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SEPSIS

Amelioration of sepsis by TIE2 activation-induced

vascular protection
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Protection of endothelial integrity has been recognized as a frontline approach to alleviating sepsis progression, yet
no effective agent for preserving endothelial integrity is available. Using an unusual anti-angiopoietin 2 (ANG2)
antibody, ABTAA (ANG2-binding and TIE2-activating antibody), we show that activation of the endothelial receptor
TIE2 protects the vasculature from septic damage and provides survival benefit in three sepsis mouse models. Upon
binding to ANG2, ABTAA triggers clustering of ANG2, assembling an ABTAA/ANG2 complex that can subsequently
bind and activate TIE2. Compared with a conventional ANG2-blocking antibody, ABTAA was highly effective in
augmenting survival from sepsis by strengthening the endothelial glycocalyx, reducing cytokine storms, vascular
leakage, and rarefaction, and mitigating organ damage. Together, our data advance the role of TIE2 activation in
ameliorating sepsis progression and open a potential therapeutic avenue for sepsis to address the lack of sepsis-

specific treatment.

INTRODUCTION

Sepsis features overwhelming vascular inflammation and disintegra-
tion, particularly in lungs and kidneys, caused mainly by excessive
pathogen (bacteria and virus) invasion into the circulation. It affects
~19 million people per year worldwide, with a high mortality (1, 2).
Despite accumulating information about sepsis pathophysiology, gen-
eral supportive care remains the pillar of treatment because aiming at
a particular single therapeutic target for immunomodulatory or anti-
coagulant therapy has proven to be ineffective, probably because of the
redundancy and heterogeneity of the host response to sepsis (3-5). To
overcome such hurdles, vigorous vascular protection by controlling
vascular inflammation before complete breakdown of endothelial in-
tegrity could be an effective therapy (3, 6-10). However, no satisfactory
agent to induce vascular protection and concurrently inhibit inflam-
mation has been developed.
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The hallmarks of sepsis include a burst of diverse proinflammatory
cytokine secretion, endothelial inflammation, systemic capillary leak-
age with tissue edema, and vasodilation refractory to vasopressors
(1, 8,9, 11, 12). Recent evidence has indicated that delaying sepsis pro-
gression by targeting the angiopoietin-TIE2 system for vascular and
barrier stabilization is promising, but current options are ineffective
and impractical (13-16). TIE2 agonists such as angiopoietin 1 (ANG1),
the modified ANG1 variant “COMP-Ang1,” and the TIE2-agonistic syn-
thetic peptide “Vasculotide” have been reported to improve the devas-
tating outcomes of sepsis (17-20). However, numerous hurdles remain
related to production, purification, storage, half-life, and efficacy. For
instance, we generated COMP-Angl (21) to overcome the drawbacks
of native ANGI protein as a possible therapeutic. COMP-Ang] can be
useful for promoting therapeutic angiogenesis in limited cases as a
local therapy (22); however, it is quite difficult to use for therapeutic
purposes such as treating sepsis through systemic administration in a
controlled manner because of its very short half-life (23) and strong
nonspecific binding to any tissue. Thus, a superior alternative TIE2
agonist has long been sought for systemic use. On the other hand,
ANG?2 mainly acts as a TTE2 antagonist in septic conditions and plays
an augmenting role in vascular inflammation by promoting vascular
leakage, leukocyte infiltration, and expression of vascular cell adhe-
sion molecule-1 (VCAM-1), ultimately weakening the microvascular
barrier (14, 16, 24-26). Circulating ANG2 is elevated in patients with
sepsis, and this increased ANG2 concentration is closely correlated with
severity and poor prognosis (27, 28). Accordingly, antibodies and small
interfering RNAs (siRNAs) against Ang2 can delay septic progression in
experimental sepsis models, but their efficacy is variable, presumably
due to different approaches, modalities, and target organs for ANG2
inhibition (16, 29, 30).

Here, we present a TIE2-agonistic antibody, ABTAA, which robust-
ly induces TIE2 activation and its downstream signaling by inducing
ANG?2 oligomerization. By applying ABTAA to several sepsis models
for therapeutic purposes, we have unveiled the roles of simultaneous
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ANG?2 inhibition and TIE2 activation in
vascular protection during sepsis pro-
gression and provided a rationale for clin-
ical testing of ABTAA as an antibody for
treating sepsis in patients.

RESULTS

ABTAA triggers TIE2 activation
via ANG2/TIE2/ABTAA
complex formation
In contrast to previously reported ANG2
antibodies that inhibit ANG2/TIE2 inter-
action (31-35), several ANG2 antibodies
generated in our laboratories have dis-
played an unusual activity of triggering
TIE2 phosphorylation without interrupt-
ing the ANG2/TIE2 interaction. One of
these antibodies was selected and desig-
nated as ABTAA, a humanized monoclo-
nal immunoglobulin G1 (IgG1) antibody
(Fig. 1A). ABTAA could bind to human
ANG?2 with an equilibrium dissociation
constant (Kp) value of 0.2 nM (fig. S1A)
without inhibiting the ANG2/TIE2 inter-
action (fig. S1B). To further investigate
and compare ABTAA’s distinctive activity,
we used a conventional ANG2-blocking
antibody (ABA; Kp for human ANG2 =
78 pM) (fig. S1C), which inhibits the ANG2/
TIE2 interaction [median inhibitory con-
centration (IC5p) = 0.22 nM] (Fig. 1A and
fig. S1B). Both ABTAA and ABA cross-
reacted with mouse ANG2 (Kp = 138 and
0.09 nM, respectively) (fig. S1D), but neither
of these antibodies bound to ANG1 or
inhibited ANGI/TIE2 interaction (fig. S1E).
In the presence of ANG2 in primary
cultured human umbilical vein endothe-
lial cells (HUVECs), ABTAA induced TIE2
phosphorylation in a dose-dependent man-
ner, whereas ABA effectively inhibited
ANG2-induced TIE2 phosphorylation like
other conventional ANG2 antibodies (Fig.
1B). ABTAA + ANG2 also induced TIE2
translocation to cell-cell contact sites just
like ANG1 (Fig. 1C). Furthermore, AB-
TAA + ANG2, but not ABA + ANG2, trig-
gered the phosphorylation of diverse TIE2
downstream signals, including AKT and
ERK (Fig. 1, D and E). ABTAA alone only
negligibly triggered TIE2 downstream sig-
naling (Fig. 1, D and E). TIE2 knockdown
abolished AKT and ERK phosphorylation
triggered by ABTAA + ANG2 (Fig. 1F).
Consistent with a previous report showing
FOXOL1 localization in the cytoplasm after

Fig. 1. ABTAA activates TIE2 and its
downstream effectors. (A) A schemat-
ic model showing how ABTAA induces
TIE2 activation. Upon binding to ANG2,
ABTAA triggers ANG2 clustering, result-
ing in clustering and activation of TIE2
in ECs. In contrast, ABA inhibits the
interaction between ANG2 and TIE2.
(B to G) Serum-starved confluent HUVECs
were treated with ANG1 (0.2 ug/ml; A1)
or ANG2 (2 pug/ml; A2) along with ABTAA or ABA (10 pug/ml) for 30 min. (B) Amounts of TIE2 and phos-
phorylated TIE2 in serum-starved HUVECs that were treated with human ANG2 with or without ABTAA or
ABA (0.01, 0.1, and 1, 10 pg/ml) for 15 min. HUVEC lysates were subjected to TIE2 immunoprecipitation (IP)
and immunoblot analysis. (C) Confocal images showing that ABTAA induces TIE2 translocation to cell-cell
contacts. Scale bars, 20 um. DAPI, 4',6-diamidino-2-phenylindole. (D and E) Immunoblots and densitomet-
ric analysis for relative phosphorylation ratios of TIE2, AKT, and ERK (extracellular signal-regulated kinase)
(means + SEM, n = 3). ANGPT, angiopoietin. (F) Immunoblot detection of TIE2 and its downstream
signaling in TIE2 siRNA-transfected HUVECs. (G) ABTAA-induced nuclear clearance of FOXO1. Scale bars,
50 um. (H) In vivo TIE2 phosphorylation in the lung by ABTAA. Control phosphate-buffered saline, COMP-
Ang1 (50 pg), ANG2 (20 ug), ABTAA (10 mg/kg) + ANG2 (20 pg), or ABA (10 mg/kg) + ANG2 (20 pg) were
intravenously injected into wild-type mice. Lungs were sampled 2 hours after the treatment. Representa-
tive immunoblots showing phosphorylated TIE2 and total TIE2 in the IP samples and TIE2 and VE-cadherin
(VE-CAD) in the lung lysates to validate the use of equal amounts for IP. Densitometric analysis (means +
SEM, n = 5) for relative phosphorylation ratios of TIE2 is shown. *P < 0.05 by one-way analysis of variance
(ANOVA) followed by Student-Newman-Keuls post-test. Data are representative of three to five
independent experiments.
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phosphorylation (36), FOXO1, which was in the nucleus under the
basal, serum-starved condition, became exclusively confined to the cy-
toplasm only with ABTAA + ANG2 or ANG1 (Fig. 1G). Similar findings
were also observed in primary cultured human lung ECs (fig. S2), in-
dicating that ABTAA can have an effect in multiple types of ECs.
ABTAA induced TIE2 phosphorylation in vivo in lung ECs when
administered to mice along with ANG2 (Fig. 1H). Together, these re-
sults indicate that ABTAA can regulate diverse endothelial signaling
pathways via TIE2 activation.

We then investigated the mechanism by which ABTAA elicits TIE2
activation. Gel filtration analysis indicated that ANG2’s fibrinogen-like
domain (A2D; 276 to 496 amino acids, ~30 kD) and TIE2’s extra-
cellular domain (T2E; amino acids 1 to 452, ~55 kD) form a binary
complex (Fig. 2A). When ABTAA (~160 kD) was mixed with the purified

ficked into endosomes (fig. S3, B and C), which is similar to the pre-
viously reported action of ANG1 (39) and ABA (35). On the basis of
these data, we propose that ABTAA can form a multicomplex with
ANG2, resulting in clustering, activation, and internalization of TIE2.

ABTAA reduces sepsis mortality

To examine whether ABTAA is better than ABA in improving surviv-
al in sepsis, we generated a severe sepsis model with a high-grade cecal
ligation and puncture (CLP) (40) in adult C57BL/6 ] mice. In an at-
tempt to mimic a clinically relevant situation, we treated the mice with
administrations of Fc, ABA, or ABTAA (10 mg/kg) at 6 and 18 hours
after CLP (designated as “posttreatment”), and their survivals were
monitored in a blind manner for 1 week. Compared with Fc (most
of the mice treated with Fc died within 96 hours), ABTAA increased

A2D/T2E complex, larger species appeared,
composed of ABTAA, A2D, and T2E, as
shown by SDS—polyacrylamide gel electro-
phoresis (SDS-PAGE). Multiangle light
scattering (MALS) analysis of this com-
plex revealed the existence of a homoge-
neous complex (302.7 kD) and suggested
a 1:2 ratio between ABTAA and the A2D-
T2E binary complex. Moreover, ABTAA
specifically formed a complex with TIE2
only in the presence of ANG2 (Fig. 2B).
ABTAA could be coimmunoprecipitated
with both ANG2 and TIE2 in HUVECs
(Fig. 2C), indicating that it can form a sta-
ble tripartite complex with TIE2 via ANG2
binding. Given that angiopoietin’s oligo-
merization status is critical for TIE2 acti-
vation (14, 37, 38), we hypothesized that
ABTAA can cause higher orders of ANG2
oligomerization by capturing multimeric
ANG2. To test this idea, we generated a
dimeric form of A2D (A2D-Fc; ~117 kD).
When ABTAA was mixed with various
amounts of A2D-Fc, a main peak with a
molecular size of ~600 kD was commonly
generated (Fig. 2D), which was far larger
than the expected simple complex con-
sisting of two A2D-Fc and one ABTAA
(~390 kD). MALS analysis revealed that
this purified complex existed predominant-
ly with a molecular mass of ~677 kD along
with several minor populations (998, 1330,
or 1959 kD), supporting our notion that
the distinct molecular function of ABTAA
is attributable to the formation of a highly
oligomerized ABTAA/ANG2 complex.
Conversely, the Fab fragment of ABTAA,
with only one ANG2 binding site, failed to
induce TIE2, AKT, and ERK phosphoryl-
ation (Fig. 2, E to I). Additionally, immu-
nofluorescence staining analysis showed
that ABTAA induced TIE2 internalization
and endocytosis (fig. S3A), and that the
ABTAA/ANG2/TIE2 complex was traf-

Fig. 2. ABTAA forms a stable complex with ANG2 and TIE2. (A) Size exclusion analysis of ABTAA, T2E,
A2D, and the mixture of A2D and T2E with or without ABTAA. Relevant fractions were resolved in a non-
reducing 4 to 12% SDS-PAGE gel (bottom left). MALS measurement of ABTAA bound to A2D-T2E showed
the relative light scattering signal as a function of elution volume (bottom right). The measured molecular
mass of ABTAA-A2D-T2E ternary complex is shown in orange (302.7 kD). A,g,, absorbance of light at 280 nm;
mAU, milli-absorbance unit. (B) Analysis of ANG2-dependent complex formation by enzyme-linked immu-
nosorbent assay. Data are means + SEM (n = 3). *P < 0.05 by Mann-Whitney U test. BSA, bovine serum
albumin; OD,s, optical density at 450 nm. (C) Coimmunoprecipitation of ABTAA, ANG2, and TIE2 in HUVECs.
Cell lysates were incubated with protein A beads to immunoprecipitate control IgG and antibodies. (D) Size
exclusion analysis of ABTAA, A2D-Fc, and the mixtures of these two proteins with the indicated molar ratios.
SDS-PAGE (bottom left) and MALS (bottom right) analyses of ABTAA-A2D-Fc complex showed the existence
of higher oligomeric states (orange, 677 kD + 0.28%; purple, 998 kD + 0.14%; green, 1330 kD + 0.12%). The
measured molecular mass of the highest multimer (1959 kD) is omitted for clarity. (A and D) Arrowheads
indicate the elution positions of the following size marker proteins: thyroglobulin (670 kD), ferritin (440 kD),
aldolase (158 kD), ovalbumin (44 kD), and myoglobulin (17 kD). (E to I) HUVECs were treated with ANG1
(0.2 ug/ml; A1) or ANG2 (2 ug/ml; A2) along with ABTAA or its Fab fragment (FF) (10 ug/ml) for 30 min.
Immunoblot and densitometric analyses showed that Fab fragment of ABTAA fails to phosphorylate
TIE2 and its downstream effectors, AKT and ERK, in cultured HUVEGs. Bars indicate means + SEM (n = 3).
*P < 0.05 by one-way ANOVA followed by Student-Newman-Keuls post-test.
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the survival rate to ~40% at 1 week, whereas ABA improved it only to
~13% (Fig. 3A).

No further improvement in survival was detected with a higher dose
(25 mg/kg) of ABA (fig. S4A). Because ABTAA has no direct effect on
bacterial dissemination, we added the broad-spectrum antibiotics
imipenem/cilastatin (20 mg/kg) to the ABTAA treatment 6 hours
after CLP. Encouragingly, the combination of ABTAA and antibiotics
enhanced survival to ~70%, whereas antibiotics improved it only to
~20% (Fig. 3B). The survival benefit of ABTAA was also superior in a
preventive setting (single administration of antibody 1 hour before
CLP, designated as “pretreatment”), which improved the survival rate
to 50% compared with ABA (17%; fig. S4B). We also investigated the
survival benefit of double administrations of ABTAA (10 mg/kg; each
at 6 and 18 hours after the challenge) in two other sepsis models: endo-
toxemia [LD;s (75% lethal dose) of gram-negative endotoxin lipo-
polysaccharide (LPS)] and bacteremia (LDgg of Staphylococcus
aureus). In the endotoxemia model, ABTAA increased the survival rate
to 63%, whereas ABA and Fc survival rates were 33 and 28%, respec-
tively (Fig. 3C). Similarly, ABTAA increased the survival rate to 55% com-
pared with 9 and 8% survival rates for ABA and Fc, respectively, in the
bacteremia model, indicating that ABTAA could be an antiseptic ther-
apeutic antibody that is effective for various causes of sepsis (Fig. 3D).

Fig. 3. ABTAA rescues mice from sepsis in ANG2/TIE2-dependent manner. (A to D) Survival curves of
wild-type mice with intravenous administration of Fc, ABA, or ABTAA (10 mg/kg each) at 6 and 18 hours
after CLP, intraperitoneal LPS injection, or intraperitoneal S. aureus inoculation. (B) Survival curves of wild-
type mice treated with ABTAA and/or broad-spectrum antibiotics. For the combined treatment settings,
imipenem/cilastatin (20 mg/kg) was administered six times every 12 hours starting at 6 hours after CLP
to the mice treated with Fc or ABTAA (10 mg/kg) at 6 and 18 hours after CLP. (E and F) Fc or ABTAA
(10 mg/kg) was administered to Tie2** or Ang2*™ mice and their littermate controls 1 hour before CLP.
High dosage (25 mg/kg, high) of ABTAA was also administered to Tie2*’* mice. Numbers in parentheses
represent the number of surviving mice out of total mice tested for each group. Statistical significance was

analyzed by a log-rank test.

Long-term TIE2 activation is crucial in the ABTAA-induced
ameliorating effect in sepsis

To delineate the involvement of angiopoietin-TIE2 signaling in
ABTAA’s effect, we tested it further using Angl-, Ang2-, or Tie2-
depleted mouse models. First, Angl-depleted mice (AngI*’™) were quite
susceptible to CLP, exhibiting higher mortality rates with a median
survival of 18.5 hours compared with control mice (43.2 hours) (fig.
S4C). Pretreatment with ABTAA (10 mg/kg) resulted in a negligible sur-
vival benefit in AngI®, but it increased long-term survival (50%) in
control mice. However, median survival of the AngI** mice signifi-
cantly increased (P = 3.0 x 107 from 18.5 to 55.0 hours when ABTAA
dose was increased to 25 mg/kg (fig. S4C), implying that basal TIE2
signaling might be attenuated in AngI** animals, and that the dosage
of ABTAA needs to be elevated to maintain TIE2 expression and ac-
tivation in septic conditions. AngI** mice exhibited markedly reduced
TIE2 phosphorylation (Y992) in lung ECs compared with AngI*™’* con-
trol mice (fig. S5, A and B). Notably, ABTAA increased the amount of
phosphorylated TIE2 in Angl**, but it exerted negligible effects in
AngI™* mice (fig. S5, A and B). However, a higher dosage of ABTAA
(25 mg/kg) evoked modest TIE2 phosphorylation (fig. S5, A and B), which
could be the explanation for the improved survival observed in AngI*'.

Tie2-depleted mice (Tie2™™), compared with control mice, were
more susceptible to CLP, showing higher
mortality with a median survival of 23.5
hours (Fig. 3E), which is consistent with
a previous report that used heterozygous
Tie2-deficient mice (41). ABTAA treatment
(10 mg/kg) in Tie2** did not provide any
survival benefit, and even a higher dosage
of ABTAA could not rescue the high mor-
tality rates of Tie2*’* animals. These find-
ings all indicate that TTE2 activation has
an integral function in ABTAA-induced
rescue of severe sepsis mortality.

We also used Ang2-depleted mice
(Ang 8 (fig. S6) to confirm that ABTAA
relies on ANG2 for TIE2 activation. As
predicted, ABTAA provided no additional
survival benefit in Ang2* compared with
Fc-treated mice (Fig. 3F), indicating that
ANG?2 is essential for ABTAA’s action.
Additionally, ANG2 seems to be a critical
factor in sepsis progression, considering
that Ang2™” animals showed notably high-
er survival than wild-type mice, consistent
with a previous report on Ang2*’~ (26).

To address whether long-term TIE2 ac-
tivation is required for effective ameliora-
tion of sepsis, we compared the survival
rate in the groups pretreated with another
TIE2 agonist, COMP-Angl (a short half-
life) (23), or ABTAA (a long half-life) in
two sepsis models. Our side-by-side com-
parison revealed that the  phase half-life
(t1/2> B) of COMP-Angl in the blood was
~30 min, whereas that of ABTAA was
~198 hours (fig. S7A). Although ABTAA
again improved survival (~45 to 60%),
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two administrations of COMP-Angl (10 mg/kg) provided a poor im-
provement in survival in CLP (~17%) and endotoxemia (~3%) (fig.
S7, B and C). Thus, long-term TIE2 activation is crucial for the
ABTAA-induced ameliorating effect in severe sepsis.

ABTAA preserves the parenchyma and vasculature integrity
of major vital organs

To characterize how ABTAA improves overall survival, we analyzed
the changes in the blood vessels of major organs in the posttreatment
setting during sepsis. Because the lung is a major target organ of sep-
sis, we carried out a vital micro-CT (computed tomography) analysis
to trace the therapeutic effect of ABTAA in reducing pulmonary ede-
ma, which can be indirectly measured by the leakage area in the whole
lung during endotoxemia-induced septic progression (Fig. 4, A and B).
Compared with Fc, ABTAA markedly suppressed lung edema by 60% at

S9, A to F). In addition, mice treated with ABTAA generally looked
healthy, whereas mice treated with Fc or ABA looked severely lethargic
at 24 hours after CLP (movie S1). These results indicate that TIE2
activation-induced preservation of microvascular integrity mitigates
parenchymal deterioration of major vital organs during the early
phase of septic progression, and that simply blocking ANG2 is insuf-
ficient to preserve microvascular integrity.

ABTAA protects endothelial glycocalyx during sepsis

Endothelial glycocalyx, mainly composed of heparan sulfate (HS) and
proteoglycan, serves as a crucial barrier that prevents the adhesion of
blood cells onto the endothelial surface (42) and that is lost during
sepsis because of heparanase and tumor necrosis factor-o (TNF-a)
effects (43). In contrast, ANGI increases the depth of endothelial
glycocalyx by increasing glycosaminoglycan content (44). Therefore,

30 hours after endotoxin injection, where-
as ABA had no effects in alleviating edema
(Fig. 4, B and C). Moreover, at 24 hours af-
ter CLP, ABTAA attenuated typical sepsis-
induced acute lung injury, which consists
of inter-alveolar thickening, filling with
exudate, and intra-alveolar cell infiltra-
tion, compared with ABA (Fig. 4D). Semi-
quantitative pulmonary histological
scoring further revealed that ABTAA-
treated mice had significantly preserved
parenchymal integrity compared with
ABA-treated (P = 3.8 x 10™) or Fc-treated
(P = 3.0 x 10™°) mice (Fig. 4E). In septic
mice treated with Fc, pulmonary micro-
vessels showed a loss of NG2* pericyte cov-
erage by 75% (Fig. 4, D and F), which
presumably was caused by severe impair-
ment of the EC-pericyte interaction result-
ing from severe inflammation and EC
damage. However, ABTAA alleviated
pericyte loss by 45%, whereas ABA had
no significant effect (Fig. 4, D and F). Thus,
TIE2 activation attenuates pericyte loss by
reversing the EC-pericyte disintegration.
Renal cortex also exhibited mitigation of
parenchymal damage by ABTAA but
not by ABA (fig. S8, A and B). In addi-
tion, renal peritubular capillary rarefac-
tion was observed in the Fc-treated mice,
which had ~50% of the microvascular
density relative to the sham controls; this
was ameliorated by ABTAA to 66% (fig.
S8, A and C). Furthermore, Fc-treated sep-
tic mice showed loss and disorganization
of VE-cadherin (49% standardized to sham)
in the thoracic aorta, which was recovered
by ABTAA (65%) but not by ABA (fig. S8,
A and D). Pretreatment with ABTAA also
markedly reduced organ injuries and pro-
tected microvascular integrity in mice with
CLP-induced sepsis, whereas ABA induced
improvements but to a lesser extent (fig.

Fig. 4. ABTAA prevents the progression of acute lung injury by reducing vascular leakage, inflam-
mation, and pericyte detachment. (A to C) Wild-type mice were inoculated with LPS (10 mg/kg,
intraperitoneally) and underwent a micro-CT scan at 6 hours after LPS for the confirmation of mild pul-
monary edema. Immediately and 12 hours after the micro-CT scanning, mice were treated with Fc, ABA, or
ABTAA (10 mg/kg) and underwent a follow-up micro-CT scan at 30 hours after LPS inoculation. (A) Exper-
imental scheme for vital tracing of pulmonary edema using micro-CT and treatments. (B and C) Repre-
sentative images and comparisons of pulmonary vascular leakage at 6 and 30 hours after LPS. Micro-CT
images were pseudocolored with blue for measurements of leakage areas. Scale bars, 2 mm. Bars indi-
cates mean + SEM (each group, n = 5). (D to F) Fc, ABA (AB), or ABTAA (AT) (10 mg/kg) was given to mice
at 6 and 18 hours after CLP, and the lungs were harvested 24 hours after CLP. Representative images and
comparisons are shown for lung parenchymal injuries and pericyte coverage (which is presented as the
relative percentage of NG2* area per CD31" area). Scale bars, 20 um. Bars indicate means + SEM (each
group, n = 4 to 5). *P < 0.05 versus Fc; *P < 0.05 versus AB. Sh, sham. The P values were determined by
one-way ANOVA followed by Student-Newman-Keuls post-test. H&E, hematoxylin and eosin.
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we investigated whether posttreatment with ABTAA could preserve
endothelial glycocalyx. We estimated the depth of endothelial glyco-
calyx by measuring a red blood cell exclusion zone in the subpleural
microvasculature with intravital microscopy (fig. S10A). At 24 hours
after CLP, this depth was markedly reduced compared with sham-
operated mice (1.61 £ 0.26 um versus 0.83 + 0.12 pm; fig. S10, B and C).
However, ABTAA clearly preserved the depth (~1.2 pm), whereas ABA
showed a negligible effect (Fig. 5, A and B). We next examined the ex-
pression of HS in the lung microvasculature and perlecan in renal
glomeruli (Fig. 5C). At 24 hours after CLP, the relative densities of HS
and perlecan were significantly reduced by 72% (P = 5.9 x 10~) and 70%
(P = 1.8 x 107), respectively. However, ABTAA treatment protected
against the degradation of HS and perlecan by 43 and 48%, respectively,
whereas ABA showed no significant effect (Fig. 5, D and E). In line with

Fig. 5. ABTAA-induced TIE2 activation preserves endothelial glyco-
calyx. (A to H) Fc, ABA (AB), or ABTAA (AT) (10 mg/kg) was given to mice
at 6 hours after CLP. (A) Representative images of intravital microscopy
showing the thickness (yellow solid bar) of endothelial surface layer (ESL)
measured by subtracting the width of the red blood cell track (inner dotted
line) from the capillary diameter (outer dotted line) of subpleural pulmo-
nary microvasculature. Fluorescein isothiocyanate (FITC)-dextran was intra-
venously injected at 24 hours after CLP, and the fluorescence images were
acquired through a lung window. Scale bars, 10 um. (B) Quantitative anal-
ysis of ESL thickness. Ten random images from four mice per group were
analyzed in a blind manner. S, sham. (C to E) Representative images and

these results, the expression of heparanase was increased by 6.0- and
9.5-fold in the lungs and glomeruli of Fc-treated mice at 12 hours after
CLP, respectively, compared with sham-operated mice (Fig. 5, F to H);
however, ABTAA suppressed the up-regulation of heparanase in the
lungs and glomeruli by 83 and 64%, respectively. Heparanase expres-
sion was robustly increased in the lung vasculature of both Angl®*
and TIE2*™ animals, and the elevated heparanase in TIE2** was un-
affected by ABTAA (Fig. 5, I and J), indicating that TIE2 activation is
crucial for suppressing sepsis-induced up-regulation of heparanase.

ABTAA lessens neutrophil infiltration and improves vascular
function during sepsis

Given that devastating and uncontrolled vascular leakage is one of the
main factors in sepsis-induced mortality (6), we also aimed to evaluate

comparisons of relative densities of HS and perlecan in lungs and renal
glomeruli that were harvested 24 hours after CLP. (F to H) Representative
images and comparisons of relative densities of heparanase in lungs and
renal glomeruli that were harvested 12 hours after CLP. (I and J) Wild-type,
Ang1*2, or Tie2™* mice were treated with Fc or ABTAA (10 mg/kg) 1 hour
before CLP, and the lungs were harvested 12 hours after CLP. Representa-
tive images and comparisons of heparanase densities are presented.
Dotted circle, glomerulus. *P < 0.05 versus Fc or Fc, Ang1™*; *P < 0.05 ver-
sus AB. Scale bars, 20 um. ns, not significant. Bars indicate means + SEM
(each group, n = 3 to 4). The P values were determined by one-way ANOVA
followed by Student-Newman-Keuls post-test.
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the effects of ABTAA on vascular permeability. In confluent HUVECs,
addition of TNF-a (1 ng/ml) resulted in gap formation caused by dis-
rupted cell-cell contact, indicative of breakdown of the endothelial

barrier. The formation of intercellular
gaps or focal adhesions was deterred by
ABTAA + ANG2 or ANGI (Fig. 6A). Fur-
thermore, ABTAA + ANG?2 suppressed
the TNF-a-induced passage of FITC-
dextran through endothelial gaps in the
in vitro permeability assay (Fig. 6B). Al-
so, as shown in Fig. 6C, both ABTAA +
ANG2 and ANGI inhibited TNF-a-
induced myosin light chain (MLC) phos-
phorylation, whereas vehicle control and
ANG?2 alone did not. These results indi-
cate that ABTAA + ANG2-induced
TIE2 activation can inhibit endothelial
contraction through inhibiting the phos-
phorylation of MLC, thus stabilizing en-
dothelial integrity, which replicates the
effect of ANGI. Both Evans blue dye and
FITC-conjugated dextran leakage analy-
ses revealed that ABTAA counteracted
vascular leakage more effectively than
ABA in the lungs of the CLP model
(Fig. 6D and fig. S11, A and B). In primary
cultured HUVECs, ABTAA + ANG2, like
ANGI, effectively suppressed the mRNA
expression of the proinflammatory adhe-
sion molecules ICAM-1, VCAM-1, and E-
selectin in response to TNF-a stimulation
in HUVEC: (Fig. 6E). Accordingly, ABTAA,
but not ABA, profoundly reduced Gr-1*
neutrophil infiltration into the lungs dur-
ing sepsis (Fig. 6, F and G).

From these results, we inferred that
the preservation of endothelial glycocalyx
and the suppression of adhesion mole-
cules by ABTAA complementarily atten-
uate sepsis-induced neutrophil adhesion to
lung microvasculature. Moreover, ABTAA
strikingly improved the perfusion of FITC-
lectin into the lung microvasculature and
renal glomeruli in septic mice by 57 and
47%, whereas ABA had negligible effects
(Fig. 6, H and I). Thus, these results sup-
port our hypothesis that ABTAA-induced
TIE2 activation can be a powerful media-
tor for lessening sepsis-induced abnormal
vascular permeability and neutrophil infil-
tration in the lungs and EC damage.

ABTAA blunts cytokine storm and
surge of circulating ANG2

In the early phase of sepsis, an excessive
and uncontrolled release of proinflam-
matory cytokines (cytokine storm) causes
pathologic alterations of leukocytes and

ECs and deregulated vascular permeability (45). Consistently, serum
TNF-0 and IL-6 (interleukin-6), which are representative cytokines, were
elevated by 6 hours after CLP (Fig. 7, A and B). Pre- and posttreatment

Fig. 6. ABTAA suppresses sepsis-induced hyperpermeability and neutrophil adhesion and im-
proves vascular perfusion. (A to C and E) Confluent HUVECs, pretreated with ANG1 (A1) or ANG2
(A2) with or without ABTAA for 30 min, were analyzed 6 hours after stimulation with TNF-o.. (A) Repre-
sentative images of HUVECs stained with VE-cadherin or actin. Arrows indicate inter-endothelial gaps.
Scale bars, 20 um. (B) Permeability was quantified in TNF-a-stimulated HUVECs by determining the rela-
tive ratios of FITC-dextran leakage (each group, n = 3). *P < 0.01 versus ANG2 + TNF-o. (C) Immunoblot
analysis shows a decrease in phospho-MLC (Thr'8/Ser'®) after A1 or ABTAA + A2 treatment in TNF-o—
treated HUVEGs. (D) In vivo Evans blue permeability assay shows the superior efficacy of ABTAA in reduc-
ing vascular leakage in lungs compared with ABA (each group, n = 6, pretreatment setting). Each
antibody (10 mg/kg) was given 1 hour before CLP. (E) Quantitative reverse transcription polymerase chain
reaction analysis shows that ABTAA suppressed the up-regulation of inflammatory adhesion molecules
in TNF-o-treated HUVECs. Expression of ICAM-1, VCAM-1, and E-selectin mRNAs was normalized to HPRT-
1 (each group, n = 4). *P < 0.05 versus TNF-0; *P < 0.05 versus TNF-o + ABTAA. (F to I) Fc, ABA (AB), or
ABTAA (AT) (10 mg/kg) was given at 6 hours after CLP, and lungs, kidneys, and blood samples were
collected 24 hours after CLP. (F and G) Representative images and comparison of neutrophil infiltration
into the lungs quantified by immunofluorescence density of the granulocyte marker Gr-1 (each group, n =
7). (H and 1) Representative images and comparisons of FITC-lectin perfusion in lungs and renal glomeruli
(each group, n = 4 to 5). Scale bars, 20 um. *P < 0.05 versus Fc; P < 0.05 versus AB. All bars indicate means +
SEM. The P values were determined by one-way ANOVA followed by Student-Newman-Keuls post-test.
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with ABTAA blunted their concentrations by 45 to 89% and 25 to 75%,
respectively, but ABA had no effect in the CLP model (Fig. 7, A and B,
and fig. S12, A and B). In contrast, although ABTAA improved survival
(Fig. 3C), it did not significantly change cytokine concentrations in the
endotoxemia model (fig. S13, A and B). These findings imply that
ABTAA-induced dampening of the cytokine storm might result from

reduced recruitment of inflammatory cells to the CLP region, and that
this feature partly contributes to impeding further severe inflamma-
tion and mortality.

Because circulating ANG2 is one of the key biomarkers for sepsis
severity and ANG?2 itself contributes to sepsis progression (46, 47),
we monitored circulating ANG2 concentrations in septic mice. Basal

Fig. 7. ABTAA blunts cytokine storm and ANG2 surge in sepsis. (A to E) Fc, ABA (AB), or ABTAA (AT)
(10 mg/kg) was given at 6 hours after CLP (indicated by arrows), and blood samples and lungs were
collected at indicated time points. (A to C) Temporal changes of TNF-o, IL-6, and ANG2 concentrations
in serum after CLP (each group, n = 6 to 8). (D and E) Representative images and comparison (each group,
n = 3 to 4) of colocalization of Fc, ABA, or ABTAA with lung ECs (arrowheads). Lungs were harvested at
2 hours after antibody injection, and the injected antibodies were directly detected by anti-human IgG
secondary antibody. (F) Total, free, and antibody-bound ANG2 in serum at 18 hours after CLP with pre-
treatment of Fc, ABA, REGN 910 (RGN), or ABTAA (10 mg/kg) 1 hour before CLP. Each group, n =5 to 6.
(G) A schematic model showing how ABTAA induces ANG2 clustering, resulting in clustering and acti-
vation of TIE2 receptors on ECs in sepsis. Ultimately, ANG2 sequestering and TIE2 activation by ABTAA
reduces vascular leakage, protects glycocalyx, and suppresses inflammatory responses. Scale bars, 20 um.
Bars indicate means + SEM. *P < 0.05 versus Fc; *P < 0.05 versus AB.

circulating ANG2 concentration was
~4.0 ng/ml, and it progressively increased
until it peaked at 12 hours after CLP
(~74 ng/ml) and gradually decreased after-
wards (Fig. 7C and fig. S14). Posttreatment
with ABTAA blunted the increment of
circulating ANG2 after CLP by 32 to 48%
(Fig. 7C). This trend was similarly ob-
served even in the pretreatment setting
(fig- S14). We attribute the ABTAA-induced
reduction of circulating ANG2 to two pro-
cesses: (i) enhanced ANG2 removal from
circulation by rapid endocytosis and deg-
radation in endothelium, (ii) and suppres-
sion of ANG2 secretion from the inflamed
endothelium. ABTAA was highly detected
in the cytoplasm of lung ECs, whereas Fc
and ABA were barely detected (Fig. 7, D
and E). Moreover, imipenem/cilastatin pre-
treatment alone similarly affected the cir-
culating ANG2 concentrations (fig. S14),
possibly because it suppresses bacteria-
induced inflammation. In contrast, both
post- and pretreatment with ABA increased
circulating ANG2 concentrations (Fig. 7C
and fig. S14), which could be attributable
to ABA’s ability to simply sequester ANG2
rather than promoting its clearance. We
noted that although ~90% of circulating
ANG2 was antibody-bound in mice post-
treated with ABA, the actual concentration of
free-form ANG2 was greater in ABA-treated
mice than ABTAA-treated mice (Fig. 7F).
Similar results were also detected in the mice
posttreated with another type of ABA
“REGN910 (34)” (Fig. 7F). Together, these
data indicate that ABTAA has a robust
ability to effectively clear ANG2 from
circulation unlike ABA. Thus, ABTAA
provides additional advantages in protect-
ing vascular integrity by reducing both
sepsis-induced cytokine storm and circu-
lating ANG2.

DISCUSSION

The present study demonstrates vascular
protection by TIE2 activation as a promis-
ing therapeutic strategy in fighting sepsis.
We used genetically modified mice and
intravital imaging and found that TIE2

www.ScienceTranslationalMedicine.org 20 April 2016 Vol 8 Issue 335 335ra55 8

9T0Z ‘0z 11dV uo /610" Beweous 10s Wis//:dny woJ) pepeo|umod


http://stm.sciencemag.org/

RESEARCH ARTICLE

activation by ABTAA plays a pivotal role in ameliorating sepsis,
mainly through preserving endothelial glycocalyx and microvascular
integrity of major vital organs and inhibiting vascular leakage and
cytokine storm (Fig. 7G).

Furthermore, when combined with antibiotics, ABTAA markedly
enhanced survival from sepsis. It would be interesting to test the com-
bined effect of ABTAA with other immune modulatory agents/devices,
including the Toll-like receptor 4 (TLR4) antagonist eritoran (48),
HMGBI1 blocker (49), TNF-a inhibitor (50), anticoagulants such
as activated protein C (51), or an extracorporeal blood-cleansing de-
vice (52).

Compared with the previously reported ABAs (31-35), ABTAA
has a very distinctive property in that it can transform an antagonistic
or very weakly agonistic ligand ANG?2 into a strong agonist to its
own receptor TIE2, thus activating TIE2 robustly by forming the
tripartite ABTAA/ANG2/TIE2. ABTAA has a distinctive mode of
action of clustering ANG2 without interfering with ANG2’s interac-
tion with its receptor TIE2, which greatly differs from the current
prevailing rationale of developing a therapeutic antibody that
prevents ligand-receptor binding. With this mechanism, ABTAA also
efficiently exhausts circulating ANG2 through “capture and endocyto-
sis” into ECs by binding and activating TIE2. This mode of action
provides a way of scavenging harmful, excess ANG?2 in the septic con-
dition. Elucidation of the complex structure and epitope mapping will
be necessary to reveal the detailed molecular mechanism underlying how
ABTAA binds to ANG2 without interrupting the ANG2/TIE2 inter-
action. We propose that ABTAA binds to a certain portion within A2D
(269 to 496 amino acid residues), which is separate from the TIE2-
binding portion (53).

Along with recent studies demonstrating a critical role of TIE2 in
diverse human disease models including Ebola hemorrhagic fever
(54), anthrax toxicity (55), ocular diseases (56), and vascular leakage
model (57), our present study adds evidence for the protective role of
TIE2 against diverse pathological conditions characterized by vascular
leakage and disintegration. In agreement with our findings, vascular
stabilization through activation of Robo4-dependent Slit signaling is
also effective against the cytokine storm, alleviating sepsis (7). Thus,
we speculate that a therapeutic agent that can induce TIE2 activation
can provide a substantial benefit in a broad spectrum of human vascular
diseases. The previously reported TIE2 agonists, COMP-Angl and
Vasculotide, have shown to be effective in various experimental septic
models (15, 17-19, 58). However, these agents have a short half-life,
requiring frequent administration. In addition, the TIE2-agonistic
activity of Vasculotide is under debate (59). In these regard, ABTAA
has several merits over the previously known TIE2 agonists. How-
ever, because our study indicated that certain concentrations of ANG2,
TIE2, and ANGI are required for the ABTAA-induced TIE2 activa-
tion and maintenance of TIE2, there is a possible limitation in cases
with no ANG2 elevation, reduced TIE2, or low ANGI concentra-
tions (20).

In conclusion, we have demonstrated that simultaneous ANG2
inhibition and TIE2 activation by ABTAA are highly effective for
strengthening the endothelial barrier, preserving endothelial glyco-
calyx and microvascular integrity, blunting vascular leakage, and
decreasing inflammation in response to sepsis-induced cytokine storm.
The approach described here may yield another tool to fight vascular
disruption and a way to strengthen the ability to withstand an assault
like sepsis.

MATERIALS AND METHODS

Study design
The primary objective of the present study was to investigate the effect
of activation of endothelial receptor TIE2 on the vascular integrity and
survival of septic mice. To achieve this, we developed a TIE2-activating
antibody named ABTAA and elucidated the molecular characteristics
of this antibody with extensive in vitro analyses. We then examined
the effect of ABTAA on survival in wild-type and several types of
conditional knockout mice under three different septic conditions in
both therapeutic and preventive settings. Sample size justification was
derived from previous animal studies (16, 19) that were sufficiently
powered to suggest the possibility of a vascular protection strategy
in sepsis. After inducing a septic condition in the mice, the animals
were randomized into separate groups for antibody/drug administra-
tion. All parameters of genetically modified mice were compared with
those of littermate controls. The investigators carrying out the subse-
quent analyses including survival, morphometric, functional, and bio-
chemical analyses were blind to the information about treatment
groups or genotypes.

Additional Materials and Methods are available in the Supplemen-
tary Materials.

SUPPLEMENTARY MATERIALS

www.sciencetranslationalmedicine.org/cgi/content/full/8/335/335ra55/DC1

Materials and Methods

Fig. S1. ABTAA binds to human and mouse ANG2.

Fig. S2. ABTAA activates TIE2 and its downstream effectors in human lung ECs.

Fig. S3. ABTAA stimulates internalization of TIE2.

Fig. S4. ABA and ABTAA have different effects on survival of wild-type and Ang7*/2 septic mice
in the pretreatment setting.

Fig. S5. Constitutive expression of ANG1 is critical for basal and ABTAA-induced TIE2 activity.
Fig. $6. Circulating ANG2 concentrations are very low in Ang2*/%
Fig. S7. ABTAA has a longer half-life and is more effective than COMP-Ang1 for improving
survival from sepsis.

Fig. S8. ABTAA protects against major organ injury and microvascular disintegration.

Fig. S9. Pretreatment with ABA or ABTAA mitigates parenchymal injuries and microvascular
disintegration.

Fig. S10. Intravital microscopy was used to measure the pulmonary endothelial glycocalyx.
Fig. S11. ABTAA reduces pulmonary vascular leakage.

Fig. S12. Pretreatment with ABTAA blunts the cytokine storm in sepsis.

Fig. S13. Posttreatment with ABTAA does not attenuate cytokine storm in the primary endotoxemia
model.

Fig. S14. Pretreatment with ABTAA blunts ANG2 surge in sepsis.

Table S1. Raw data for graphs.

Movie S1. Posttreatment with ABTAA rejuvenates septic mice.
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Editor's Summary

Antibody TIEs sepsisup in knots

Sepsis, or severe systemic inflammation caused by infection, has a high mortality despite the
availability of antibiotic treatment, and more specific therapies are urgently needed. One of the
difficult-to-treat and potentially life-threatening components of sepsisis vascular disintegration and
|leakage. Han et al. have discovered an antibody, called ABTAA, which bindsto aligand called
angiopoietin 2 (ANG2) in the vasculature, but then activatesit instead of blocking its activity like
standard antibodies. When ABTAA bindsto ANG2, it causes clustering of ANG2 and subsequently its
receptor TIE2 at the site, and the resulting signaling cascade protects the vascular walls and blunts the
damaging effects of sepsis, greatly increasing survival in mouse models of the disease.

The following resources related to this article are available online at http://stm.sciencemag.org.
Thisinformation is current as of April 20, 2016.

ArticleTools  Visit theonline version of this article to access the personalization and
article tools:
http://stm.sciencemag.org/content/8/335/335rab5

Supplemental "Qupplementary Materials'
M aterials http://stm.sciencemag.org/content/suppl/2016/04/18/8.335.335ra55.DC1

Related Content The editors suggest related resources on Science's sites:
http://stm.sciencemag.org/content/scitransmed/8/335/335fs9.full
http://stm.sciencemag.org/content/scitransmed/8/327/327ra25.full
http://stm.sciencemag.org/content/scitransmed/7/303/303ral40.full
http://stm.sciencemag.org/content/scitransmed/7/299/299ral22.full
http://stm.sciencemag.org/content/scitransmed/7/287/287ra71.full

Permissions  Obtain information about reproducing this article:
http://www.sciencemag.org/about/permissions.dtl

Science Trandational Medicine (print ISSN 1946-6234; online ISSN 1946-6242) is published
weekly, except the last week in December, by the American Association for the Advancement of
Science, 1200 New Y ork Avenue, NW, Washington, DC 20005. Copyright 2016 by the American
Association for the Advancement of Science; all rights reserved. Thetitle Science Trandlational
Medicine isaregistered trademark of AAAS.

9T0Z ‘0z 11dV uo /610" Beweous 10s Wis//:dny woJ) pepeo|umod


http://stm.sciencemag.org/content/8/335/335ra55
http://stm.sciencemag.org/content/suppl/2016/04/18/8.335.335ra55.DC1
http://stm.sciencemag.org/content/scitransmed/8/335/335fs9.full
http://stm.sciencemag.org/content/scitransmed/8/327/327ra25.full
http://stm.sciencemag.org/content/scitransmed/7/303/303ra140.full
http://stm.sciencemag.org/content/scitransmed/7/299/299ra122.full
http://stm.sciencemag.org/content/scitransmed/7/287/287ra71.full
http://www.sciencemag.org/about/permissions.dtl
http://stm.sciencemag.org/

