D Systems, Inc,
Minneapolis, MN. Ang-2 (Cat #: ab171335) ELISA kit was purchased from Abcam,
Cambridge, MA. Commercial ELISA kits were also employed to measure the levels of
TNF-a, IL-6, IL-10 and MCP-1 (Cat #: 431304/431414/432704, respectively Biolegend,
San Diego, CA); KC and MIP-2 (Cat #: DY453/MM200, respectively from R&D Systems,
Minneapolis, MN) in lung tissue homogenates and plasma (29,30).

MPO and BALF protein determination:

MPO in lung tissue homogenates and BALF protein levels were determined according to
methods described previously (13,15,27).
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Western Blot Analysis:

Whole tissue lung protein samples/ lysates (30 g total protein in each lane) were
subjected to sodium dodecyl sulphate-polyacrylamide gel electrophoresis using a 10% gel
and then transblotted onto polyvinylidene fluoride membranes as previously described in
our laboratory (31). The protein levels of phosphorylated-Tie2 (P-Tie2), and Tie2 were
determined using specific antibodies (Cat #: HAF008/AF762, respectively from R&D
Systems, Minneapolis, MN). The amount of protein in the blots was quantified using a
densitometer and Image Lab 6.0 software (Bio-Rad Laboratories, California, USA).

Statistical Analysis:

Data are expressed as mean=SD and analyzed using GraphPad Prism 5. We used the
nonparametric Mann-Whitney U test to evaluate p values when testing two subgroups. For
multiple groups’ analysis, intergroup comparisons were performed by the Holm-Sidak test.
The level of statistical significance was set at P < 0.05..

RESULTS

Tiel expression elevated following Hemorrhagic shock

In our initial study we sought to determine if the impact of shock itself was sufficient

to alter lung tissue levels of Tiel, Tie2 and P-Tie-2. To assess this, mice were randomly
separated into two groups: 1) mice were subjected to sham hemorrhage + resuscitation, 2)

to hemorrhage + resuscitation. Our findings show that Tiel expression was indeed elevated
early (6 hours) and remained elevated at 24 hours following hemorrhagic shock, but not
following sham Hem (Figure 1). This finding is significant since sepsis (CLP), the triggering
event for the development of iARDS following Hem shock priming in our model (15,16),

is induced at this 24 hour post Hem time point. In contrast, P-Tie2 was decreased at 6

hours, but restored to sham Hem level by 24 hours following Hem shock (Figure 2A-C). No
change in lung tissue Tie2 protein expression was observed in any of the treatment/control
groups. This data supports the assertion that hemorrhagic shock, which we have documented
previously as non-lethal in nature and insufficient to produced marked aspects of ARDS by
itself (15,16), is sufficient to produce changes in both Tiel and P-Tie2 levels/activity.

Suppression of Tiel expression following Hem-priming decreases markers of iARDS

We next sought to determine whether suppression of the Hem-induced rise of Tiel gene
expression could mitigate the development of full iIARDS, a pathology that presents

when shocked mice are subsequently subjected to a secondary insult (trigger) such as

CLP (14-16). To assess this, Tiel siRNA was administered 1 hour following Hem shock-
resuscitation to suppress Tiel gene expression. Administration of Tiel siRNA following
Hem resuscitation, but prior to the induction of sepsis (CLP), produced a marked decrease

in Tiel expression in lung tissue homogenates and Tiel plasma levels when compared

with control-siRNA treatment (Cont) (Figure 3A-B); supporting the ability of the SIRNA
construct to selectively suppress Tiel protein levels here up to ~47 hours (23,24). While lung
tissue Ang-2 was moderately decreased in Tiel siRNA treated mice, neither Ang-2 or Ang-1
plasma nor Ang-1 tissue levels were significantly reduced (Figure 3A-B). Importantly, to the
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extent that Tiel expression may play a role in the development of iARDS in our model,

we show that Tiel siRNA treatment markedly attenuated the Cont+Hem/CLP-induced
increase in brochoalveolar lavage fluid protein levels (BALF), an index of pulmonary vessel
permeability (Figure 4A), as well as the Cont+Hem/CLP-induced increase in lung tissue
MPO, a suroggate index for neutrophil influx (Figure 4B).

Interestingly, relative to the development of an inflammatory environment in the lung, we
found the Cont+Hem/CLP mice exhibited a marked increase in the levels of inflammatory
cytokines, IL-6 and MIP-2, but did not induce changes in tissue levels of INF-y, TNF-a
or IL-10 (Figure 5). Tiel specific sSiRNA treatment did however produced a statistically
significant decline in the Hem/CLP-induced increases in IL-6 and neutrophil chemotactic
protein, MIP-2.

Depletion of peripheral blood neutrophils alters Tiel:P-Tie2 expression

Finally, as we and others have previously shown through either neutrophil depletion or
add-back/adoptive transfer studies (13,15,32-35), the influx and prolonged presence of
neutrophils in the lung can adversely contribute the development of Hem/CLP-induced
iARDS. As we have documented a change in lung MPO levels, Figure 4B, the next
question was whether the presence of these granulocytes might alter the expression of Tiel,
thus, contributing to a change in Tiel:Tie2 signalling. To determine this, animals where
pre-treated with anti-Grl monoclonal antibody, a treatment we’ve previously documented
reduces systemic blood neutrophil numbers in mice by ~95% (13,15). Data from this
experiment shows that loss of Gr1* neutrophil not only significantly increases pulmonary
P-Tie2, but also markedly decreases lung Tiel expression levels (Figure 6 A-B).

DISCUSSION

While a substantial amount is known about the interactions of the angiopoietins with

their primary activating receptor on the endothelial cell, Tie2, in response to stress (20).

It has been somewhat under-appreciated that the protein receptor tyrosine kinase family
member, Tiel, might well also play a role in the regulation of Tie2 mediated signaling, and
additionally, may also contribute to Tie2 activation in response to shock. This is in part
because while Tiel (who’s expression appears to be primarily restricted to endothelial cells
as well as some minor hemapoietic cell types (36,37)) was discovered/sequenced over two
decades ago; it was largely documented to be crucial in embryonic development of vascular
and lymphatic system as well as having roles in angiogenic vessel sprouting (36,37). Tiel
was not, however, thought to be a significant player in stress related/inflammatory vascular
biology(38). Further, unlike Tie2, which is well-documented as interacting and responding
to angiopoietins, specifically Ang-1 and Ang-2 (6,7,9,39,40), specific ligand(s) for Tiel
were until recently unknown (41). Despite this, several studies have indicated not only that
Tiel gene overexpression can potentiate a pro-inflammatory phenotype in endothelial cells
(9,42), but its impact could potentially be the result of ¢/s receptor interactions involving
Tiel and Tie2 (43,44), when Tiel expression rises. However, whether Tiel expression is
affected by shock and/or sepsis, let alone, has a role is shock/sepsis mediated organ/lung
dysfunction, was unknown.
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In this respect, here we show that knock-down/silencing of Tiel receptor gene expression /n
vivo, using intra-venous tail vein injection of Tiel targeted siRNA encapsulated in DOTAP,
a route/mode of delivery that appears to primarily alter vascular endothelial cell gene
expression (13,23), not only significantly decreased the Hem and/or Hem/CLP-induced rise
in lung Tiel levels, but also attenuated the rise in lung tissue Ang-2, the increase in the pro-
inflammatory mediators IL-6 and neutrophil chemotactic protein MIP-2, while attenuating
the decline in Tie2 phosphorylation. Further, we observed that, relative to indices of the
pathogenesis of iIARDS, neutrophil influx into the lung (MPOQ) and lung leak (BALF:Plasma
protein), were significantly decreased in mice that received Tiel siRNA following Hem.
Together, these findings support our hypothesis that Tiel can contribute to the development
of IARDS. However, how directly the Hem-induced increased expression of Tiel culminates
in/alters the activation/ phosphorylation of Tie2, can only be speculated on. Evidence for

its direct activation comes from several studies (17-19) that indicate that Tiel alters Tie2
dimerization through interrupting the binding of the Tie2 FNIII domain, which in turn alters
the ability to phosphorylate Tie2 and its ability to drive downstream anti-inflammatory,
pro-survival, growth factor (Ang-1) mediated signaling. The marked, although temporally
transient decrease in Tie2-phosphorylation, would appear to support this assertion. The
decrease in IL-6 and MIP-2 cytokine/chemokine levels in the lung tissue also provides
indirect support to the actions of Tiel on Tie2 in response to shock/sepsis and is in keeping
with prior reports that suppression/silencing of Tiel /n vitro leads to reduced expression of
various pro-inflammatory genes (9,10,42). That said; the incomplete nature of Tiel gene
suppression on these cytokines/chemokines suggest that this may not be the primary mode
Tiel’s actions in the process of lung injury seen here. Interestingly, Tiel gene silencing
seemed to have a much more substantial effect on the influx of neutrophils (as indicated

by the suppression of MPO levels in the lung of the Hem/CLP mice treated with Tiel
siRNA). While not assessed here, it is tempting to speculate that the marked alteration in
neutrophil influx produced by Tiel siRNA treatment is related to the attenuation of the Hem/
CLP-induced Tiel mediated increase adhesion molecule expression; as increased expression
of Tiel has been reported in other models of vascular endothelial cell stress to stimulate
ICAM-1, VCAM-1 and E-Selectin gene expression (9,10,42). However, whether or not this
is occurring here remains to be tested.

Finally, it would appear that the induction of Tiel seen during the response to hemorrhagic
shock/sepsis is at least in part regulated by endothelial cell/neutrophil interactions as
depleting mice of neutrophils decreased Tiel levels, while increasing P-Tie2 levels in
Hem/CLP mice. This is intriguing, as while it is appreciated that Tiel appears to play

a critical role in vascular remodeling and stabilization and is upregulated during wound
healing (36), the actual stimuli for this is poorly characterized. While a study by McCarthy
et al (45) indicates that hypoxia and VEGF, aspects of the shock/septic animal state, can
induce the further expression of Tiel in endothelial cells; how and what cells/signaling
mediate the up-regulation of Tiel remain poorly understood to this day. Also, while the
observation (45) that the Tiel protein inductive capacities of hypoxia and VEGF were
independent of autocrine/paracrine secreted mediator expression during such an event/
exposure, thus, diminishing the role of components of the systemic pro-inflammatory
soluble mediator response typically present in shock/septic mice/patients, it doesn’t preclude
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the impact of direct cell:cell interactions as our data suggest. Inasmuch, this is an intriguing
area for future study.

Taken together, we would propose the following mode by which Tiel might be working in
our experimental model system (Figure 7A—C.) Typically, endothelial cell (EC) monolayer,
under homeostatic conditions, is sustained by the presence of consitutively/secreted released
levels of Ang-1, dervide primarily from pericytes, which the endothelial cell detects by their
expression of the Tie2 receptor. Tie2 ligation by Ang-1 culminates in Tie2’s phosphorylation
(*, activation) and downstream signaling through AKT/PI(3)K pathway, therein, sustain

cell survival/proliferation (Figure 7A). The insult of hemorrhagic shock (Hem) induces

the systemic release of various inflammatory mediators as well as primes circulating
neutrophils (PMN) that express increased levels of integrins that mediated their adhesion

to the pulmonary vascular endothelium via ICAM-1 of the shocked animal cells (Figure 7B
@). In such an environment this limited initial PMN: endothelial cell interaction appears

to lead not only to the release of pre-formed Ang-2 form Weibel Palade bodies of the
endothelial cells that competitively inhibits the Ang-1 binding of Tie2 and, thus, the Tie2’s
activation, but through the concomitant induction of endothelial cell “pro-inflammatory
signaling’ that stimulates the upregulation (synthesis/expression) of Tiel (Figure 7B @).
The enhanced endothelial cell surface expression of Tiel increases the interaction of Tiel
with Tie2, which in turn stabilizes Tie2’s binding of Ang-2 (Figure 7C @). This further
suppresses endothelial cell ‘survival’ signaling pathways while permitting, through default,
cell “apoptosis’ and also potentiation of ‘pro-inflammatory signaling’ that results in not
only reduced endothelial cell monolayer “barrier function’, but a further increase in PMN
recruitment to the pulmonary microvascular endothelial cell (Figure 7C @). This points not
only at a novel pathomechanism in shock meriting continued study, but elucidates potential
therapeutic targets or biomarkers of treatment efficacy/ARDS resolution.

Acknowledgments:

This work was supported by NIH R35-GM118097 (A.A.), NIH P20-GM103652 (J.L-N.) and a fellowship from the
Chinese Society of Anesthesiologists (J.Z.).

References:

1. Huppert LA, Matthay MA, Ware LB: Pathogenesis of acute respiratory distress syndrome. Semin.
Respir. Crit Care Med 40:31-39, 2019 [PubMed: 31060086]

2. Perl M, Lomas-Neira JL, Venet F, Chung C-S, Ayala A: Pathogenesis of indirect (secondary) acute
lung injury (ALI). Expert Rev Respir Med 5:115-126, 2011 [PubMed: 21348592]

3. Laudes 1J, Guo RF, Riedemann NC, Speyer C, Craig R, Sarma JV, Ward PA: Disturbed homeostasis
of lung intercellular adhesion molecule-1 and vascular cell adhesion molecule-1 during sepsis. Am.
J. Pathol 164:1435-1445, 2004 [PubMed: 15039231]

4. Pober JS, Sessa WC: Evolving functions of endothelial cells in inflammation. Immunology 7:803-
815, 2007 [PubMed: 17893694]

5. Pons S, Arnaud M, Loiselle M, Arrii E, Azoulay E, Zafrani L: Immune Consequences of
Endothelial Cells’ Activation and Dysfunction During Sepsis. Crit Care Clin 36:401-413, 2020
[PubMed: 32172821]

6. Teichert-Kuliszewska K, Maisonpierre PC, Jones N, Campbell AIM, Master Z, Bendeck MP, Alitalo
K, Dumont DJ, Yancopoulos GD, Stewart DJ: Biological action of angiopoietin-2 in a fibrin matrix

Shock. Author manuscript; available in PMC 2023 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhu et al.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Page 9

model of angiogenesis is associated with activation of Tie2. Cardiovascular Research 49:659-670,
2000

. Gale NW, Thurston G, Hackett SF, Renard R, Wang Q, McClain J, Martin C, Witte C, Witte

MH, Jackson D, et al. : Angiopoietin-2 is required for postnatal angiogenesis and lymphatic
patterning, and only the latter role is rescued by angiopoietin-1. Developmental Cell 3:411-423,
2002 [PubMed: 12361603]

. Childs EW, Tharakan B, Byrge N, Tinsley JH, Hunter FA, Smythe WR: Angiopoietin-1 inhibits

intrinsic apoptotic signaling and vascular hyperpermeability following hemorrhagic shock. Am J
Physiol Heart Circ Physiol 294:H2285-H2295, 2008 [PubMed: 18344375]

. Lemieux C, Maliba R, Favier J, Theoret J-F, Merhi Y, Sirois MG: Angiopoietins can directly

activate endothelial cells and neutrophils to promote proinflammatory responses. Blood 105:1523-
1530, 2005 [PubMed: 15498854]

Fiedler U, Reiss Y, Scharpfenecker M, Grunow V, Koidl S, Thurston G, Gale NW, Witzenrath M,
Rosseau S, Suttorp N, et al. : Angiopoietin-2 sensitizes endothelial cells to TNF-a and has a crucial
role in the induction of inflammation. Nature Medicine 12:235-239, 2006

Gallagher DC, Parikh SM, Balonov K, Miller A, Gautam S, Talmor D, Sukhatme VP: Circulating
angiopoietin 2 correlates with mortality in a surgical population with acute lung injury/adult
respiratory distress syndrome. Shock 29:656-661, 2007

van der Heijden M, van Nieuw Amerongen G, Koolwijk P, van Hinsbergh VW, Groeneveld
AB: Angiopoietin-2, permeability oedema, occurrence and severity of ALI/ARDS in septic and
non-septic critically ill patients. Thorax 63:903—-909, 2008 [PubMed: 18559364]

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.
Amer. J. Respir. Cell Mol. Biol 50:193-200, 2014 [PubMed: 23980650]

Lomas-Neira JL, Heffernan DS, Ayala A, Monaghan SF: Blockade of endothelial growth factor,
angiopoietin-2, reduces indices of ARDS and mortality in mice resulting from the dual-insults of
hemorrhagic shock and sepsis. Shock 45:157-165, 2016 [PubMed: 26529660]

Ayala A, Chung CS, Lomas JL, Song GY, Doughty LA, Gregory SH, Cioffi WG, LeBlanc BW,
Reichner J, Simms HH, et al. : Shock induced neutrophil mediated priming for acute lung injury
in mice: divergent effects of TLR-4 and TLR-4/FasL deficiency. Amer. J. Pathol 161:2283-2294,
2002 [PubMed: 12466142]

Lomas JL, Chung CS, Grutkoski PS, LeBlanc BW, Lavigne L, Reichner J, Gregory SH,

Doughty LA, Cioffi WG, Ayala A: 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 19:358-365, 2003 [PubMed:
12688548]

Saharinen P, Eklund L, Miettinen J, Wirkkala R, Anisimov A, Winderlich M, Nottebaum

A, Vestweber D, Deutsch U, Koh GY, et al. : Angiopoietins assemble distinct Tie2 signaling
complexes in endothelial cell-cell and cell-matrix contacts. Nature Cell Biol 10:527-537, 2008
[PubMed: 18425119]

Moore JO, Lemmon MA, Ferguson KM: Dimerization of Tie2 mediated by its membrance-
proximal FNIII domains. Proc. Natl. Acad. Sci. U. S. A 114:4382-4387, 2017 [PubMed:
28396397]

Leppénen V-M, Sharinen P, Alitalo K: Structural basis of Tie2 activation and Tie2/Tiel
heterodimerization. Proc. Natl. Acad. Sci. U. S. A 114:4376-4381, 2017 [PubMed: 28396439]
Parikh SM, Mammoto T, Schultz A, Yuan H-T, Christiani D, Karumanchi SA, Sukhatme VP:
Express circulating angiopoietin-2 may contribute to pulmonary vascular leak in sepsis in humans.
PLoS Medicine 3:0356-0370, 2006

Wichmann MW, Ayala A, Chaudry IH: Male sex steroids are responsible for depressing
macrophage immune function after trauma-hemorrhage. Amer. J Physiol 273:C1335-1340, 1997
[PubMed: 9357778]

Zellweger R, Wichmann MW, Ayala A, Stein S, DeMaso CM, Chaudry IH: Females in proestrus
state maintain splenic immune functions and tolerate sepsis better than males. Crit. Care Med
25:106-110, 1997 [PubMed: 8989185]

Shock. Author manuscript; available in PMC 2023 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhu et al.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Page 10

Lomas-Neira JL, Perl M, Venet F, Chung CS, Ayala A: The role and source of TNF-alpha in
hemorrhage induced priming for septic lung injury. Shock 37:611-620, 2012 [PubMed: 22552013]

Xu S, Yang Q, Bai J, Tao T, Tang L, Chen Y, Fallon EA, Ayala A: Blockade of endothelial,

but not epithelial, cell expression of PD-L1 following severe shock attenuates the development of
indirect acut lung injury in mice. Amer. J. Physiol. - Lung Cell. Mol. Physiol 318:L801-L812,
2020 [PubMed: 31994912]

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.
Amer. J. Physiol 290:L51-L58, 2006

Monaghan SF, Thakkar RK, Tran ML, Huang X, Cioffi WG, Ayala A, Heffernan DS: Programmed
death 1 expression as a marker for immune and physiological dysfunction in the critically ill
surgical patient. Shock 38:117-122, 2012 [PubMed: 22683728]

Perl M, Chung CS, Perl U, Thakkar R, Lomas-Neira J, Ayala A: Therapeutic accessability of
caspase-mediated cell death as a key pathomechanism in indirect lung injury. Crit Care Med
38:1179, 2010 [PubMed: 20154604]

Thakkar RK, Chung CS, Chen Y, Monaghan SF, Lomas-Neira J, Cioffi WG, Ayala A: Local

tissue expression of the cell death ligand, FasL, plays a central role in the development of
extra-pulmonary acute lung injury. Shock 36:138-143, 2011 [PubMed: 21451443]

Huang X, Venet F, Wang YL, Lepape A, Yuan Z, Chen Y, Swan R, Kherouf H, Monneret G, Chung
CS, et al. : PD-1 expression by macrophages plays a pathologic role in altering microbial clearance
and the innate inflammatory response to sepsis. Proc Natl Acad Sci U. S. A 106:6303-6308, 2009
[PubMed: 19332785]

Huang X, Chen 'Y, Chung C-S, Yuan Z, Monaghan SF, Wang F, Ayala A: Identification of B7-H1
as a novel mediator of the innate immune/proinflammatory response a well as a possible myeloid
cell prognostic biomarker in sepsis. J. Immunol 192:1091-1099, 2014 [PubMed: 24379123]
Lomas-Neira JL, Monaghan SF, Huang X, Fallon EA, Chung CS, Ayala A: Novel role for
PD-1:PD-L1 as a mediator of pulmonary vascular endothelial cell functions in the pathogenesis of
indirect ARDS in mice. Front. Immunol 9:3030, 2018 [PubMed: 30619369]

Bai J, Tang L, Lomas-Neira J, Chen Y, McLeish KR, Uriarte SM, Chung CS, Ayala A: TAT-
SNAP-23 treatment inhibits the priming of neutrophil functions contributing to shock and/or
sepsis-induced extra-pulmonary acute lung injury. Innate Immunology 21:42-54, 2014

Barrett CD, Hsu AT, Ellson CD, Miyazawa BY, Kong Y-W, Greenwood JD, Dhara S, Neal MD,
Sperry JL, Park MS, et al. : Blood clotting and traumatic injury with shock mediates complement-
dependent neutrophil priming for extracellular ROS, ROS-dependent organ injury and coagulation.
Clin. Exp. Immunol 194:103-117, 2018 [PubMed: 30260475]

Yao Y, Matsushima H, Ohtola JA, Geng S, Lu R, Takashima A: Neutrophil priming occurs in a
sequential manner and can be visualized in living animals monitoring IL-1b promoter activation. J.
Immunol 194:1211-1224, 2015 [PubMed: 25527787]

Vassallo A, Wood AJ, Subburayalu J, Summers C, Chilvers ER: The counter-intuitive role of
neutrophil in the acute respiratory distress syndrome. Brit. Med. Bull 131:43-55, 2019 [PubMed:
31504234]

Korhonen J, Partanen J, Armstrong E, Vaahtokari A, Elenius K, Jalkanen M, Alitalo K: Enhanced
expression of the Tie receptor kinase in endothelial cells during neovascularization. Blood
80:2548-2555, 1992 [PubMed: 1384789]

Batard P, Sansilvestri P, Scheinecker C, Knapp W, Debili N, Vainchenker W, Buhring HJ, Monier
MN, Kukk E, Partanen J, et al. : The Tie receptor linase is expressed by hematopoietic cells and by
a subset of megakaryocytic cells. Blood 87:2212-2220, 1996 [PubMed: 8630381]

Milam KE, Parikh SM: The angiopoietin-Tie2 signaling axis in the vascular leakage of systemic
inflammation. Tis. Barriers 3:1-2, 2015

Sato TN, Tozawa Y, Deutsch U, Wolburg-Buchholz K, Fujiwara Y, Gendron-Maguire M, Gridley
T, Wolburg H, Risau W, Qin Y: Distinct roles of the receptor tyrosine kinases tie-1 and tie-2 in
blood vessel formation. Nature 376:70-74, 1995 [PubMed: 7596437]

Shock. Author manuscript; available in PMC 2023 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Zhu et al.

40.

41.

42.

43.

44,

45.

Page 11

Maisonpierre PC, Suri C, Jones PF, Bartunkova S, Wiegand SJ, Radziejewski C, Compton D,
McClain J, Aldrich TH, Papadopoulos N, et al. : Angiopoietin-2, a natural antagonist for tie2 that
disrupts in vivo angiogenesis. Science 277:55-60, 1997 [PubMed: 9204896]

Xu M, Xu H-H, Lin Y, Sun X, Fang Z-P, Su X-H, Liang X-J, Hu Y, Liu Z-M, Cheng Y, et al. :
LECTZ2, a ligand for Tiel, plays a crucial role in liver fibrogenesis. Cell 178:1478-1492, 2019
[PubMed: 31474362]

Chan B, Karumanchi SA, Sukhatme VP: Receptor tyrosine kinase Tie-1 overexpression in
endothelial cells upregulates adhesion molecules. Biochem. Biophys. Res. Comm 371:475-479,
2008 [PubMed: 18448073]

Seegar TCM, Eller B, Tzvetkova-Robev D, Kolev MV, Henderson SC, Nikolov DB, Barton WA:
Tiel-Tie2 interactions mediate functional differences between angiopoietin ligands. Mol. Cell
37:643-655, 2010 [PubMed: 20227369]

Marron MB, Singh H, Tahir TA, Kavumkal J, Kim H-Z, Koh GY, Brindley LPJ: Regulated
proteolytic processing of Tiel modulates ligand responsiveness of the receptor-tyrosine kinase
Tie2. The Journal of Biol. Chem 282:30509-30517, 2007 [PubMed: 17728252]

McCarthy MJ, Crowther M, Bell PR, Brindle NP: The endothelial receptor tyrosine kinase tie-1
is upregulated by hypoxia and vascular endothelial growth factor. FEBS Lett 423:334-8, 1998
[PubMed: 9515734]

Shock. Author manuscript; available in PMC 2023 April 01.



1duosnuen Joyiny 1duosnuen Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhu et al.

Tie1 ng/mg protein

Page 12

Lung Tie1

*

-

naive sham 6 24
Hours post-Hem

Figure 1. Lung tissue Tiel levels markedly increase following Hem alone.
The lung tissue levels of Tiel, as measured by Elisa, were increased over the 15t 6-24 hours

following shock with resuscitation when compared to the Sham at 6 hrs or naive animals.
Data is presented as means * standard deviation. *P<0.05, versus Sham or naive group; n=3
mice/group.
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Figure 2. Lung tissue P-Tie2, but not total Tie2, levels significantly but transiently decrease
following Hem alone.
A representative western blot of both phosphorylated-Tie2 (P-Tie2) and the

unphosphorylated Tie2 (Tie2) (A.), as well as the levels of P-Tie2 (B.) and the
unphosphorylated Tie2 (C.) levels as determined by ELISA. Data from cumulative samples
is presented as means + standard deviation. *P<0.05, versus Sham group; n=5-8 mice/group.
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Figure 3. Targeted Tiel siRNA treatment markedly attenuates not only the Hem/CLP-induced
rise lung/plasma Tiel levels, but Ang-2 in mice.

The lung tissue (A.) and plasma (B.) levels of Tiel and Ang-2 (at 24 post-CLP) in

the Control siRNA (Cont siRNA) or the Tiel siRNA (Tiel siRNA) treated Hem/CLP
mice (siRNA administered intravenously 1 hour post-resuscitation following initial Hem),
as determined by ELISA, were increased compared to the Sham animals, but not for
Ang-1. However, this Hem/CLP-induced increase was markedly suppressed by Tiel
siRNA treatment for Tiel levels and partially for lung Ang-2 levels, but not back to the
concentrations seen in the Sham group. *P<0.05, versus Sham; # P<0.05, versus Cont
SiRNA + Hem/CLP. Data is presented as means + standard deviation; n=4 mice/group.
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Figure 4. Targeted Tiel siRNA treatment markedly attenuated the Hem/CLP-induced increase
lung tissue MPO levels as well as the rise in BALF protein levels in mice.

The impact of intravenous delivery of Tiel siRNA (Tiel) versus Control (Cont) siRNA (1
hour post-resuscitation following initial Hem) on lung protein leak/BALF protein levels (A.),
as determined by protein assay, or lung tissue MPO levels (B.), as assessed by MPO assay,
at 24 post-CLP or as compared to Sham treated mice. Data is presented as means + standard
deviation. *P<0.05, versus Sham group; #P<0.05, versus Cont siRNA Hem/CLP group; n=4

mice/group.
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Figure 5. Targeted Tiel siRNA treatment markedly inhibited the Hem/CLP-induced a rise in
lung tissue IL-6 and MIP2, but not TNF-a., IL-10 or INF-y levels in mice.

The lung tissue levels (at 24 post-CLP) of IL-6, INF-y, MIP-2, TNF-a and IL-10 were
measured by ELISA. Control (Cont) siRNA or the Tiel siRNA (Tiel) treated Hem/CLP
mice were increased compared to the Sham animals. However, this Hem/CLP-induced
increase was markedly suppressed by Tiel treatment for IL-6 and MIP-2, but not back to

the levels seen in the Sham group. *P<0.05, versus Sham; # P<0.05, Cont Hem/CLP. Data is
presented as means + standard deviation. *P<0.05, versus Sham group; #P<0.05, versus Cont
SiRNA + Hem/CLP group; n=4 mice/group.
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Figure 6. The depletion of peripheral blood neutrophils prior to the induction of Hem/CLP
markedly increase the lung tissue levels of P-Tie2 while decreasing Tiel.

The lung tissue levels (at 24 post-CLP) of P-Tie2 (A.) in the neutrophil depleted (using
anti-Grl ab [Grl ab+]) Hem/CLP mice, as determined by ELISA, were increased compared
to the control antibody (Cont ab+) pre-treated Hem/CLP animals. Inversely, the lung tissue
Tiel levels (B.) in the neutrophil depleted (Grl ab+) Hem/CLP mice, again, as determined
by ELISA, were decreased when compared to the Hem/CLP animals administered control
antibody (Cont ab+). Data is presented as means * standard deviation. #P<0.05, versus Cont
ab+ Hem/CLP group; n=3 mice/group.
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Figure 7. Proposed mode by which shock/hemorrhage induces myelocyte up-regulation of Tiel as
well as how Tiel’s interaction with Tie2 prolongs Ang-2 mediated competitive inhibitory binding
of Ang-1; compromising pulmonary vascular endothelial barriers function.

(A.) Reflects the endothelial cell (EC) monolayer in homeostatic conditions. This state

is sustained by the presence of consitutively/secreted released levels of Angiopoietin-1
(Ang-1), by pericytes, for ECs expressing Tie2, which when ligated by Ang-1 culminates
in Tie2’s phosphorylation (*, activation) and downstream signaling through AKT/PI(3)K
pathway, therein, sustain cell survival/proliferation. (B.) The insult of hemorrhagic shock
(Hem) induces the systemic release of various inflammatory mediators as well as primes
circulating neutrophils (PMN) that express increased levels of integrins that mediated their
adhesion to the pulmonary vascular endothelium via ICAM-1 of the shocked animal (B.
0OOO). In such an environment this limited initial PMN: endothelial cell interaction
appears to lead not only to the release of pre-formed Ang-2 form Weibel Palade bodies of
the EC that competitively inhibits the binding and, thus, the activation of Tie2, but through
EC “pro-inflammatory signaling’ stimulates the upregulation (synthesis/expression) of Tiel
(B. @). (C.) The enhanced expression Tiel increases the interaction of Tiel with Tie2,
which in turn stabilizes Tie2’s binding of Ang2 (C. @). This further suppresses cell survival
signaling pathways while permitting the potentiation of ‘pro-inflammatory signaling’ that
results in not only reduced EC monolayer barrier function but a further increase in PMN
recruitment to the pulmonary microvascular ECs (C. @).
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