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(57) Abstract: The disclosure relates to compositions and methods of suppressing or preventing systemic organ inflammation or multi
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vasculitis, thromboembolism, trauma, and acute pancreatitis. The method comprises administering to a patient in need of treatment an
effective amount of a glucagon-like peptide-2 or an analog thereof.



10

15

20

25

WO 2020/198604 PCT/US2020/025272

COMPOSITIONS AND METHODS OF TREATING AND PREVENTING SYSTEMIC
COMPLICATIONS OF ACUTE ILLNESS

CROSS REFERENCE TO RELATED APPLICATIONS
This application claims the benefit of priority of U.S. Provisional Application No.
62/825,087, filed March 28, 2019. The content of this earlier filed application is hereby

incorporated by reference herein in its entirety.

INCORPORATION OF THE SEQUENCE LISTING
The present application contains a sequence listing that is submitted via EFS-Web
concurrent with the filing of this application, containing the file name
“37759 0168P1 Sequence Listing.txt” which is 20,480 bytes in size, created on March 26,
2020, and is herein incorporated by reference in its entirety pursuant to 37 C.F R. § 1.52(e)(5).

BACKGROUND

Acute pancreatitis (AP) is a common reason for hospitalization worldwide. Although the
primary pathology is inflammation of the pancreas, usually due to excessive alcohol
consumption, obstructing gallstones, or severe hyperlipidemia, the most feared complication of
AP is multi-organ failure (MOF), a condition associated with failure of the lungs, kidneys, liver,
and other organs, which has few effective treatments and is fatal in many cases. Furthermore,
other acute illnesses such as burns, major surgery, sepsis, autoimmune disorders, vasculitis,
thromboembolism, and trauma are also associated with the development of MOF. Thus, a need
exists for treating and preventing multi-organ failure in subjects with AP and other acute

illnesses associated with MOF.

SUMMARY
Disclosed herein are methods of suppressing or preventing extrapancreatic organ
inflammation in a human patient with acute pancreatitis, the methods comprising: (a) identifying

a human patient in need of treatment; and (b) administering to the human patient a
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therapeutically effective amount of a pharmaceutical composition comprising glucagon-like
peptide (GLP)-2 or a GLP-2 analog; and a pharmaceutically acceptable carrier.

Disclosed herein are methods of suppressing or preventing extrapancreatic organ
inflammation in a human patient with an acute inflammatory disorder associated with systemic
inflammatory response syndrome, the methods comprising: (a) identifying a human patient in
need of treatment; and (b) administering to the human patient a therapeutically effective amount
of a pharmaceutical composition comprising glucagon-like peptide (GLP)-2 or a GLP-2 analog;
and a pharmaceutically acceptable carrier.

Disclosed herein are methods of suppressing or preventing extrapancreatic organ
inflammation in a human patient with multiorgan failure, the methods comprising: (a) identifying
a human patient in need of treatment; and (b) administering to the human patient a
therapeutically effective amount of a pharmaceutical composition comprising glucagon-like
peptide (GLP)-2 or a GLP-2 analog; and a pharmaceutically acceptable carrier.

Disclosed herein are methods of preventing or reducing endotoxin entry in a subject’s
lung or liver, the methods comprising: (a) identifying a human patient in need of treatment; and
(b) administering to the human patient a therapeutically effective amount of a pharmaceutical
composition comprising GLP-2 or a GLP-2; and a pharmaceutically acceptable carrier.

Disclosed herein are methods of preventing a systemic inflammatory response or multi-
organ failure in a human patient with acute pancreatitis, the methods comprising: (a) identifying
a human patient in need of treatment; and (b) administering to the human patient a
therapeutically effective amount of a pharmaceutical composition comprising GLP-2 or a GLP-2
analog; and a pharmaceutically acceptable carrier.

Disclosed herein are methods of ameliorating one or more symptoms of acute pancreatitis
in a subject, the method comprising: a) identifying a subject in need thereof; and b)
administering to the subject a therapeutically effective amount of GLP-2 or a GLP-2 analog.

Disclosed herein are methods of ameliorating one or more symptoms of an acute illness,
in a subject, the methods comprising: a) identifying a subject in need thereof, and b)
administering to the subject a therapeutically effective amount of GLP-2 or a GLP-2 analog.

Disclosed herein are methods of suppressing or preventing systemic organ inflammation

in a human patient with acute illness, the methods comprising: (a) identifying a human patient in
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need of treatment; and (b) administering to the human patient a therapeutically effective amount
of a pharmaceutical composition comprising glucagon-like peptide (GLP)-2 or a GLP-2 analog;
and a pharmaceutically acceptable carrier.

Disclosed herein are methods of suppressing or preventing systemic organ inflammation
in a human patient with an acute inflammatory disorder associated with systemic inflammatory
response syndrome (SIRS), the methods comprising: (a) identifying a human patient in need of
treatment; and (b) administering to the human patient a therapeutically effective amount of a
pharmaceutical composition comprising glucagon-like peptide (GLP)-2 or a GLP-2 analog; and a
pharmaceutically acceptable carrier.

Disclosed herein are methods of suppressing or preventing systemic organ inflammation
in a human patient with multiorgan failure, the methods comprising: (a) identifying a human
patient in need of treatment; and (b) administering to the human patient a therapeutically
effective amount of a pharmaceutical composition comprising glucagon-like peptide (GLP)-2 or
a GLP-2 analog; and a pharmaceutically acceptable carrier.

Disclosed herein are methods of preventing a systemic inflammatory response or multi-
organ failure in a human patient with an acute illness, the methods comprising: (a) identifying a
human patient in need of treatment; and (b) administering to the human patient a therapeutically
effective amount of a pharmaceutical composition comprising GLP-2 or a GLP-2 analog; and a
pharmaceutically acceptable carrier.

Disclosed herein are method of preventing or reducing endotoxin entry into a human
patient’s portal vein, the methods comprising: (a) identifying the human patient in need of
treatment; and (b) administering to the human patient a therapeutically effective amount of a
pharmaceutical composition comprising GLP-2 or a GLP-2 analog; and a pharmaceutically
acceptable carrier.

Other features and advantages of the present compositions and methods are illustrated in

the description below, the drawings, and the claims.

BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1 shows increased plasma lipase activity after cerulein treatment to induce

experimental acute pancreatitis.
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FIGs. 2A-C show the systemic expression of proinflammatory cytokines, tumor necrosis
factor (TNF)-a (FIG. 2A), interleukin (IL)-1B (Fig. 2B) and IL-6 (FIG. 2C), in the terminal ileum
(TI), liver (L), lung (Lu) and pancreas (P) 24 hours after the final intraperitoneal injection of
cerulein, and after intraperitoneal injection of teduglutide (TDG).

FIG. 3 shows portal vein (PV) lipopolysaccharide (LPS) concentrations 0-24 hr after the
final injection of cerulein and the decreased PV LPS concentrations after administration of
teduglutide (TDG).

FIG. 4 shows increased uptake of the paracellular permeability marker FITC-dextran
4000 (FD4) from the small intestine 18 or 24 hrs after cerulein treatment, suggesting that LPS
entry occurs after a pancreatitis-associated intestinal permeability increase. TDG treatment
significantly reduced PV FD4 levels (Fig. 4) 18 and 24 hrs after cerulein treatment.

FIG. 5 shows plasma TNFa levels, indicative of systemic inflammation, were increased
24 hrs after cerulein treatment, reversed by TDG treatment.

FIGs. 6A-G show LPS transport in rat jejunal mucosa in the Ussing chamber. Muscle-
stripped mucosa-submucosa preparation of rat jejunal mucosa was exposed to mucosal LPS (10
ug/ml) at t = 0 min, followed by the mucosal addition of vehicle (phosphate buffered saline pH
7.4) or oleic acid (OA) and taurocholic acid (TCA) att = 15 min. Serosal LPS concentrations
([LPS]) were measured using the limulus amebocyte lysate test with colorimetric detection.
Background [LPS] at t = 0 was subtracted from the value at each time point, which is expressed
as A[LPS] (EU/ml) m-to-s (mean + SEM, n = 6). The data were analyzed by two-way ANOVA,
followed by Tukey’s multiple comparisons test. FIG. 6A shows the mucosa was exposed to
mucosal LPS alone for 15 min, followed by mucosal addition of vehicle (veh), TCA (0.1 mM)
alone or OA (3 — 30 mM) with TCA. OA in the mucosal bath dose-dependently increased serosal
[LPS] at t = 30 and 45 min, whereas LPS alone or LPS + TCA had no effect on serosal [LPS]. *p
<0.05 vs. LPS + vehicle group, p < 0.05 vs. LPS + TCA group. FIG. 6B shows vehicle was
added into the mucosal bath without LPS, followed by addition of vehicle or OA/TCA. FIG. 6C
shows sulfosuccinimidyl oleate (SSO, 0.1 mM) was added into the mucosal bath 10 min before
LPS application, followed by addition of vehicle or OA (30 mM)/TCA (0.1 mM). SSO inhibited
OA/TCA-induced [LPS] increase, whereas SSO with LPS alone had no effect on serosal [LPS].
*p < 0.05 vs. LPS + vehicle group, 'p < 0.05 vs. LPS + OA/TCA group.
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FIG. 6D shows methyl-B-cyclodextrin (MBCD, 1 mM) was added into the mucosal bath 10 min
before LPS application. MBCD abolished OA/TCA-induced [LPS] increase, whereas MBCD
with LPS alone had no effect on serosal [LPS]. *p < 0.05 vs. LPS + vehicle group, 'p < 0.05 vs.
LPS + OA/TCA group. FIG. 6E shows carbachol (CCh, 10 uM) was added into the serosal (s)
bath 10 min before LPS application. CCh increased serosal [LPS], regardless the presence of
mucosal OA/TCA. *p < 0.05 vs. LPS + vehicle group, p <0.05 vs. LPS + OA/TCA group.
FIG. 6F shows that glycerol phosphate (GP, 10 mM) was added into the mucosal bath 10 min
before LPS application. GP enhanced OA/TCA-induced [LPS] increase at t = 45 min, whereas
GP with LPS alone had no effect on serosal [LPS]. *p < 0.05 vs. LPS + vehicle group, p < 0.05
vs. LPS + OA/TCA group. FIG. 6G shows the effects of SSO, MBCD, CCh and GP on serosal
[LPS] at t = 15 min (LPS alone exposure) and at t =45 min (LPS+OA+TCA exposure). *p <
0.05 vs. vehicle group, 'p < 0.05 vs. the corresponding LPS alone group.

FIGs. 7A-B show the comparison of LPS measurements using FITC-LPS and TLR4
reporter cell assay. Rat jejunal mucosae were exposed to mucosal FITC-LPS (10 pug/ml) with or
without mucosal (m) sulfosuccinimidyl oleate (SSO, 0.1 mM) or methyl-B-cyclodextrin (MBCD,
1 mM) 10 min before FITC-LPS application, followed by mucosal addition of vehicle or OA (30
mM)/TCA (0.1 mM) at t = 15 min. Serosal [LPS] at each time point was detected by FITC
fluorescence intensity, followed by subtraction of background [LPS] att =0 (FIG. 7A) or
mTLR4-SEAP reporter cell assay (see Methods for detail) (FIG. 7B), expressed as A[FITC-LPS]
(ng/ml) m-to-s, or A[LPS] (ng/ml) m-to-s, respectively (mean + SEM, n = 6). The data were
analyzed by two-way ANOVA, followed by Tukey’s multiple comparisons test. *p < 0.05 vs.
FITC-LPS alone group, 'p < 0.05 vs. FITC-LPS + OA/TCA group.

FIGs. 8 A-D show the epithelial permeability during lipid exposure in rat jejunal mucosa.
Rat jejunal mucosa were exposed to mucosal FITC-LPS (10 pg/ml) or FITC-dextran 4000 (FD4,
0.1 mM) with LPS (10 ug/ml) at t = 0 min, followed by the mucosal (m) addition of vehicle
(phosphate buffered saline pH 7.4; PBS), or OA (30 mM) and TCA (0.1 mM) at t = 15 min.
FITC-LPS transport (m-to-s) (FIG. 8 A) or FD4 transport (m-to-s) (FIG. 8C) is expressed as
A[FITC-LPS] (ng/ml) m-to-s, or A[FD4] (nM) m-to-s, respectively (mean = SEM, n = 4).
Transepithelial electrical resistance (TEER) (Q2*cm?), recorded throughout the experiments is

plotted every 15 min (FIGs. 8B, D) for the corresponding experiments (FIGs. 8A, C). The data
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were analyzed by two-way ANOVA, followed by Tukey’s multiple comparisons test. FIGs. 8A,
B show that luminal PBS alone or FITC-LPS alone had no effect on serosal [FITC-LPS],
whereas addition of OA/TCA in the mucosal bath increased serosal [FITC-LPS] (FIG. 8A) with
no change in TEER (B). *p < 0.05 vs. PBS alone group, 'p < 0.05 vs. FITC-LPS alone group.
FIGs. 8C, D show that Luminal LPS alone had no effect on serosal fluorescence change.
Luminal addition of FD4, with or without further addition of OA/TCA in the mucosal bath, and
increased serosal [FD4] (FIG. 8C) with any change in TEER (D). *p < 0.05 vs. LPS alone group.
FIGs. 9A-H shows the effect of GLP-2 on LPS transport during lipid exposure in rat
jejunal mucosa. Rat jejunal mucosae were exposed to mucosal LPS (10 ug/ml) at t = 0 min,
followed by the mucosal addition of vehicle (veh) or OA and TCA at t = 15 min. LPS transport
(m-to-s) is expressed as A[LPS] (EU/ml) m-to-s (mean + SEM, n = 6). Each inhibitor (D-G) was
added in the serosal solution 5 min before addition of GLP-2 and NVP. The data were analyzed
by two-way ANOVA, followed by Tukey’s multiple comparisons test. FIG. 9A shows rat GLP-
2 (100 nM) with or without NVP-728 (NVP, 10 uM) was added into the serosal(s) bath 10 min
before LPS application, followed by addition of vehicle or OA (30 mM)/TCA (0.1 mM) into the
mucosal (m) bath. GLP-2 with or without NVP had no effect on serosal [LPS] at t = 15 min.
GLP-2 with NVP inhibited OA/TCA-induced [LPS] increase, whereas GLP-2 alone had no
effect on OA/TCA-induced [LPS] increase. *p < 0.05 vs. LPS + vehicle group, Tp < 0.05 vs. LPS
+ OA/TCA group. FIG. 9B shows teduglutide (TDG, 100 nM) was added into the serosal(s)
bath 10 min before LPS application, followed by addition of vehicle or OA/TCA. TDG inhibited
OA/TCA-induced [LPS] increase. *p < 0.05 vs. LPS + vehicle group, /p < 0.05 vs. LPS +
OA/TCA group. FIG. 9C shows that GLP-2(3-33) (300 nM) or NVP (10 uM) was added into
the serosal (s) bath 10 min before LPS application, followed by addition of vehicle or OA/TCA.
GLP-2(3-33) or NVP had no effect on OA/TCA-induced [LPS] increase. *p < 0.05 vs. LPS +
vehicle group. FIG. 9D shows that pretreatment with NVP-AEW-541 (AEWS541, 10 uM, s)
enhanced the OA/TCA-induced [LPS] increase. *p < 0.05 vs. LPS + vehicle group, 'p < 0.05 vs.
LPS + OA/TCA group, *p <0.05 vs. LPS + OA/TCA + NVP + GLP-2 group. FIG. 9E shows
that pretreatment with PD153035 (1 uM, s) increased serosal [LPS] at t = 15 min and further
augmented OA/TCA-induced [LPS] increase. *p < 0.05 vs. LPS + vehicle group, 'p < 0.05 vs.
LPS + OA/TCA group, *p < 0.05 vs. LPS + OA/TCA + NVP + GLP-2 group. FIG. 9F shows
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that pretreatment with L-NAME (0.1 mM, s) reversed the inhibitory effect of GLP-2/NVP on
OA/TCA-induced [LPS] increase. *p < 0.05 vs. LPS + vehicle group, 'p < 0.05 vs. LPS +
OA/TCA group, p <0.05 vs. LPS + OA/TCA + NVP + GLP-2 group. FIG. 9G shows that
pretreatment with PG97-269 (1 uM, s) reversed the inhibitory effect of GLP-2/NVP on
OA/TCA-induced [LPS] increase. *p < 0.05 vs. LPS + vehicle group, /p < 0.05 vs. LPS +
OA/TCA group, *p < 0.05 vs. LPS + OA/TCA + NVP + GLP-2 group. FIG. 9H shows that the
effects of NVP + GLP-2 with or without AEW541, PD153035, L-NAME and PG97-269 on
serosal [LPS] att =15 min (LPS alone exposure) and at t = 45 min (LPS+OA+TCA exposure).
*p < 0.05 vs. vehicle group, 'p <0.05 vs. NVP + GLP-2 group, *p < 0.05 vs. the corresponding
LPS alone group.

FIGs. 10A-H shows FITC-LPS transport during lipid exposure in rat small intestine in
vivo. FITC-LPS (50 pg/ml) in 2-ml PBS with or without OA (30 mM) plus TCA (10 mM) was
administered by intraduodenal (id) bolus perfusion (pf) at t = 0 min, followed by 2-ml PBS
perfusion every 30 min. Portal venous (PV) blood and mesenteric lymph were collected every 15
min. Fluorescence intensity was measured in PV plasma and lymph with measurement of lymph
output to calculate FITC-LPS content in the samples after subtraction of background
fluorescence intensity in the samples at t = 0, which is expressed as PV FITC-LPS (ng/ml) and
FITC-LPS transport into lymph (ng/15 min) (mean = SEM, n = 6). Each inhibitor was perfused
in 2-ml PBS 30 min before FITC-LPS perfusion, followed by co-perfusion with FITC-LPS +
OA/TCA at t = 0 min. Data were analyzed by two-way ANOVA (A-F) or one-way ANOVA (G,
H), followed by Tukey’s multiple comparisons test. FIGs. 10A, B show that intraduodenal
perfusion of FITC-LPS alone had no effect on FITC-LPS appearance into the PV (FIG. 10A) and
into the lymph (FIG. 10B). Addition of OA + TCA with FITC-LPS rapidly increased PV FITC-
LPS content at t = 15 and 30 min, followed by a decline to the basal value (FIG. 10A), whereas
FITC-LPS transport to lymph gradually increased, reaching a plateau at t = 60 min. Pretreatment
and co-perfusion of SSO (1 mM) reduced OA/TCA-induced FITC-LPS transport into the PV
(A), but had no effect on FITC-LPS transport into the lymph (FIG. 10B). *p <0.05 vs. FITC-
LPS alone group, 'p < 0.05 vs. FITC-LPS + OA/TCA group. FIGs. 10C, D show that
pretreatment and co-perfusion of MBCD (1 mM) abolished OA/TCA-induced FITC-LPS
transport into the PV (FIG. 10C), but had no effect on FITC-LPS transport into the lymph (FIG.
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10D). *p < 0.05 vs. FITC-LPS alone group, p < 0.05 vs. FITC-LPS + OA/TCA group. FIGs.
10E, F show that pretreatment and co-perfusion of Pluronic-81 (PL81, 3%) delayed OA/TCA-
induced FITC-LPS transport increase into the PV (FIG. 10E), and inhibited FITC-LPS transport
into the lymph (FIG. 10F). *p < 0.05 vs. FITC-LPS alone group, 'p < 0.05 vs. FITC-LPS +
OA/TCA group. FIGs. 10G, H show that the area under the curve for FITC-LPS uptake for 0 —
90 min (AUCo.90) into the PV (FIG. 10G) and lymph (FIG. 10H) was calculated from FIGs. 10A,
C, E and from FIGs. 10B, D, F, respectively, by the trapezoidal rule. Compared with FITC-LPS
alone group, OA/TCA increased AUCo.90 of PV and lymph. MBCD treatment abolished AUCo.90
of PV with no effect on AUCo.90 of lymph, whereas PL81 treatment reduced AUCo.90 of lymph
with no effect on AUCo.90 of PV. SSO treatment had no effect on AUCo.90 of PV and lymph. *p <
0.05 vs. FITC-LPS alone group, p <0.05 vs. FITC-LPS + OA/TCA group.

FIGs. 11A-H show the effect of TDG on FITC-LPS transport during lipid exposure in rat
small intestine in vivo. TDG (50 png/kg) was injected iv 15 min before intraduodenal (id) bolus
perfusion (pf) of FITC-LPS (50 pg/ml) in 2-ml PBS with OA (30 mM) plus TCA (10 mM).
FITC-LPS appearance in the PV and the lymph, and lymph output are expressed as PV FITC-
LPS (ng/ml), FITC-LPS transport into lymph (ng/15 min) and lymph output (ul/15 min) (mean +
SEM, n = 6), respectively. Data were analyzed by two-way ANOVA (FIGs. 11A-F) or one-way
ANOVA (FIGs. 9G, H), followed by Tukey’s multiple comparisons test. FIGs. 11A-C show that
TDG iv injection abolished OA/TCA-induced FITC-LPS transport into the PV (FIG. 11A), but
rapidly increased FITC-LPS transport into the lymph (FIG. 11B), accompanied by rapidly
enhanced lymph output (FIG. 11C). L-NAME (0.1 mM) was perfused in 2-ml PBS at t =-30
min, followed by TDG iv injection at t = -15 min. Pretreatment with and co-perfusion of L-
NAME reduced the inhibitory effect of TDG on OA/TCA-induced FITC-LPS transport into the
PV (FIG. 11A) and into the lymph (FIG. 9B), with reversal of the reduction of TDG-induced
lymphatic output increase (FIG. 11C). *p < 0.05 vs. FITC-LPS + OA/TCA group, 'p <0.05 vs. +
TDG group. FIGs. 11D-F shows that PG97-269 (0.3 mg/kg) was iv injected 5 min before TDG
iv injection at t = -15 min. Pretreatment of PG97-269 had no effect on the inhibitory effect of
TDG on OA/TCA-induced FITC-LPS transport into the PV (FIG. 11D), but inhibited FITC-LPS
transport into the lymph (FIG. 11E), with reduction of TDG-induced lymph output increase
(FIG. 11F). *p < 0.05 vs. FITC-LPS + OA/TCA group, p <0.05 vs. + TDG group. FIGs. 9G, H
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show that the AUCo.90 into the PV (FIG. 9G) and lymph (FIG. 11H) was calculated from FIGs.
11A, D and from FIGs. 11B, E, respectively, by the trapezoidal rule. Compared with FITC-LPS
+ OA/TCA group, TDG reduced AUCo.90 of PV, which was reversed by L-NAME treatment
(FIG. 11G). L-NAME and PG97-269 treatment reduced AUCo.90 of lymph, whereas TDG had no
significant effect on AUCo.90 of lymph (FIG. 11H). *p <0.05 vs. FITC-LPS + OA/TCA group,
'p <0.05 vs. + TDG group.

FIG. 12 shows FITC-LPS transport during lipid exposure into the portal vein in mice
Intraduodenal perfusion of FITC-LPS with or without OA (30 mM) plus TCA (10 mM) was
performed in anesthetized mice, followed by portal venous (PV) blood collection 15 min after
perfusion. Plasma FITC-LPS levels were measured and are expressed as PV FITC-LPS (ng/ml)
(mean + SEM, n = 6). *p <0.05 vs. FITC-LPS alone group. Data were analyzed by the Mann-
Whitney test.

FIGs. 13A-B shows the effect of LPS treatment on small intestinal paracellular
permeability (6 hr study). FITC-dextran 4kDa (FD4) solution (0.1 ml, 10 ml) was
intraduodenally perfused at t = 0 min under anesthesia in rats of 1, 3, or 6 hr after LPS treatment
(5 mg/kg, ip), or 6 hr after saline treatment (Control). FIG. 13A shows FD4 concentration in
portal venous (PV) plasma (PV FD4) collected every 15 min. Background fluorescent intensity
at t = 0 was subtracted from the value at each time point, and calculated FD4 concentration is
expressed as PV FD4 (nM) (mean + SEM, n = 6). *p < 0.05 vs. Control group, Ip <0.05 vs. LPS
1 hr group, *p < 0.05 vs. LPS 3 hr group. FIG. 13B shows arterial FD4 concentration at t = 90
min (mean + SEM, n = 6). *p < 0.05 vs. Control, fp <0.05 vs. LPS 1 hr, *p <0.05 vs. LPS 3 hr.

FIGs. 14A-B shows the effect of a GLP-2 receptor antagonist on LPS-induced increases
in FD4 permeability. FIG. 14A shows thatGLP-2 receptor antagonist GLP-2(3-33) (1 mg/kg, ip)
was given immediately (0 hr) after LPS treatment. FD4 solution was perfused as indicated in Fig.
13. A: PV FD4 concentration (mean + SEM, n = 6). *p < 0.05 vs. Control group, p < 0.05 vs.
LPS 6 hr group. FIG. 14B shows arterial FD4 concentration at t = 90 min (mean = SEM, n = 6).
*p < 0.05 vs. Control, ’p <0.05 vs. LPS 6 hr.

FIGs. 15A-B shows FD4 permeability 24 hr after LPS treatment; effect of GLP-2
treatment LPS was injected (5 mg/kg, ip) 24 hr before the experiments and FD4 solution was
perfused as indicated in Fig. 13. Rat GLP-2 (380 pg/kg, ip) was injected 6 hr after LPS
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treatment. FIG. 12A shows PV FD4 concentration (mean = SEM, n = 6). *p <0.05 vs. Control
group, Tp <0.05 vs. LPS 24 hr group. FIG. 15B shows arterial FD4 concentration at t = 90 min
(mean £ SEM, n = 6). *p <0.05 vs. Control, {p <0.05 vs. LPS 24 hr.

FIG. 16 shows the correlation between FD4 transported into the PV and arterial FD4
concentration. Area under the curve (AUC) of PV FD4 concentration (uMemin) (PV FD4 AUC)
calculated by the trapezoidal rule, and arterial FD4 concentration (nM) at t = 90 min (Arterial
FD4) from the data in Figs. 13 — 15 were plotted. Linear regression was calculated by GraphPad®
Prism 6 statistics software.

FIGs. 17A-B shows the effect of LPS treatment on PV GLP-2 levels. FIG. 17A shows
that plasma GLP-2 content was measured in the PV blood in overnight fasted control and 6 hr
after LPS treatment (LPS 6 hr). Each column is expressed as mean = SEM (n=6). *p < 0.05 vs.
Control (fasted). FIG. 17B shows the plasma GLP-2 content was measured in the PV blood in
fed ad libitum Control and 24 hr after LPS treatment (LPS 24 hr). Each column is expressed as
mean = SEM (n=6). *p < 0.05 vs. Control (fed).

FIGs. 18A-I shows the effect of LPS treatment on expressions of GLP-2-related proteins
and proinflammatory mediators. mRNA expressions in the ileal mucosa of overnight fasted
control and 6 hr after LPS treatment (LPS 6 hr group) were assessed by real-time PCR using [3-
actin as internal control with ACT method. Each column is expressed as mean + SEM (n=6). *p
<0.05 vs. Control (fasted). FIG. 18A: Proglucagon (Gcg), FIG. 18B: GLP-2 receptor (GLP2R),
FIG. 18C: cyclooxygenase-2 (COX2), FIG. 18D: tumor necrosis factor o (TNFa), FIG. 18E:
interleukin-6 (IL6), FIG. 18F: epidermal growth factor (EGF), FIG. 18G: insulin-like growth
factor 1 (IGF1), FIG. 18H: IGF1 receptor (IGF1R), FIG. 18I: IGF2R.

FIGs. 19A-G shows the effect of teduglutide on LPS-induced small intestinal FD4
permeability (6 hr model). LPS was given 6 hr before the experiments. Teduglutide (TDG, 50
ng/kg) was injected 3 hr (ip) or 6 hr (iv at t = 0 min) after LPS treatment. The FD4 solution was
perfused as indicated in Fig. 13. Test drugs were iv injected at t =-10 min, or co-perfused (pf)
with FD4 solution. FIG. 19A shows PV FD4 concentration (mean + SEM, n = 6) of Control,
LPS 6hr, LPS 6 hr + TDG 3 hr and LPS 6hr + TDG 6hr group. *p < 0.05 vs. Control group, p <
0.05 vs. LPS 6 hr group. FIG. 19B shows the effect of IGF1R inhibitor NVP-AEW 541
(AEW541) (0.1 mg/kg, iv) on the inhibitory effect of TDG on LPS-induced PV FD4 increase
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(mean £ SEM, n = 6). *p <0.05 vs. LPS 6 hr. FIG. 19C shows the ftfect of EGF receptor
inhibitor PD153035 (10 pg/kg, iv) on the inhibitory effect of TDG on LPS-induced PV FD4
increase (mean = SEM, n = 6). *p <0.05 vs. LPS 6 hr. FIG. 19D shows the effect of VPACI
antagonist PG97-269 (1 mg/kg, iv) on the inhibitory effect of TDG on LPS-induced PV FD4
increase (mean = SEM, n =6). *p <0.05 vs. LPS 6 hr, ip <0.05 vs. LPS 6 hr + TDG 6 hr. FIG.
19E shows the effect of NO synthase inhibitor L-NAME (0.1 mM, pf) on the inhibitory effect of
TDG on LPS-induced PV FD4 increase (mean = SEM, n = 6). *p <0.05 vs. LPS 6 hr, 1p <0.05
vs. LPS 6 hr + TDG 6 hr. FIG. 19F shows the arterial FD4 concentration at t = 90 min (mean +
SEM, n = 6). *p < 0.05 vs. Control, Tp <0.05 vs. LPS 6 hr. ¥ < 0.05 vs. LPS 6 hr + TDG 6 hr.
FIG. 19G shows the effect of L-NAME (0.1 mM, pf) on LPS-induced PV FD4 increase (mean +
SEM, n=6). *p <0.05 vs. LPS 6 hr.

FIGs. 20A-B shows the effect of teduglutide on LPS-induced small intestinal FD4
permeability (24 hr model). LPS was given 24 hr before the experiments. TDG (50 pg/kg) was
injected 0, 6, 12 hr (ip) or 24 hr (iv at t = 0 min) after LPS treatment. The FD4 solution was
perfused as indicated in Fig. 13. FIG. 20A shows the PV FD4 concentration (mean + SEM, n =
6). *p < 0.05 vs. Control group, 'p <0.05 vs. LPS 24 hr group. FIG. 20B shows the arterial FD4
concentration at t = 90 min (mean = SEM, n = 6). *p < 0.05 vs. Control, Tp <0.05 vs. LPS 24 hr.

FIG. 21 shows the proposed mechanisms by which endogenous or exogenous GLP-2
prevents LPS-induced small intestinal paracellular permeability increase. Systemic treatment of
LPS induces small intestinal inflammation via stimulation of residential immune cells such as
macrophage (M¢) through Toll-like receptor 4 (TLR4) activation, which produce
proinflammatory cytokines (tumor necrosis factor-a; TNFa, interleukin-6; IL6, etc.), those
injure epithelial cells and increase paracellular spaces, that increases paracellular permeability to
macromolecule FITC-dextran 4000 (FD4) as well as to luminal LPS, the latter may aggravate
LPS-related inflammation. LPS directly or indirectly via cytokines induces GLP-2 release from
L cells, which prevents paracellular permeability increase in early time point after LPS
treatment. Exogenous GLP-2 or a stable analog teduglutide (TDG) prevents LPS-induced
paracellular permeability increase up to 6 hrs in early time point or 6-12 hr after LPS treatment

in 24 hr time point. Effects of GLP-2 on LPS-induced paracellular permeability increase are
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mediated by vasoactive intestinal peptide (VIP) release and nitric oxide (NO) production from

the myenteric nerves expressing GLP-2 receptors (GLP-2R).

DETAILED DESCRIPTION

The present disclosure can be understood more readily by reference to the following
detailed description of the invention, the figures and the examples included herein.

Before the present compositions and methods are disclosed and described, it is to be
understood that they are not limited to specific synthetic methods unless otherwise specified, or
to particular reagents unless otherwise specified, as such may, of course, vary. Itis also to be
understood that the terminology used herein is for the purpose of describing particular aspects
only and is not intended to be limiting. Although any methods and materials similar or
equivalent to those described herein can be used in the practice or testing of the present
invention, example methods and materials are now described.

Moreover, it is to be understood that unless otherwise expressly stated, it is in no way
intended that any method set forth herein be construed as requiring that its steps be performed in
a specific order. Accordingly, where a method claim does not actually recite an order to be
followed by its steps or it is not otherwise specifically stated in the claims or descriptions that the
steps are to be limited to a specific order, it is in no way intended that an order be inferred, in any
respect. This holds for any possible non-express basis for interpretation, including matters of
logic with respect to arrangement of steps or operational flow, plain meaning derived from
grammatical organization or punctuation, and the number or type of aspects described in the
specification.

All publications mentioned herein are incorporated herein by reference to disclose and
describe the methods and/or materials in connection with which the publications are cited. The
publications discussed herein are provided solely for their disclosure prior to the filing date of
the present application. Nothing herein is to be construed as an admission that the present
invention is not entitled to antedate such publication by virtue of prior invention. Further, the
dates of publication provided herein can be different from the actual publication dates, which can

require independent confirmation.
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DEFINITIONS

As used in the specification and the appended claims, the singular forms "a," "an" and
"the" include plural referents unless the context clearly dictates otherwise.

The word “or” as used herein means any one member of a particular list and also includes
any combination of members of that list.

Throughout the description and claims of this specification, the word “comprise” and
variations of the word, such as “comprising” and “comprises,” means “including but not limited
to,” and is not intended to exclude, for example, other additives, components, integers or steps.
In particular, in methods stated as comprising one or more steps or operations it is specifically
contemplated that each step comprises what is listed (unless that step includes a limiting term
such as “consisting of”), meaning that each step is not intended to exclude, for example, other
additives, components, integers or steps that are not listed in the step.

Ranges can be expressed herein as from "about" or "approximately" one particular value,
and/or to "about" or "approximately" another particular value. When such a range is expressed, a
further aspect includes from the one particular value and/or to the other particular value.
Similarly, when values are expressed as approximations, by use of the antecedent "about," or
"approximately," it will be understood that the particular value forms a further aspect. It will be
further understood that the endpoints of each of the ranges are significant both in relation to the
other endpoint and independently of the other endpoint. It is also understood that there are a
number of values disclosed herein and that each value is also herein disclosed as “about” that
particular value in addition to the value itself. For example, if the value "10" is disclosed, then
"about 10" is also disclosed. It is also understood that each unit between two particular units is
also disclosed. For example, if 10 and 15 are disclosed, then 11, 12, 13, and 14 are also
disclosed.

As used herein, the terms "optional" or "optionally" mean that the subsequently described
event or circumstance may or may not occur and that the description includes instances where
said event or circumstance occurs and instances where it does not.

As used herein, the term "subject" refers to the target of administration, e.g., a human.
Thus, the subject of the disclosed methods can be a vertebrate, such as a mammal, a fish, a bird,

a reptile, or an amphibian. The term "subject" also includes domesticated animals (e.g., cats,
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dogs, etc.), livestock (e.g., cattle, horses, pigs, sheep, goats, etc.), and laboratory animals (e.g.,
mouse, rabbit, rat, guinea pig, fruit fly, etc.). In some aspects, a subject is a mammal. In some
aspects, the subject is a human. The term does not denote a particular age or sex. Thus, adult,
child, adolescent and newborn subjects, as well as fetuses, whether male or female, are intended
to be covered.

As used herein, the term "patient" refers to a subject afflicted with a disease, disorder or
condition. The term "patient" includes human and veterinary subjects. In some aspects of the
disclosed methods, the “patient” has been diagnosed with a need for treatment prior to the
administering step.

As used herein, the term "treating" refers to partially or completely alleviating,
ameliorating, relieving, delaying onset of, inhibiting or slowing progression of, reducing severity
of, and/or reducing incidence of one or more symptoms or features of a particular disease,
disorder, and/or condition. Treatment can be administered to a subject who does not exhibit signs
of a disease, disorder, and/or condition and/or to a subject who exhibits only early signs of a
disease, disorder, and/or condition for the purpose of decreasing the risk of developing pathology
associated with the disease, disorder, and/or condition. Treatment can also be administered to a
subject to ameliorate one more signs of symptoms of a disease, disorder, and/or condition. For
example, the disease, disorder, and/or condition can be relating to acute pancreatitis,
extrapancreatic organ inflammation, systemic organ inflammation, multiorgan failure, systemic
inflammatory response, and/or entry of endotoxin into systemic circulation.

As used herein, the term “amelioration” refers to a lessening of at least one indicator,
sign, or symptom of an associated disease, disorder, or condition. The severity of indicators may
be determined by subjective or objective measures, which are known to those skilled in the art.

INTRODUCTION

Among the most feared complication of acute illnesses including but not limited to acute
burns, major surgery, sepsis, autoimmune disorders, vasculitis, thromboembolism, trauma, and
acute pancreatitis (AP) is multiple organ failure (MOF). MOF is believed to originate from
increased amounts of endotoxin, also referred to as lipopolysaccharide (LPS), a component of
the outer membrane of Gram-negative bacteria that exist in high numbers in the gut lumen,

entering the portal vein (PV) and inflaming the liver. Increased gut permeability elicited by
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systemic inflammation resulting from acute illnesses including but not limited to acute burns,
major surgery, sepsis, autoimmune disorders, vasculitis, thromboembolism, trauma, and acute
pancreatitis, increases LPS uptake from the gut lumen into the PV, inflaming the liver that in
turns initiates a severe pro-inflammatory cascade that results in severe systemic inflammation
that produces the systemic inflammatory response syndrome (SIRS) that can eventuate in MOF.
LPS is one of the most potent pro-inflammatory substances known, capable of inducing a septic-
shock-like syndrome after parenteral injection into humans of minute quantities of LPS.

Glucagon-like peptide-2 (GLP-2) is a peptide hormone product of proglucagon that has
many beneficial properties. GLP-2 is an intestinotrophic factor released from enteroendocrine L
cells, present in the gut epithelium, that increases intestinal epithelial stem cell proliferation
when given chronically but also acutely increases the transport of long-chain fatty acids from the
gut lumen into the lymphatic system and strengthens intestinal barrier function. A stable GLP-2
analog (teduglutide) is approved for the treatment of the short gut syndrome, usually defined as
inability to assimilate adequate amounts of fluid, nutrients, and electrolytes due to gut
malfunction or extensive resection, due to its pro-proliferative effects on gut epithelial stem cells.
Less commonly known are the acute effects of GLP-2 on LPS transport from the gut.

As disclosed herein, it was found that GLP-2 acutely inhibits LPS uptake from the gut
lumen into the portal vein (PV). In an experimental model of acute pancreatitis, acute
administration of teduglutide reduced pulmonary and hepatic inflammation to near normal
concentrations by preventing the increase of LPS concentrations in the PV blood. Disclosed
herein are methods of administering glucagon-like peptide (GLP}-2 or a GLP-2 analog (e.g.
teduglutide) acutely in subjects diagnosed or suspected of having acute pancreatitis to strengthen
the gut mucosal barrier and limit LPS uptake from the gut to the PV by shunting LPS uptake to
the lymphatic system, thereby preventing or reducing the severity of the morbid systemic
complications of severe acute illnesses including but not limited to acute burns, major surgery,
sepsis, autoimmune disorders, vasculitis, thromboembolism, trauma, and acute pancreatitis, and
thus reducing the overall morbidity and mortality of the diseases.

COMPOSITIONS

Cleavage of proglucagon produces GLP-2 and GLP-1. GLP-2 is produced by the

intestinal endocrine L cell and by neurons in the central nervous system, and is secreted in the
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intestines upon nutrient ingestion. In humans, GLP-2 has the sequence
HADGSFSDEMNTILDNLAARDFINWLIQTKITD (SEQ ID NO: 1) or
HADGSFSDEMNTILDNLAARDFINWLIQTKITDR (SEQ ID NO: 2). As used herein, GLP-2
can refer to the human sequence (SEQ ID NO: 1). In some aspects, GLP-2 can refer to mouse,
rat, non-human primate or other species GLP-2 sequences. It is within one of ordinary skill in
the art to identify peptides with sequences that function as described herein. United States Patent
No. 5,789,379 discloses GLP-2-related peptides including GLP-2 analogs. In some aspects, the
GLP-2 peptides disclosed in USPN 5,789,379 can be useful in any of the methods disclosed
herein. As such, USPN 5,789,379 is hereby incorporated herein in its entirety.

GLP-2 and GLP-2 analogs can be synthesized using standard techniques of peptide
chemistry. GLP-2 and GLP-2 analogs can be produced in commercial quantities by application
of recombinant technology. Examples of GLP-2 analogs are disclosed in U.S. Patent No.
5,789,379 and are incorporated herein by reference. In some aspects, the GLP-2 analogs can be
purified using any standard approach. In some aspects, the GLP-2 or GLP-2 analog can be
treated to exchange the cleavage acid (e.g., TFA) with a pharmaceutically acceptable salt, such
as acetic, hydrochloric, phosphoric, maleic, tartaric, succinic and the like, to generate a
pharmaceutically acceptable acid salt of the peptide.

In some aspects, a GLP-2 or GLP-2 analog can be a fragment. In some aspects, the
fragment can be a truncated GLP-2 peptide. For example, the truncated GLP-2 peptide (amino
acids 3-33) can be missing the first 2 amino acids. This peptide is a weak agonist and a partial
antagonist of GLP-2. In some aspects, that the entire sequence GLP-2 or GLP-2 analog may be
needed for full receptor binding.

In some aspects, the GLP-2 analog can be selected from Table 1.

Table 1. GLP-2 analogs.

Name Sequence SEQ ID
NO:
rGLP-2 HADGSFSDEMNTILDNLATRDFINWLIQTKITD | 3
Tyrl rGLP-2 YADGSFSDEMNTILDNLATRDFINWLIQTKITD | 4
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D-Ala2 rGLP-2

HADGSFSDEMNTILDNLATRDFINWLIQTKITD
(D-Ala2)

Gly2 rGLP-2 HGDGSFSDEMNTILDNLATRDFINWLIQTKITD | 6
Val2 rGLP-2 HVDGSFSDEMNTILDNLATRDFINWLIQTKITD | 7
Gly2 hGLP-2 HGDGSFSDEMNTILDNLAARDFINWLIQTKITD | 8
(Teduglutide)

Gly2 Ala20 hGLP-2

HGDGSFSDEMNTILDNLAAADFINWLIQTKITD

Gly2 Alal0 hGLP-2

HGDGSFSDEANTILDNLAARDFINWLIQTKITD

10

Alal Gly2 hGLP-2

AGDGSFSDEMNTILDNLAARDFINWLIQTKITD

11

Gly2 Ala3 hGLP-2

HGAGSFSDEMNTILDNLAARDFINWLIQTKITD

12

Gly2 Ala4 hGLP-2

HGDASFSDEMNTILDNLAARDFINWLIQTKITD

13

Glu3 rGLP-2 HAEGSFSDEMNTILDNLATRDFINWLIQTKITD | 14
Ala4 rGLP-2 HADASFSDEMNTILDNLATRDFINWLIQTKITD | 15
Tyr9Ser10Lys11Tyr12( | HADGSFSDYSKYILDNLAARDFINWLIQTKITD | 16

deslle13) hGLP-2

(Ile13 = deslle)

LeulO rGLP-2

HADGSFSDELNTILDNLATRDFINWLIQTKITD

17

Nleul0 rGLP-2

HADGSFSDELNTILDNLATRDFINWLIQTKITD
(Nleu10)

18

Met SO210 rGLP-2

HADGSFSDEMNTILDNLATRDFINWLIQTKITD
(Met SO210)

19

Lys20 rGLP-2 HADGSFSDEMNTILDNLATKDFINWLIQTKITD | 20
Val23 GIn24 hGLP-2 | HADGSFSDEMNTILDNLAARDFVQWLIQTKITD | 21
Amidated C-term HADGSFSDEMNTILDNLAARDFINWLIQTKITD | 22
(D33-NH2)
Gly2 Ala24 hGLP-2 HGDGSFSDEMNTILDNLATRDFIAWLIQTKITD | 23
Gly2 Ala8 hGLP-2 HGDGSFSAEMNTILDNLATRDFINWLIQTKITD | 24
Gly2 Alall hGLP-2 HGDGSFSDEMATILDNLATRDFINWLIQTKITD | 25
Gly2 Ala21 hGLP-2 HGDGSFSDEMNTILDNLATRAFINWLIQTKITD | 26
Gly2 Ala9 hGLP-2 HGDGSFSDAMNTILDNLATRDFINWLIQTKITD | 27
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Gly2 Alal6 hGLP-2 HGDGSFSDEMNTILDALATRDFINWLIQTKITD | 28
Gly2 Alal7 hGLP-2 HGDGSFSDEMNTILDNAATRDFINWLIQTKITD | 29
Gly2 Ala28 hGLP-2 HGDGSFSDEMNTILDNLATRDFINWLIATKITD | 30
Gly2 AlaS hGLP-2 HGDGAFSDEMNTILDNLATRDFINWLIQTKITD | 31
Gly2 Ala31 hGLP-2 HGDGSFSDEMNTILDNLATRDFINWLIQTKATD | 32
Gly2 Ala27 hGLP-2 HGDGSFSDEMNTILDNLATRDFINWLAQTKITD | 33
Gly2 Alal2 hGLP-2 HGDGSFSDEMNAILDNLATRDFINWLIQTKITD | 34
Gly2 Alal3 hGLP-2 HGDGSFSDEMNTALDNLATRDFINWLIQTKITD | 35
Gly2 Ala7 hGLP-2 HGDGSFADEMNTILDNLATRDFINWLIQTKITD | 36
Gly2 Ala6 hGLP-2 HGDGSASDEMNTILDNLATRDFINWLIQTKITD | 37

hGLP-2 HADGSFSDEMNTILDNLAARDFINWLIQTKITD | 38

(Gly2 Nle10 D-Phel 1
Leul6 hGLP-2
(Apraglutide)

HGDGSFSDENIeFTILDLLAARDFINWLIQTKITD | 39

HGEGTFSSELATILDALAARDFIAWLIATKITDK | 40
KKKKK

Glepaglutide

As disclosed herein, GLP-2 and GLP-2 analogs can be useful for suppressing or
preventing organ inflammation (e.g., extrapancreatic and/or systemic) and/or multi-organ failure
in patients with illnesses that are associated with SIRS and MOF, including but not limited to
burns, major surgery, sepsis, autoimmune disorders, vasculitis, thromboembolism, trauma, and
acute pancreatitis. As disclosed herein, GLP-2 and GLP-2 analogs can be useful for preventing
the systemic inflammatory response in patients with one or more of these illnesses. Further
disclosed herein, GLP-2 and GLP-2 analogs can be useful for preventing or reducing endotoxin
entry into the PV, which is believed to generate the systemic inflammatory response by
activating Kupffer cells in the liver. Currently, there are no established effective treatments for
suppressing or preventing multiple organ failure or SIRS in patients with acute illness. No
specific treatments other than supportive care e.g., IV fluids, mechanical ventilation, therapeutic
agents including vasopressors and antibiotics are available. Teduglutide, also known as Gattex™

and Revestive™. is a GLP-2 analog. The elimination half-life of teduglutide in humans is about
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2 hours. Teduglutide differs from GLP-2 by a single amino acid substitution; an alanine in
position 2 is replaced with a glycine. This amino acid change blocks dipeptidyl peptidase from
breaking down the molecule and is responsible for increasing its half-life to 2 hours. In some
aspects, other treatments can be IV fluids, mechanical ventilation, therapeutic agents including
vasopressors, antibiotics or a combination thereof.

Any method known to one of ordinary skill in the art can be used to determine if a
particular response is induced. Clinical methods that can assess the degree of a particular disease
state can be used to determine if a response is induced. For example, in a patient with acute
pancreatitis, clinical methods can include the assessment of vital signs, tissue perfusion and
oxygenation, and renal, hepatic, and central nervous system functioning in order to assess the
presence and/or severity of one or more symptoms of SIRS as well as one or more signs or
symptoms of multiple organ failure. Restoration of abnormal vital signs to normal, and of tissue
perfusion and oxygenation, and renal, hepatic, and central nervous system functioning to normal
can be used as evidence that MOF and/or SIRS have responded to treatment.

SIRS and MOF are not limited to severe acute pancreatitis. SIRS and/or MOF can
complicate many acute illnesses, including but not limited to burns, major surgery, sepsis,
autoimmune disorders, vasculitis, thromboembolism, trauma, and acute pancreatitis. The signs
and symptoms of SIRS include but are not limited to increased heart rate, abnormally low or
high body temperature, increased peripheral white blood cell count, and low blood pressure, as
recently reviewed Kaukonen KM, Bailey M, Pilcher D, Cooper DJ, Bellomo R. Systemic
inflammatory response syndrome criteria in defining severe sepsis. N Engl J Med. 2015 Apr 23;
372(17):1629-38.

In some aspects, the methods to determine if a particular response is induced can include
comparing a patient's sample with standard reference concentrations for a particular marker or
assay. Standard reference concentrations can typically represent the concentrations derived from
a large population of individuals. The reference population may include individuals of similar
age, body size; ethnic background or general health as the subject in question. Thus, for example,
marker concentrations in a patient's sample can be compared to values derived from: subjects
who have not received GLP-2 or a GLP-2 analog; subjects who have successfully received GLP-

2 or a GLP-2 analog, i.e., subjects who have successfully recovered from acute pancreatitis or
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other acute illness; and/or subjects who are suffering from acute pancreatitis or other acute
illness. Any population size can be used to determine the reference concentrations. For example,
a population of between 1 and 250, e.g, 1, 2, 3, 4, 5, 10, 15, 20, 25, 30, 40, 50, 100, 150, 200,
250 or more subjects can be used to determine the average reference concentrations, with greater
accuracy in the measurement coming from larger sample populations. In some aspects, the
marker can be circulating LPS, LPS antibodies, or one or more circulating cytokines. In some
aspects, the one or more cytokines can be tumor necrosis factor alpha, interleukin-1p or
interleukin-6.

The time period of therapeutic effectiveness of GLP-2 or a GLP-2 analog from a single
(or multiple) dose(s) administration can last from about 2 minutes to over 2 hours. In some
aspects, a time period of therapeutic effectiveness of GLP-2 or a GLP-2 analog can be between 2
minutes to 5 minutes or 5 minutes to 2 hours respectively. In some aspects, the time period of
therapeutic effectiveness of GLP-2 or a GLP-2 analog can be at least 1 minute, 1 hour, at least 2
hours, at least 3 hours or at least 4 hours or any time period in between. GLP-2 or a GLP-2
analog can induce physiological responses such as altering intestinal motility, increasing the rate
of intestinal mucosal anion secretion, and increasing the transport of long chain fatty acids from
intestinal lumen to the lymphatics within 1 — 20 minutes. These effects can last up to 5 minutes
with GLP-2 but can last 2 hours or longer with GLP-2 analogs.

Generally, the therapeutic effectiveness of GLP-2 or of GLP-2 analogs in preventing the
systemic inflammatory response to acute illness can be considered maximal early in the disease
course, generally regarded as within the initial 2-3 days following disease onset. In some aspects,
the therapeutic effectiveness can be increased by administering the GLP-2 or the GLP-2 analogs
early, for example, as soon as possible before the induction of systemic inflammation. The
administration of GLP-2 or of GLP-2 analogs should start as soon as possible following the onset
of acute illness, including, but not limited to burns, major surgery, sepsis, autoimmune disorders,
vasculitis, thromboembolism, trauma, acute pancreatitis or a combination thereof.

In some aspects, the GLP-2 or GLP-2 analogs can be used in combination with other
therapies used in the methods disclosed herein. For example, in some aspects, GLP-2 or GLP-2
analogs can be administered before, after or concurrently with intravenous rehydration therapy,

antibiotics, vasopressors, mechanical ventilation, and other life-support measures.
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Duration of the treatment with GLP-2 or a GLP-2 analog as disclosed herein can be any
length of time as short as 1's, 10 s, 15s,305s,40 s, 50 s, or 60 s to as long as 1 month, 2 months,
3 months, 5 months or 6 months. In some aspects, the treatment with GLP-2 and a GLP-2
analog as disclosed herein can be 1 minute, 5 minutes, 10 minutes, 15 minutes, 30 minutes, 1
hour, 2 hours, 3 hours, 4 hours, 5 hours, 10 hours, 15 hours, 20 hours, 21 hours, 22 hours, 23
hours, 24 hours, 2 days, 3 days, 4 days, 5 days, 10 days, 15, days, 20 days, 30 days, 2 months, 3
months, 4 months, 5 months, 6 months or any time in between or longer. For example, GLP-2
and a GLP-2 analog can be administered 1 second, 2 seconds, 3 seconds, 4 seconds, 5 seconds,
10 seconds, 15 seconds, 30 seconds, 1 minute, 5 minutes, 10 minutes, 15 minutes, 30 minutes, 1
hour, 2 hours, 3 hours, 4 hours, 5 hours, 10 hours, 15 hours, 20 hours, 21 hours, 22 hours, 23
hours, 24 hours or any time (seconds, minutes, hours) in between before the administration of
rehydration therapy. The frequency of the treatment can vary. In some aspects, the initial
administration of GLP-2 and a GLP-2 analog can precede the initial administration of
rehydration therapy by 1 second, 2 seconds, 3 seconds, 4 seconds, 5 seconds, 10 seconds, 15
seconds, 30 seconds, 1 minute, 5 minutes, 10 minutes, 15 minutes, 30 minutes, 1 hour, 2 hours, 3
hours, 4 hours, 5 hours, 10 hours, 15 hours, 20 hours, 21 hours, 22 hours, 23 hours, 24 hours or
any time (seconds, minutes, hours) in between or longer. In some aspects, the subsequent
administration(s) of GLP-2 and a GLP-2 analog can be for part of or for the whole duration of
the days that the subject receives rehydration therapy, antibiotics, vasopressors, mechanical
ventilation, and other life-support measures. In some aspects, the duration of the administration
of the GLP-2 and a GLP-2 analog and rehydration therapy can be between 1,2,3,4,5,6,7,8,9,
10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30 days or longer.
Once treatment with GLP-2 and a GLP-2 analog begins, GLP-2 and a GLP-2 analog can be
administered to the subject in need thereof continuously or every 1 hour or less frequently by
intravenous infusion or subcutaneously every 12 hours or less frequently for the duration of the
rehydration therapy.

In some aspects, the treatment regimen can be administered at doses ranging between
0.05 mg/kg/day and 1 mg/kg/day of GLP-2 or a GLP-2 analog one or more times a day starting
from the time of suspected or confirmed onset of any of the acute illnesses disclosed herein or

surgery, burns, or trauma. In some aspects, the treatment regimen can be administered at doses
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ranging between .05 mg/kg/day and 1 mg/kg/day of GLP-2 or a GLP-2 analog one or more times
a day. In some aspects, the treatment regimen can be administered starting at least 1 second to
12 hours before an inflammatory stimulus, before the induction of systemic inflammation or any
signs or symptoms of the acute illnesses disclosed herein or surgery, burns, or trauma. In some
aspects, said treatment regimen can be continued for as long as needed until one or more
symptoms improve and/or resolve. In some aspects, said treatment regimen can be continued for
as long as needed until one or more symptoms improve and/or resolve as they relate to or are
associated with MOF, inflammation associated with SIRS or endotoxin entry into the PV. In
some aspects, said treatment regimen can be continued for as long as needed until one or more
symptoms improve and/or resolve as they relate to or are associated with MOF, inflammation
associated with SIRS, extrapancreatic organ inflammation or endotoxin entry into the liver or
lung. In some aspects, said treatment regimen can be carried out for one or more days, one or
more weeks, or one or more months until the one or symptoms improve or resolve. In some
aspects, 0.05 mg/kg/day to 1 mg/kg/day of GLP-2 or a GLP-2 analog can be administered
continuously or every 1,2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 22, 24 hours in divided doses. In some
aspects, 0.05 mg/kg/day to 1 mg/kg/day of GLP-2 or a GLP-2 analog can be administered daily.
In some aspects, 0.05 mg/kg/day to 1 mg/kg/day of GLP-2 or a GLP-2 analog can be
administered over a period of about 24 hours. In some aspects, 0.05 mg/kg/day to 1 mg/kg/day
of GLP-2 or a GLP-2 analog can be administered over a period of at least 24 hours to about 7
days. In some aspects, 0.05 mg/kg/day to 1 mg/kg/day of GLP-2 or a GLP-2 analog can be
administered through continuous intravenous infusion. In some aspects, 0.05 to 1 mg/kg/day of
GLP-2 or a GLP-2 analog can be administered via a continuous intravenous infusion over a
period of about 24 hours. In some aspects, 0.05 mg/kg/day to 1 mg/kg/day of GLP-2 or a GLP-2
analog can be administered through intermittent intravenous infusion. In some aspects, 0.05
mg/kg/day to 1 mg/kg/day of GLP-2 or a GLP-2 analog can be administered through intermittent
intravenous infusion up to 12 times per day. In some aspects, 0.05 mg/kg/day to 1 mg/kg/day of
GLP-2 or a GLP-2 analog can be administered every 0.5, 1, 2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 22,
24 hours in divided doses. In some aspects, 0.05 mg/kg/day to 1 mg/kg/day of GLP-2 or a GLP-
2 analog can be administered through a subcutaneous injection. In some aspects, 0.05 mg/kg/day

to 1 mg/kg/day of GLP-2 or a GLP-2 analog can be administered through a subcutaneous
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injection once or twice per day. In some aspects, 0.05 to 1 mg/kg/day mg of GLP-2 or a GLP-2
analog can be administered over a period of every 1 hour to 24 hours or longer.

The time period of therapeutic effectiveness of GLP-2 or a GLP-2 analog from a single
(or multiple) dose(s) administration can last from about 2 minutes to 2 hours. In some aspects, a
time period of therapeutic effectiveness of GLP-2 or a GLP-2 analog can be between 2 minutes
to 120 minutes. In some aspects, the time period of therapeutic effectiveness of GLP-2 or a
GLP-2 analog can be at least 60 minutes, 1 hour, 2 hours, 3 hours, 4 hours, 5 hours, 6 hours, 7
hours, or 8 hours or any time period in between. In some aspects, the time period of therapeutic
effectiveness of GLP-2 or a GLP-2 analog can be at least 9 hours, 10 hours, 11 hours, or 12,
hours or any time period in between after administration.

METHODS OF TREATMENT

Disclosed herein, are methods of suppressing or preventing systemic organ inflammation
in a human patient with acute illness. Disclosed herein, are methods of suppressing or
preventing systemic organ inflammation in a human patient with an acute inflammatory disorder
associated with the systemic inflammatory response syndrome (SIRS). Disclosed herein, are
methods of suppressing or preventing systemic organ inflammation in a human patient with
multi-organ failure (MOF). Disclosed herein, are methods of suppressing or preventing
extrapancreatic organ inflammation in a human patient with acute pancreatitis. Disclosed herein,
are methods of suppressing or preventing extrapancreatic organ inflammation in a human patient
with an acute inflammatory disorder associated with the systemic inflammatory response
syndrome (SIRS). Disclosed herein, are methods of suppressing or preventing extrapancreatic
organ inflammation in a human patient with multi-organ failure (MOF). In some aspects, the
human patient can have one or more diseases including, but not limited to burns, major surgery,
sepsis, autoimmune disorders, vasculitis, thromboembolism, trauma, acute pancreatitis or a
combination thereof that are associated with an acute inflammatory disorder associated with
SIRS, or MOF. In some aspects, the extrapancreatic organ inflammation or systemic organ
inflammation can be multiorgan inflammation. The method can comprise: (a) identifying a
human patient in need of treatment; and (b) administering to the human patient a therapeutically
effective amount of a pharmaceutical composition comprising glucagon-like peptide (GLP)-2 or

a GLP-2 analog; and a pharmaceutically acceptable carrier. Acute inflammatory disorders
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associated with SIRS include but are not limited to burns, major surgery, sepsis, autoimmune
disorders, vasculitis, thromboembolism (or thromboembolic diseases), trauma, acute pancreatitis,
and cytokine release syndrome.

In some aspects, systemic organ inflammation can be suppressed or prevented by
increasing the entry of LPS from the intestinal lumen to the lymphatic system and decreasing its
entry into the PV. In some aspects, systemic organ inflammation can be suppressed or prevented
by early administration of GLP-2 or GLP-2 analogs. In some aspects, the GLP-2 or GLP-2
analogs can be administered at around 12 hours before exposure to an inflammatory stimulus or
before the induction of systemic inflammation or between 1s to 12 hours after exposure to an
inflammatory stimulus or the induction of systemic inflammation. In some aspects, the GLP-2 or
GLP-2 analogs can be administered at 1 hour, 2 hours, 3 hours, 4 hours, 5 hours, 6 hours, 7
hours, 8 hours, 9 hours, 10 hours, 11 hours or 12 hours or any time in between before exposure
to an inflammatory stimulus or before the induction of systemic inflammation or 1 hour, 2 hours,
3 hours, 4 hours, 5 hours, 6 hours, 7 hours, 8 hours, 9 hours, 10 hours, 11 hours or 12 hours after
exposure to an inflammatory stimulus or induction of systemic inflammation. In some aspects,
the GLP-2 or GLP-2 analogs can be administered at 1s, Ss, 10s, 15s, 20s, 25s, 30s, 35s, 40s, 45s,
50s, 55s, 60s, 2 minutes, 3 minutes, 4 minutes, 5 minutes, 10 minutes, 15 minutes, 20 minutes,
25 minutes, 30 minutes, 35 minutes, 40 minutes, 45 minutes, 50 minutes, 55 minutes or any time
in between before exposure to an inflammatory stimulus or before the induction of systemic
inflammation or 1s, 5s, 10s, 15s, 20s, 25s, 30s, 35s, 40s, 45s, 50s, 55s, 60s, 2 minutes, 3 minutes,
4 minutes, 5 minutes, 10 minutes, 15 minutes, 20 minutes, 25 minutes, 30 minutes, 35 minutes,
40 minutes, 45 minutes, 50 minutes, 55 minutes or any time in between or after exposure to an
inflammatory stimulus or after the induction of systemic inflammation. In some aspects, the
GLP-2 or GLP-2 analogs can be administered any time after exposure to an inflammatory
stimulus or induction of systemic inflammation including 12 hours after exposure to an
inflammatory stimulus or induction of systemic inflammation. In some aspects, the GLP-2 or
GLP-2 analogs can be administered between 12 hours before exposure to an inflammatory
stimulus or induction of systemic inflammation and 12 hours after exposure to an inflammatory
stimulus or induction of systemic inflammation. In some aspects, the inflammatory stimulus can

be LPS or any inflammatory stimulus known to one of ordinary skill in the art. In some aspects,
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extrapancreatic organ inflammation can be suppressed or prevented in the patient’s liver. In
some aspects, extrapancreatic organ inflammation can be suppressed or prevented in the patient’s
lung. In some aspects, extrapancreatic organ inflammation can be suppressed or prevented one
or more organs of the patient. In some aspects, extrapancreatic organ inflammation or systemic
organ inflammation can be suppressed or prevented in a patient’s liver, lungs, kidneys, brain,
hematopoietic system, gastrointestinal system, blood coagulation system, vascular system, other
systems, or a combination thereof.

In some aspects, the extrapancreatic organ inflammation or systemic organ inflammation
can be suppressed or prevented by reducing expression or preventing an increase in the
expression of one or more cytokines. In some aspects, extrapancreatic inflammation and/or
systemic organ inflammation can manifest by increased cytokines. In some aspects, the one or
more cytokines can be systemically expressed. In some aspects, the extrapancreatic organ
inflammation or systemic organ inflammation can be suppressed or prevented by redirecting LPS
originating in the intestinal lumen to the lymphatic system while reducing its entry into the PV,
which reduces liver inflammation, which in turn reduces the expression or prevents an increase
in the expression of one or more systemic cytokines. In some aspects, the one or more cytokines
can be tumor necrosis factor alpha, interleukin-1p or interleukin-6, and other pro-inflammatory
cytokines. In some aspects, the extrapancreatic organ inflammation or systemic organ
inflammation can be suppressed or prevented by reducing lipopolysaccharide concentrations in
the patient’s portal venous blood. In some aspects, systemic organ inflammation can be
suppressed or prevented by reducing lipopolysaccharide concentrations in the patient’s portal
venous blood. In some aspects, the extrapancreatic organ inflammation or systemic organ
inflammation can be suppressed or prevented by preventing an increase in lipopolysaccharide
concentrations in the patient’s systemic circulation.

Disclosed herein, are also methods of preventing multi-organ failure in a human patient
with an acute illness. In some aspects, the acute illness can be burns, major surgery, sepsis,
autoimmune disorders, vasculitis, thromboembolism, trauma, and acute pancreatitis. Disclosed
herein, are also methods of preventing multi-organ failure in a human patient with acute
pancreatitis. Disclosed herein are methods of preventing systemic inflammatory response in a

human patient with an acute illness. In some aspects, the acute illness can be burns, major
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surgery, sepsis, autoimmune disorders, vasculitis, thromboembolism, trauma, and acute
pancreatitis. Disclosed herein are methods of preventing systemic inflammatory response in a
human patient with acute pancreatitis. Disclosed herein are methods of preventing systemic
inflammatory response or multi-organ failure in a human patient with an acute illness. In some
aspects, the acute illness can be burns, major surgery, sepsis, autoimmune disorders, vasculitis,
thromboembolism, trauma, and acute pancreatitis. Disclosed herein are methods of preventing
systemic inflammatory response or multi-organ failure in a human patient with acute
pancreatitis. The method can comprise: (a) identifying a human patient in need of treatment; and
(b) administering to the human patient a therapeutically effective amount of a pharmaceutical
composition comprising glucagon-like peptide (GLP)-2 or a GLP-2 analog; and a
pharmaceutically acceptable carrier.

Also, disclosed herein are methods of preventing or reducing endotoxin entry in subject’s
portal vein. In some aspects, preventing or reducing entry into the portal vein thereby reduces
hepatic inflammation, which thereby reduces the generation of systemic pro-inflammatory
cytokines that in turn reduces inflammation in a subject’s liver, lungs, kidneys, brain,
hematopoietic system, gastrointestinal system, blood coagulation system, vascular system, and
other systems. Also, disclosed herein are methods of preventing or reducing endotoxin entry in
subject’s lung or liver. Also, disclosed herein are methods of preventing or reducing endotoxin
entry in subject’s lung, liver, kidney, brain, hematopoietic system, gastrointestinal system, blood
coagulation system, vascular system, and other systems. The method can comprise: (a)
identifying a human patient in need of treatment; and (b) administering to the human patient a
therapeutically effective amount of a pharmaceutical composition comprising glucagon-like
peptide (GLP)-2 or a GLP-2 analog; and a pharmaceutically acceptable carrier. In some aspects,
endotoxin entry into the portal vein can be reduced or prevented. In some aspects, endotoxin
entry into the portal vein can be reduced or prevented by administering to a subject a GLP-2 or
GLP-analog. In some aspects, endotoxin entry into the portal vein can be reduced or prevented
by administering to a subject a GLP-2 or GLP-analog 12 hours before exposure to an
inflammatory stimulus or before the induction of systemic inflammation. In some aspects, the
GLP-2 or GLP-2 analogs can be administered at 1 hour, 2 hours, 3 hours, 4 hours, 5 hours, 6

hours, 7 hours, 8 hours, 9 hours, 10 hours, 11 hours or 12 hours or any time in between before
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exposure to an inflammatory stimulus or before the induction of systemic inflammation. In some
aspects, the GLP-2 or GLP-2 analogs can be administered at 1s, 5s, 10s, 15s, 20s, 25s, 30s, 35s,
40s, 45s, 50s, 55s, 60s, 2 minutes, 3 minutes, 4 minutes, 5 minutes, 10 minutes, 15 minutes, 20
minutes, 25 minutes, 30 minutes, 35 minutes, 40 minutes, 45 minutes, 50 minutes, 55 minutes or
any time in between before exposure to an inflammatory stimulus or before the induction of
systemic inflammation. In some aspects, endotoxin entry into the portal vein can be reduced or
prevented by administering to a subject a GLP-2 or GLP-analog 1 s to 12 hours after exposure to
an inflammatory stimulus or after the induction of systemic inflammation. In some aspects, the
GLP-2 or GLP-2 analogs can be administered at 1 hour, 2 hours, 3 hours, 4 hours, 5 hours, 6
hours, 7 hours, 8 hours, 9 hours, 10 hours, 11 hours or 12 hours or any time in between after
exposure to an inflammatory stimulus or after the induction of systemic inflammation. In some
aspects, the GLP-2 or GLP-2 analogs can be administered at 1s, 5s, 10s, 15s, 20s, 25s, 30s, 35s,
40s, 45s, 50s, 55s, 60s, 2 minutes, 3 minutes, 4 minutes, 5 minutes, 10 minutes, 15 minutes, 20
minutes, 25 minutes, 30 minutes, 35 minutes, 40 minutes, 45 minutes, 50 minutes, 55 minutes or
any time in between after exposure to an inflammatory stimulus or after the induction of
systemic inflammation. In some aspects, endotoxin entry into the portal vein can be reduced or
prevented in the patient’s liver of lungs. In some aspects, endotoxin entry into the patient’s liver
or lungs can be reduced or prevented thereby reducing reducing expression or preventing an
increase in the expression of one or more cytokines. In some aspects, the one or more cytokines
can be tumor necrosis factor alpha, interleukin-1p or interleukin-6, or any other pro-
inflammatory cytokine. In some aspects, the one or more cytokines can be systemically
expressed.

Also, disclosed herein, are methods of ameliorating one or more symptoms of acute
pancreatitis or inflammatory illness in a subject. The method can comprise: (a) identifying a
subject in need thereof, and (b) administering to the subject a therapeutically effective amount of
glucagon-like peptide (GLP)-2 or a GLP-2 analog.

In some aspects, in any of the methods disclosed herein, the patient or subject in need
thereof can have or be suspected of having acute illnesses including but not limited to burns,

major surgery, sepsis, autoimmune disorders, vasculitis, thromboembolism, trauma, and acute

27



10

15

20

25

30

WO 2020/198604 PCT/US2020/025272

pancreatitis. In some aspects, in any of the methods disclosed herein, the patient or subject in
need thereof can have or be suspected of having acute pancreatitis.

GLP-2 or a GLP-2 analog as described herein can be administered in conjunction with
other therapeutic modalities to a subject in need of therapy. GLP-2 or a GLP-2 analog can be
administered prior to, simultaneously with or after treatment with other agents or regimes, for
example, intravenous rehydration, antibiotics, vasopressors, mechanical ventilation, and other
life-support measures or a combination thereof. In some aspects, the method can further
comprise administration of intravenous rehydration, antibiotics, vasopressors, mechanical
ventilation, and other life-support measures or combination thereof.

In some aspects, the GLP-2 analog can be teduglutide. In some aspects, the GLP-2
analog can be a GLP-2 analog that can be metabolized by hydrolytic enzymes such as but not
limited to dipeptidyl peptidase 4. In some aspects, the GLP-2 analog can be a short-acting GLP-
2 analog. The term “short acting” can mean producing an effect within seconds to minutes of
administration and lasting less than 1 hr.

In some aspects, a therapeutically effective amount of a pharmaceutical composition
comprising glucagon-like peptide (GLP)-2 or a GLP-2 analog and a pharmaceutically acceptable
carrier can be administered to the subject. In some aspects, the administration of GLP-2 or a
GLP-2 analog can reduce one or more symptoms of an acute illness. In some aspects, the acute
illness can be burns, major surgery, sepsis, autoimmune disorders, vasculitis, thromboembolism,
trauma, and acute pancreatitis. In some aspects, the administration of GLP-2 or a GLP-2 analog
can reduce one or more symptoms of acute pancreatitis. In some aspects, the subject can be a
human. In some aspects, one or more of the symptoms of an acute illness can be reduced over a
period of at least 1 hour, at least 2 hours, at least 3 hours, at least 4 hours or more, at least 1 day,
at least 2 days, at least 4 days, at least 5 days, at least 6 days, at least 7 days, or more. In some
aspects, the subject can be a human. In some aspects, one or more of the symptoms of an acute
pancreatitis can be reduced over a period of at least 1 hour, at least 2 hours, at least 3 hours, at
least 4 hours or more, at least 1 day, at least 2 days, at least 4 days, at least 5 days, at least 6 days,
at least 7 days, or more. In some aspects, the one or more symptoms of an acute illness can be
detected at the onset of abnormal body temperature, leukocytosis, abnormal blood pressure,

elevated respiratory rate or at the signs of onset of acute illness such as abdominal pain, or
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following trauma, surgery, burns, or other physiological insults. In some aspects, the one or
more symptoms of acute pancreatitis can be selected from acute onset of abdominal pain, nausea,
vomiting, dyspnea and fever.

The pharmaceutical compositions described herein can be formulated to include a
therapeutically effective amount of GLP-2 or a GLP-2 analog. In some aspects, GLP-2 or a
GLP-2 analog can be contained within a pharmaceutical formulation. In some aspects, the
pharmaceutical formulation can be a unit dosage formulation. In some aspects, GLP-2 or a GLP-
2 analog can administered on an as-needed basis. In some aspects, GLP-2 or a GLP-2 analog
can administered for a predetermined time period.

Therapeutic administration encompasses prophylactic applications. Based on genetic
testing and other prognostic methods, a physician in consultation with their patient can choose a
prophylactic administration where the patient has a clinically determined predisposition or
increased susceptibility (in some cases, a greatly increased susceptibility) to one or more side
effects associated with any one of the acute illnesses described herein including but not limited
to burns, major surgery, sepsis, autoimmune disorders, vasculitis, thromboembolism, trauma, and
acute pancreatitis, extrapancreatic organ inflammation, systemic inflammatory response
syndrome (SIRS) and/or multi-organ failure. In some aspects, the acute illness can be acute
pancreatitis.

The pharmaceutical compositions described herein can be administered to the subject
(e.g., a human patient) in an amount sufficient to delay, reduce, prevent, or reverse the onset or
duration of one or more symptoms or signs associated with any one of the acute illnesses
disclosed herein including but not limited to burns, major surgery, sepsis, autoimmune disorders,
vasculitis, thromboembolism, trauma, and acute pancreatitis, extrapancreatic organ
inflammation, SIRS and/or multi-organ failure. In some aspects, the acute illness can be acute
pancreatitis. Accordingly, in some aspects, the patient can be a human patient. In therapeutic
applications, compositions are administered to a subject (e.g., a human patient) already
expressing or diagnosed with any of the acute illnesses disclosed herein including but not limited
to burns, major surgery, sepsis, autoimmune disorders, vasculitis, thromboembolism, trauma, and
acute pancreatitis, an acute inflammatory disorder associated with SIRS, systemic organ

inflammation, extranpancreatic organ inflammation and/or multi-organ failure in an amount
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sufficient to at least partially improve a sign or symptom or to inhibit the progression of (and
preferably arrest) the symptoms of the condition, its complications, and consequences. An
amount adequate to accomplish this is defined as a therapeutically effective amount. A
therapeutically effective amount of a pharmaceutical composition can be an amount that achieves
a cure or reverses one or more signs or symptoms of any of the acute illnesses disclosed herein
including but not limited to burns, major surgery, sepsis, autoimmune disorders, vasculitis,
thromboembolism, trauma, and acute pancreatitis, an acute inflammatory disorder associated
with SIRS, systemic organ inflammation, extrapancreatic organ inflammation and/or multi-organ
failure, but that outcome is only one among several that can be achieved. As noted, a
therapeutically effect amount includes amounts that provide a treatment in which the onset,
progression or expression of one or more symptoms or signs associated with any of the acute
illnesses disclosed herein including but not limited to burns, major surgery, sepsis, autoimmune
disorders, vasculitis, thromboembolism, trauma, and acute pancreatitis, organ inflammation,
extrapancreatic organ inflammation, SIRS and/or multi-organ failure is delayed, hindered, or
prevented, or the one or more symptoms or signs associated with any of the acute illnesses
disclosed herein including but not limited to burns, major surgery, sepsis, autoimmune disorders,
vasculitis, thromboembolism, trauma, and acute pancreatitis, systemic organ inflammation,
extrapancreatic organ inflammation, SIRS and/or multi-organ failure is reduced, ameliorated or
reversed. One or more of the symptoms can be less severe. Recovery can be accelerated in an
individual who has been treated.

Amounts effective for this use can depend on the severity of the signs or symptoms
associated with any of the acute illnesses disclosed herein including but not limited to burns,
major surgery, sepsis, autoimmune disorders, vasculitis, thromboembolism, trauma, and acute
pancreatitis, systemic organ inflammation, extrapancreatic organ inflammation, SIRS and/or
multi-organ failure and the weight and general state and health of the subject, but generally range
from about 0.05 to 1 mg/kg/day of an equivalent amount of the GLP-2 or a GLP analog per day
per subject.

The total effective amount of GLP-2 or a GLP-2 analog as disclosed herein can be
administered to a subject as a single dose, either as a bolus or by infusion over a relatively short

period of time, or can be administered using a fractionated treatment protocol in which multiple
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doses are administered over a more prolonged period of time. Alternatively, continuous
intravenous infusions sufficient to maintain therapeutically effective concentrations in the blood
are also within the scope of the present disclosure.

The therapeutically effective amount or dosage of the GLP-2 or a GLP-2 analog used in
the methods as disclosed herein applied to mammals (e.g., humans) can be determined by one of
ordinary skill in the art with consideration of individual differences in age, weight, sex, other
drugs administered and the judgment of the attending clinician. Variations in the needed dosage
may be expected. Variations in dosage concentrations can be adjusted using standard empirical
routes for optimization. The particular dosage of a pharmaceutical composition to be
administered to the patient will depend on a variety of considerations (e.g., the severity of side
effects of GLP-2 and GLP-2 analogs; the severity of the disease, disorder or condition), the age
and physical characteristics of the subject and other considerations known to those of ordinary
skill in the art. Dosages of GLP-2 or a GLP-2 analog can be in the range of 0.05 mg to 1 mg per
kilogram of the subject's body weight. In some aspects, the dosage of GLP-2 or a GLP analog
can be 0.05,0.1,0.15,0.2 0.3, 0.35, 0.4, 0.45, 0.5, 0.55, 0.6, 0.65, 0.7, 0.75, 0.8, 0.85, 0.9, 0.95
or 1 mg/kg/day total. In some aspects, the dosage of GLP-2 or a GLP-2 analog can be 0.05 to 1
mg/kg/day. In some aspects, GLP-2 or a GLP -2 analog can be administered intravenously. In
some aspects, GLP-2 or a GLP -2 analog can be administered through intravenous infusion. In
some aspects, the intravenous infusion can be intermittent or continuous. In some aspects, the
continuous intravenous infusion can occur over a period of about 24 hours. In some aspects, the
continuous intravenous infusion can occur over a period of at least 24 hours to about 7 days. In
some aspects, the intermittent intravenous infusion can occur up to 12 times per day. In some
aspects, GLP-2 or a GLP analog can be administered subcutaneously. In some aspects, the
pharmaceutical compositions disclosed herein, formulated for subcutaneous injection can be
administered once or twice per day. In some aspects, the therapeutically effective amount of
GLP-2 or a GLP-2 analog can be between 0.05 to 1 mg/kg/day of body weight or any amount in
between.

PHARMACEUTICAL COMPOSITIONS

As disclosed herein, are pharmaceutical compositions, comprising GLP-2 or a GLP-2

analog and a pharmaceutically acceptable carrier described herein. In some aspects, GLP-2 or a
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GLP-2 analog can be formulated for intravenous administration. In some aspects, the
compositions disclosed herein can be formulated for intravenous administration for intermittent
or continuous intravenous infusion. In some aspects, the compositions disclosed herein can be
formulated for continuous intravenous infusion in a rapid release form. In some aspects, GLP-2
or a GLP-2 analog can be formulated for subcutaneous administration. In some aspects, GLP-2
or a GLP-2 analog can be formulated for slow release. In some aspects, the compositions
disclosed herein can be formulated for subcutaneous administration in a slow release form. The
compositions can be formulated for administration by any of a variety of routes of
administration, and can include one or more physiologically acceptable excipients, which can
vary depending on the route of administration. As used herein, the term “excipient” means any
compound or substance, including those that can also be referred to as “carriers” or “diluents.”
Preparing pharmaceutical and physiologically acceptable compositions is considered routine in
the art, and thus, one of ordinary skill in the art can consult numerous authorities for guidance if
needed.

The compositions can be administered directly to a subject. Generally, the compositions
can be suspended in a pharmaceutically acceptable carrier (e.g., physiological saline or a
buffered saline solution) to facilitate their delivery. Encapsulation of the compositions in a
suitable delivery vehicle (e.g., polymeric microparticles or implantable devices) may increase the
efficiency of delivery.

The compositions can be formulated in various ways for parenteral or nonparenteral
administration. Where suitable, oral formulations can take the form of tablets, pills, capsules, or
powders, which may be enterically coated or otherwise protected. Sustained release
formulations, suspensions, elixirs, aerosols, and the like can also be used.

The compositions described herein can be formulated with a carrier that can be
pharmaceutically acceptable and that can be appropriate for delivering the peptide by the desired
route of administration. Suitable pharmaceutically acceptable carriers can be those that are
typically used with peptide-based drugs, such as diluents, excipients and the like. Reference can
be made to “Remington’s Pharmaceutical Sciences” by E.-W. Martin, which is herein
incorporated by reference, for guidance on drug formulations generally. In some aspects, the

carrier can be selected based on its ability to solubilize and stabilize the peptide in solution.
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Further, the carrier can be selected based its ability to permit the release of the peptide into
circulation after, for example, injection.

In some aspects, the compositions can be formulated for administration by infusion. In
some aspects, the compositions can be formulated for administration by injection (e.g.,
subcutaneously, intramuscularly or intravenously) and can be used as aqueous solutions in sterile
and pyrogen-free form and optionally buffered to physiologically tolerable pH, e.g., a slightly
acidic or physiological pH. The compositions can be administered in a vehicle such as distilled
water or in saline, phosphate buffered saline or 5% dextrose solution. Incorporating a solubility
enhancer, such as acetic acid, can enhance water solubility of the compositions described herein.

The aqueous carrier or vehicle can be supplemented for use as injectables with an amount
of gelatin that can serve to depot the GLP-2 or GLP-2 analog at or near the site of injection, for
its slow release to the desired site of action. Concentrations of gelatin effective to achieve the
depot effect can be in the range of 10-20%. Alternative gelling agents, such as hyaluronic acid,
can also be useful as depoting agents.

In some aspects, GLP-2 or a GLP-2 analog can be formulated as a slow release
implantation device for extended and sustained administration. Examples of such sustained
release formulations include but not limited to composites of biocompatible polymers, such as
poly(lactic acid), poly(lactic-co-glycolic acid), methylcellulose, hyaluronic acid, collagen, and
the like. Liposomes can also be used to provide for the sustained release of GLP-2 or GLP-2
analogs. Implantable osmotic minipumps can also be used for sustained release. Sustained
release formulations can provide a high local concentration of GLP-2 or GLP-2 analogs. In
some aspects, the compositions described herein can be formulated for sustained release.

The compositions disclosed herein can be used in the form of a sterile-filled vial or
ampoule that can contain a desired amount of the peptide in either unit dose or multi-dose
amounts. The vial or ampoule can contain the GLP-2 or GLP-2 analog and the desired carrier as
an administration-ready formulation. Alternatively, the vial or ampoule can contain the GLP-2
or GLP-2 analog peptide in a form, such as a lyophilized form, suitable for reconstitution in a
suitable carrier, such as phosphate-buffered saline.

Pharmaceutically acceptable carriers and excipients can be incorporated (e.g., water,

saline, aqueous dextrose, and glycols, oils (including those of petroleum, animal, vegetable or
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synthetic origin), starch, cellulose, talc, glucose, lactose, sucrose, gelatin, malt, rice, flour, chalk,
silica gel, magnesium stearate, sodium stearate, glycerol monosterate, sodium chloride, dried
skim milk, glycerol, propylene glycol, ethanol, and the like). The compositions may be subjected
to conventional pharmaceutical expedients such as sterilization and may contain conventional
pharmaceutical additives such as preservatives, stabilizing agents, wetting or emulsifying agents,
salts for adjusting osmotic pressure, buffers, and the like. Suitable pharmaceutical carriers and
their formulations are described in "Remington's Pharmaceutical Sciences" by E.-W. Martin,
which is herein incorporated by reference. Such compositions will, in any event, contain an
effective amount of the compositions together with a suitable amount of carrier so as to prepare
the proper dosage form for proper administration to the patient.

The pharmaceutical compositions as disclosed herein can be prepared for oral or
parenteral administration. Pharmaceutical compositions prepared for parenteral administration
include those prepared for intravenous (or intra-arterial), intramuscular, subcutaneous,
intraperitoneal, intraportal, transmucosal (e.g., intranasal, intravaginal, or rectal), or transdermal
(e.g., topical) administration. Aerosol inhalation can also be used. Thus, compositions can be
prepared for parenteral administration that includes GLP-2 or a GLP-2 analog dissolved or
suspended in an acceptable carrier, including but not limited to an aqueous carrier, such as water,
buffered water, saline, buffered saline (e.g., PBS), and the like. One or more of the excipients
included can help approximate physiological conditions, such as pH adjusting and buffering
agents, tonicity adjusting agents, wetting agents, detergents, and the like. Where the
compositions include a solid component (as they may for oral administration), one or more of the
excipients can act as a binder or filler (e.g., for the formulation of a tablet, a capsule, and the
like). Where the compositions are formulated for application to the skin or to a mucosal surface,
one or more of the excipients can be a solvent or emulsifier for the formulation of a cream, an
ointment, and the like.

The pharmaceutical compositions can be sterile and sterilized by conventional
sterilization techniques or sterile filtered. Aqueous solutions can be packaged for use as is, or
lyophilized, the lyophilized preparation, which is encompassed by the present disclosure, can be
combined with a sterile aqueous carrier prior to administration. The pH of the pharmaceutical

compositions typically will be between 3 and 11 (e.g., between about 5 and 9) or between 6 and
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8 (e.g., between about 7 and 8). The resulting compositions in solid form can be packaged in
multiple single dose units, each containing a fixed amount of the above-mentioned agent or
agents, such as in a sealed package of tablets or capsules.

ARTICLES OF MANUFACTURE

The composition described herein can be packaged in a suitable container labeled, for
example, for use to suppress or prevent extrapancreatic organ inflammation or systemic organ
inflammation in subjects with an acute illness including but not limited to burns, major surgery,
sepsis, autoimmune disorders, vasculitis, thromboembolism, trauma, and acute pancreatitis, acute
inflammatory disorders associated with SIRS and/or MOF; to prevent the development of multi-
organ failure in subjects with an acute illness including but not limited to burns, major surgery,
sepsis, autoimmune disorders, vasculitis, thromboembolism, trauma, and acute pancreatitis; to
prevent or reduce endotoxin entry in a subject’s lung or liver or portal vein; and/or to ameliorate
one or more symptoms of an acute illness including but not limited to burns, major surgery,
sepsis, autoimmune disorders, vasculitis, thromboembolism, trauma, and acute pancreatitis.
Accordingly, packaged products (e.g., sterile containers containing the composition described
herein and packaged for storage, shipment, or sale at concentrated or ready-to-use
concentrations) and kits, including at least GLP-2 or a GLP-2 analog as described herein and
instructions for use, are also within the scope of the disclosure. A product can include a
container (e.g., a vial, jar, bottle, bag, or the like) containing the composition described herein.
In addition, an article of manufacture further may include, for example, packaging materials,
instructions for use, syringes, buffers or other control reagents for treating or monitoring the
condition for which prophylaxis or treatment is required. The product may also include a legend
(e.g., a printed label or insert or other medium describing the product's use (e.g., an audio- or
videotape)). The legend can be associated with the container (e.g., affixed to the container) and
can describe the manner in which the compound therein should be administered (e.g., the
frequency and route of administration), indications therefor, and other uses. The compounds can
be ready for administration (e.g., present in dose-appropriate units), and may include a
pharmaceutically acceptable adjuvant, carrier or other diluent. Alternatively, the compounds can

be provided in a concentrated form with a diluent and instructions for dilution.
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EXAMPLES

Example 1: Teduglutide Ameliorates Extra-Pancreatic Inflammation Through
Reduction of Portal Venous LPS Levels in a Murine Model of Pancreatitis

Background. Glucagon-like peptide-2 (GLP-2), a peptide hormone derived from
enteroendocrine L cells present in small and large intestine, is important for maintenance of
intestinal villi through regulation of proliferation and differentiation. The stable GLP-2 analog
teduglutide (TDG) is approved for patients with severe malabsorption who are dependent on
parenteral nutrition due to its intestinotrophic effects. GLP-2 also has acute effects on
gastrointestinal motility, secretion, and barrier function independent of its pro-proliferative
effects. Since decreased barrier function is associated with severe inflammation, increased
circulating lipopolysaccharides (LPS), and often-fatal consequences such as multiple organ
failure (MOF), it was tested whether TDG, by strengthening the gut barrier and limiting LPS
uptake from its reservoir in the gut lumen to the portal vein (PV) could reduce the severity of
MOF in an experimental model of pancreatitis. Pancreatitis was chosen since it is a common
antecedent of clinical MOF and since multiple organ inflammation develops in its experimental
models as well.

LPS entry from the small intestine suggests that elevated PV LPS concentrations may
substantially contribute to LPS-related organ damage, such as liver, lung, or renal injury during
serious illness, and that exogenous GLP-2 may impede LPS entry from the gut lumen to the PV,
decreasing liver inflammation which in turn decreases the systemic inflammatory response.
Severe acute pancreatitis has a mortality rate > 40% mostly due to the development of multiple
organ failure 2-3 days after symptom development that has been attributed to systemic
endotoxemia. Therefore, it was tested whether TDG treatment may reduce multiple organ injury
following acute pancreatitis by reduction of LPS entry from the intestine to the PV.

Methods. Pancreatitis was induced in C57BL/6 male and female mice at 8-10 weeks of
age by multiple injections of cerulein (50 ug/kg, ip, hourly, 8 times). Samples (e.g., PV and
abdominal arterial blood) were collected O, 18, and 24 hrs after the final injection of cerulein.
Tissues were removed and stored for histology and real-time polymerase chain reaction (PCR)-
based expression analysis. TDG, (500 ug/kg, ip) was given 0 and 18 hrs after the final injection

of cerulein, followed by sampling 24 hrs after the final injection of cerulein. Proinflammatory
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cytokines was assessed by real-time PCR; PV LPS levels were measured using the limulus
amebocyte lysate (LAL) test.

Results. Cerulein treatment successfully induced pancreatitis, confirmed by the increased
plasma lipase activity (Fig. 1). Compared with the controls, systemic expression of the
proinflammatory cytokines tumor necrosis factor (TNF)-a, interleukin (IL)-1 B, IL-6, and IFNy
were increased in the ileum, liver and lung (ileum < liver <lung), indicating multiple organ
inflammation, 24 hrs after the final injection of cerulein.

TDG treatment significantly reduced inflammatory cytokine expression in the lung (Fig.
2), whereas TDG had no effect on elevated lipase levels (Fig. 1) and increased expression of IL-
1B and IL-6 in the pancreas following cerulein injection (Fig. 2). PV LPS levels (Fig. 3) were
increased 18 and 24 hrs after cerulein treatment, but not at O hr, accompanied by increased
uptake of the paracellular permeability marker FITC-dextran 4000 (FD4) from the small intestine
18 or 24 hrs after cerulein treatment (Fig. 4), suggesting that LPS entry occurs after a
pancreatitis-associated intestinal permeability increase. TDG treatment significantly reduced PV
LPS levels (Fig. 3) and PV FD4 levels (Fig. 4) 18 and 24 hrs after cerulein treatment. Plasma
TNFa levels, indicative of systemic inflammation, were increased 24 hrs after cerulein treatment,
reversed by TDG treatment (Fig. 5). Histology confirmed mild inflammation in the lung and
edematous changes in the pancreas 24 hrs after cerulein treatment. TDG treatment reduced the
lung inflammation but had no effect on the histological changes in the pancreas (Fig. 6).

Discussion. The effect of TDG in an experimental model of acute pancreatitis was tested.
TDG (500 pg/kg) was given at 10x the recommended daily clinical dose at O and 18 hrs after the
final dose of cerulein. Remarkably, although TDG had minimal effects on pancreatic
inflammation, it reversed lung inflammatory markers and PV LPS concentrations to near control
concentrations. These results suggest that pancreatitis-associated lung injury is induced by
intestinal LPS entry into the PV, accompanied by increased small intestinal permeability to FD4,
and that TDG reduces systemic and extrapancreatic organ inflammation through inhibition of
LPS entry into the PV through the compromised gut barrier. TDG may be a novel therapeutic
option for pancreatitis-associated MOF through its prevention of LPS entry from the intestines to

the PV.
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Example 2: Lipopolysaccharides (LPS) Transport During Fat Absorption in
Rodent Small Intestine

Abstract. The mechanisms and the effect of exogenous glucagon-like peptide-2 (GLP-2)
on lipopolysaccharides (LPS) transport in rodent small intestine was investigated. Transmucosal
LPS transport was measured in Ussing-chambered rat jejunal mucosa. In anesthetized rats, the
appearance of FITC-LPS into the portal vein (PV) and the mesenteric lymph was simultaneously
monitored after intraduodenal perfusion of FITC-LPS with oleic acid and taurocholate
(OA/TCA). In vitro, luminally-applied LPS rapidly appeared in the serosal solution limited with
luminal OA/TCA present. OA/TCA-induced LPS transport was inhibited by luminal
pretreatment with the lipid raft inhibitor methyl-B-cyclodextrin (MBCD) and the CD36 inhibitor
sulfosuccinimidyl oleate (SSO), or by serosally-applied GLP-2 with dipeptidyl peptidase-4
inhibition. /n vivo, perfusion of FITC-LPS with OA/TCA rapidly increased FITC-LPS
appearance into the PV, followed by a gradual increase of FITC-LPS into the lymph. Rapid PV
transport was inhibited by the addition of MBCD or by SSO, whereas transport into the lymph
was inhibited by chylomicron synthesis inhibition. IV injection of the stable GLP-2 analog
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teduglutide acutely inhibited PV FITC-LPS transport into the PV, yet accelerated FITC-LPS
transport into the lymph via L-NAME- and PG97-269-sensitive mechanisms. FITC-LPS
recovery was ~60% in PV and ~1% in lymph. /n vivo two-photon confocal microscopy in mouse
jejunum confirmed intracellular FITC-LPS uptake limited to luminal OA/TCA present.

Conclusions: Luminal LPS may cross the small intestinal barrier physiologically during
fat absorption via lipid raft- and CD36-mediated mechanisms, followed by predominant transport
into the PV. Inhibition of LPS uptake into the PV by GLP-2 may mitigate its pro-inflammatory
effects.

Introduction. Lipopolysaccharides (LPS; endotoxin), a lipophilic pathogen-associated
molecular pattern (PAMP) derived from Gram-negative bacteria that is resistant to heat, low pH,
and proteases (16), is a potent human toxin. Although LPS is abundant in the environment and is
present in foods such as ice cream, yogurt, and meat (16), it is also present in saliva derived from
oral flora (41). LPS is a ~10-15 kDa molecule, consisting of polysaccharide chains and lipid A,
the latter having its pyrogenic endotoxic activity. Lipid A has two phosphorylation sites in the
disaccharide backbone that have ester- and amine-linked fatty acids. Phosphorylated lipid A is
biologically active; subsequent binding to Toll-like receptor 4 (TLR4) (55), initiates an intense
inflammatory cascade eventuating in fever, tachycardia, and hypotension that provides the basis
for referring to endotoxins as “pyrogens”. Injection of a 2 ng/kg dose of LPS into normal humans
reproducibly induces fever, tachycardia and tachypnea (20) whereas higher doses induce the
circulatory collapse and respiratory failure associated with septic shock and multiple organ
failure (67). The major reservoir of LPS is the gut lumen, since it contains 10° — 10'! bacteria/ml
of which ~50% are Gram-negative, translating to an LPS concentration of ~ 0.01 — 1,000,000
ng/ml assuming 25 fg LPS/bacterial cell, compared with a circulating plasma LPS concentration
of 0.03 ng/ml, a ~1:3 lumen:plasma gradient in the proximal foregut and a ~ 3 x 10":1 gradient in
the colon, consistent with the presence of multiple LPS detoxifying mechanisms and barriers to
intestinal LPS uptake. Defenses include intestinal alkaline phosphatase (IAP) an enzyme with
high activity in the brush border membranes of the duodenum and jejunum (4) that detoxifies
LPS through dephosphorylation of the lipid A of LPS (24, 40), preventing its binding to TLR4
(71). Due to its molecular size and detoxification of LPS by IAP, some believe that luminal LPS
may be absorbed by the foregut intestinal epithelium or enter into the body by the paracellular
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pathway in the presence of mucosal injury. Increased serum LPS concentrations are observed in
humans and in experimental animals following consumption of a high-fat diet, linking such diets
with increased LPS entry from small intestine into the circulation (8). Chronic mild elevations of
circulating LPS are termed “metabolic endotoxemia” given their association with chronic low-
grade inflammation that characterizes the metabolic syndrome and also diseases associated with
chronic low-grade inflammation such as Alzheimer’s disease (7, 75).

A high-fat meal acutely increases circulating LPS levels in human healthy volunteers at
30 min (18), suggesting that dietary lipid facilitates LPS absorption. Gavage of a long-chain
triglyceride triolein solution in mice increases circulating LPS levels, compared to a short-chain
triglyceride tributyrate control solution (23). LPS is incorporated into chylomicron remnants, a
process inhibited by the chylomicron synthesis inhibitor Pluronic-81 (PL81) (23), suggesting that
LPS is absorbed by the same mechanism as are long-chain fatty acids (LCFAs). Absorbed LPS is
primarily cleared from the circulation by the liver. Hepatic macrophages (Kupffer cells) appear
to be the principal cells involved in the clearance of LPS (19); intraportal LPS is rapidly taken up
by hepatocytes and excreted into the bile, peaking within 20 min (45). Furthermore,
chylomicrons accelerate LPS clearance from the plasma by increasing the hepatic uptake of
chylomicron-incorporated LPS followed by its increased excretion into the bile (58). Both
chylomicrons and bile salts reversibly inhibit LPS pyrogenic activity (15, 58, 60). These results
suggest that chylomicron-mediated LPS uptake is linked to multiple protective mechanisms that
diminish LPS toxicity, preventing hepatic inflammation following Kupffer cell activation by
unbound LPS.

Biological processes in the small intestinal lumen mediate lipid absorption. Luminal
triglycerides (TG) combine with bile acids, generating micelles that solubilize TG, which are
then de-esterified to LCFAs and mono-acyl glycerol (MAG) by pancreatic lipase. Digested
luminal fat, LCFAs, and MAG are primarily absorbed by jejunal enterocytes via active and
passive pathways. LCFAs are partially absorbed via cluster-of-differentiation (CD) 36-mediated
and fatty acid transport protein (FATP)-mediated transport, followed by passive diffusion into
the enterocytes (65). Genetic deletion of CD36 or FATP isoforms had no effect on fat absorption
in vivo (25, 64), whereas CD36 and FATP are important for LCFA transport in vitro (50, 65),

suggesting that these active transport molecules likely comprise a high affinity, low capacity
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transport system. Lipid raft-mediated endocytosis also contributes to LCFA absorption, since
CD36 localizes to cholesterol-rich lipid rafts (14). Absorbed LCFA and MAG are re-esterified to
TG, and subsequently combined with apolipoprotein B-48, forming nascent chylomicrons that
are released by exocytosis across the enterocyte basolateral membrane into the central lacteals
and villous lymphatic capillaries, draining into the mesenteric lymph ducts, followed by entry
into the systemic circulation via the thoracic duct (69). Since the principal origin of circulating
LPS is the gut lumen, the mechanisms of LPS transport across the gut mucosa was studied,
testing whether transport occurs via canonical lipid uptake pathways.

Glucagon-like peptide-2 (GLP-2) is an intestinotrophic hormone released from
enteroendocrine L cells (12). Chronic treatment with GLP-2 prevents the appearance of LPS in
the circulation (8), attributed mostly to its pro-proliferative effects on the intestinal epithelium.
Since GLP-2 reduces intestinal paracellular permeability (8), but acutely enhances fat absorption
(33), it was also tested whether GLP-2 acutely affects LPS transport during fat absorption.

Materials and methods. Animals. Male Sprague-Dawley rats weighing 200-250 g and
CS57BL/6 mice weighing 20-25 g (Harlan, San Diego, CA, USA) were fed a pellet diet and water
ad libitum. Rats were fasted overnight with free access to water before the experiments, whereas
mice were fasted for 3 hrs before the experiments in order to empty the stomach. Animals were
euthanized by terminal exsanguination under deep isoflurane anesthesia, followed by
thoracotomy.

Chemicals. Teduglutide (TDG, Shire Pharmaceuticals USA, Lexington, MA) was
provided by the Pharmacy Service of the West Los Angeles VA. Rat GLP-2, NVP-728, NVP-
AEW-541 and PD153035 were purchased from Tocris Bioscience (Ellisville, MO, USA). The
vasoactive intestinal peptide (VIP)/pituitary adenylate cyclase-activating peptide (PACAP)
receptor 1 (VPAC1) antagonist PG97-269; [Ac-His!, D-Phe?, Lys'’, Arg!, Leu?’]-VIP(1-7)-
GRF(8-27) (SEQ ID NO: 41) (26) was purchased from Phoenix Pharmaceuticals (Burlingame,
CA, USA) or was synthesized using solid-phase methodology according to the Fmoc-strategy
using an automated peptide synthesizer (Model Pioneer, Thermo Fisher Scientific, Waltham,
MA, USA). The crude peptide was purified using reverse-phase high performance liquid
chromatography (HPLC: Delta 600 HPLC System, Waters, MA, USA) on a column of Develosil
ODS-HG-5 (2 x 25 ¢cm, Nomura Chemical Co., Ltd, Seto, Japan). The purity of each peptide was
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confirmed by analytical HPLC and matrix assisted laser desorption/ionization time of flight and
mass spectrometry (MALDI-TOF MS) analysis. seminaphthorhodafluor (SNARF™)-5F 5-(and-
6)-carboxylic acid (SNARF-5F) was purchased from Molecular Probes (Eugene, OR, USA).
Oleic acid (OA), taurocholic acid (TCA), LPS (from £. coli O55:BS), fluorescein isothiocyanate
(FITC)-conjugated LPS (FITC-LPS; from E. coli O55:BS), FITC-dextran 4000 (FD4), carbachol
(CCh), glycerol phosphate (GP), methyl-p-cyclodextrin (MBCD), sulfosuccinimidyl oleate
(SSO), PL81, N®-nitro-L-arginine methyl ester (L-NAME), indomethacin (IND), and other
chemicals were purchased from Sigma Chemical (St. Louis, MO, USA). IND was dissolved in
ethanol. OA was added in TCA-containing phosphate buffer saline (PBS, pH 7.4), followed by
vigorous vortexing just prior to performing the experiments. The other chemicals were dissolved
in distilled water in order to make a stock solution.

Short-circuit current measurements in Ussing chambered preparations. Mucosa—
submucosa preparations were prepared from the mid-jejunum (~20 ¢cm from the pyloric ring) by
muscle stripping using fine forceps under a stereomicroscope. Two or four preparations were
prepared from one animal. The tissue was then mounted between two hemi-sliders with an
aperture = 0.3 cm? (Physiologic Instruments, San Diego, CA, USA). Chambers were bathed with
serosal and luminal bathing solutions in a volume of 4 ml each, maintained at 37°C using a water
recirculating heating system. The serosal Krebs-Ringer solution contained (in mM) NaCl, 117,
KCl, 4.7; MgCl,, 1.2; NaH,POs, 1.2; CaCl,, 2.5; NaHCOs, 25; glucose, 11; and bubbled with
95% 02-5% CO> to maintain pH at 7.4. The luminal bathing solution contained NaCl, 136; KCI,
2.6; CaCly, 1.8; HEPES, 10 (pH 7.0); mannitol, 11; and bubbled with 100% O,. The tissues were
short-circuited by a voltage clamp (VCC MC6, Physiologic Instruments) at zero potential
difference with automatic compensation for solution resistance. Short-circuit current (/sc) was
continuously measured with tissue conductance (G¢) and TEER (Q¢cm?) determined every 20 sec
in order to assess the tissue integrity during the LPS and lipid exposure. The current was
recorded by the DataQ system (Physiologic Instruments). IND (10 uM) was added to the serosal
bath to eliminate the effects of endogenous prostaglandin production. The tissues were stabilized
for ~30 min before the addition of test chemicals.

LPS movement from mucosal to serosal solution. LPS movement m-to-s was assessed

using a LAL test kit (Pierce Chromogenic Endotoxin Quant Kit, Pierce Biotechnology,
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Rockford, 1L, USA), which eliminates non-specific detection of (1,3)-B-D-glucan, then reduces
false-positive LPS measurements. After tissue stabilization, time was set as t = 0 min. Fifty pl of
the serosal solution was collected at O min as a blank sample, followed by collection att =15, 30
and 45 min. Att=0 min, LPS (10 ug/ml) was added into the mucosal solution. Vehicle (PBS
alone), TCA alone (0.1 mM) in PBS or OA (3, 10, 30 mM) with TCA (0.1 mM) in PBS was
added into the mucosal solution at t = 15 min. The tissues were pretreated with drugs 10 or 15
min before the addition of LPS (i.e. at t =-10 or -15 min). The collected serosal solutions were
kept at -80°C until use. LPS content in the serosal solutions was measured with the LAL test
according to the manufacturer’s protocol. The value of background at t = 0 min was subtracted
and the serosal LPS appearance was expressed as A[LPS] (EU/ml). In some experiments, FITC-
LPS (10 pg/ml) was used instead of LPS. Serosal FITC-LPS content was assessed by FITC
fluorescence intensity measurement using a multi-mode microplate reader (Synergy-2, BioTek
Instruments, Inc., Winooski, VT, USA). To detect macromolecule m-to-s movement across the
mucosa, FD4 (0.1 mM) was applied into the mucosal bath and serosal FD4 content was assessed
by FITC fluorescence intensity measurement.

TLR-4 reporter cell assay. Since the LAL test may overestimate LPS levels due to
nonspecific detection of monophosphoryl lipid A (MPLA) (66), and FITC-LPS method measures
LPS fluorescence without regard to the functional activity of LPS, experiments were carried out
to determine whether the samples contained intact, functional LPS that is a preferential TLR-4
ligand. In order to confirm that intact LPS was measured in the samples used for measurements
in the Ussing chamber study, a TLR4 reporter cell assay was used that consists of HEK293 cells
co-transfected with murine TLR4, myeloid differentiation 2 and CD14 co-receptor genes and an
inducible secreted embryonic alkaline phosphatase (SEAP) reporter gene with nuclear factor-
kappa B (NF-kB) and activator protein 1 (AP-1) binding motifs (HEK-Blue mTLR-4,
InvivoGen, San Diego, CA). Cells were harvested in a 96-well plate with standards and samples
for 24 hr. The presence of LPS was detected as induced SEAP activity in the medium using
HEK-Blue Detection (InvivoGen) by measuring absorbance at 655 nm with Synergy-2 24 hrs
after the addition of standards and samples, according to the manufacturer’s protocol. Ultrapure
LPS from E. coli 055:B5 (LPS-BS5 Ultrapure, InvivoGen) was used as standard at a range of 0.01
— 100 ng/ml.
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Ussing chamber study: drug treatment. The following drugs were pretreated by addition
to the mucosal (m) or serosal (s) bath 10 or 15 min before LPS addition to the mucosal bath: the
lipid raft inhibitor MBCD (1 mM, m), the CD36 inhibitor SSO (0.1 mM, m), the muscarinic
agonist CCh (10 uM, s), a competitive substrate for IAP (IAP inhibitor) GP (10 mM, m) (47),
GLP-2 (100 nM, s), the dipeptidyl peptidase-4 (DPP4) inhibitor NVP-728 (10 uM, s) (36), the
stable GLP-2 analog TDG (100 nM) (13), the insulin-like growth factor-1 (IGF-1) receptor
tyrosine kinase inhibitor NVP-AEW-541 (10 uM, s) (22), the epidermal growth factor (EGF)
tyrosine kinase inhibitor PD153035 (1 pM, s) (6), the nitric oxide (NO) synthase (NOS) inhibitor
L-NAME (0.1 mM, s) and the selective VPAC1 antagonist PG97-269 (1 uM) (26).

In vivo small intestinal perfusion. Intraduodenal perfusions combined with PV and
mesenteric lymph cannulation were carried out (1, 48). Under isoflurane anesthesia (2%), the
animal was placed supine on a recirculating heating block system (Summit Medical Systems,
Bend, OR, USA) in order to maintain body temperature at 36—37°C. Prewarmed saline was
infused via the right femoral vein at 1.08 ml/h using a Harvard infusion pump (Harvard
Apparatus, Holliston, MA, USA). The abdomen was incised, and the PV was cannulated with a
polyethylene (PE)-50 tube attached with 23G needle and fixed by methylacrylate adhesive at the
insertion site. The tube was filled with heparinized saline enabling repeated blood sampling. PV
samples (0.2 ml each) were collected every 15 min, followed by 0.2 ml flushes with heparinized
saline. Next, the main trunk of the mesenteric lymph duct located between the celiac and
superior mesenteric arteries was cannulated with another PE-50 tube attached with 23G needle
and filled with saline and fixed by methylacrylate adhesive at the insertion site. The lymph
solution was continuously collected into a 1.5-ml tube every 15 min. A polyethylene tube
(diameter 5 mm) filled with PBS was inserted through the forestomach and tied at 0.5 cm caudal
from the pyloric ring. After bolus perfusion of 2 ml PBS into the duodenum from the tube,
followed by stabilization for ~30 min, the time was set as t = 0 min. FITC-LPS (50 pg/ml) in 2-
ml PBS with or without OA (30 mM) and TCA (10 mM) was bolus perfused at t = 0 min. In
order to maintain lymph flow, 2-ml PBS was perfused every 30 min. PV and lymph samples
were collected every 15 min for 90 min. Blood samples were collected in a 0.5-ml tube
containing 1 ul each of EDTA (0.5 M), and immediately centrifuged at 5,000 x g for 5 min, after

which the plasma was stored at -80°C until use. The lymph solution was weighed to measure its
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volume and centrifuged, with the supernatant stored at -80°C until use. At 90 min, after
collection of PV and lymph samples, arterial blood was taken from abdominal aorta for a
reference sample, followed by euthanasia by thoracotomy.

The appearance of FITC-LPS into the PV plasma and lymph was assessed by
fluorescence measurement using Synergy-2. Fluorescence intensity in the t = 0 sample as
background was subtracted from the fluorescence values measured in other time point samples.
For lymph samples, the FITC-LPS concentration was multiplied by the lymph output in order to
calculate total FITC-LPS appearance. FITC-LPS appearance was expressed as PV FITC-LPS
content (ng/ml) or FITC-LPS transport into lymph (ng/15 min). Furthermore, total FITC-LPS
transport into the PV and lymph was assessed by calculating the area under the curve (AUC)
during 0 — 90 min of FITC-LPS appearance (AUCo.90) using the trapezoidal rule and expressed
as AUCo-90 of PV FITC-LPS (pgemin/ml) and AUCo.90 of lymph FITC-LPS (pug).

Since repeated blood sampling is difficult in mice, one PV blood sample was taken.
Under isoflurane anesthesia, prewarmed saline was infused sc at 0.1 ml/hr and the abdomen was
incised. A polyethylene tube (diameter 2 mm) filled with PBS was inserted through the
forestomach and secured with a silk suture 0.2 cm caudal from the pyloric ring. After bolus
perfusion of 0.2 ml PBS into the duodenum from the tube, followed by stabilization for ~30 min,
the time was set as t = 0. FITC-LPS (50 ug/ml) in PBS with or without OA (30 mM) and TCA
(10 mM) was perfused 0.2-ml at t = 0 min. Att= 15 min, PV blood and abdominal arterial blood
were collected, followed by euthanasia by thoracotomy. Autofluorescence of PV plasma from
the pooled non-treated fasted control mice (average 613.5 at sensitivity 80 set in Synergy-2, n =
6) were subtracted from the PV plasma samples to eliminate the background autofluorescence in
plasma.

Intestinal perfusion study: drug treatment. The lipid raft inhibitor MBCD (1 mM), the
CD36 inhibitor SSO (1 mM), and PL81 (3%) were added to the initial perfusion of 2-ml PBS at t
= -30 min, followed by their addition to the luminal FITC-LPS/OA/TCA solution at t = 0 min.

Lffect of TDG on intestinal LPS transport. The stable, DPP4-resistant analog of GLP-2,
TDG (13) was used to examine the acute effect of GLP-2 on LPS transport into PV and
mesenteric lymph in vivo. TDG (50 ug/kg) was bolus injected iv 15 min before the luminal

FITC-LPS/OA/TCA perfusion (at t = -15 min). L-NAME was added to the first perfusion of 2 ml
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PBS (at t = -30 min). PG97-269 (0.3 mg/kg) was bolus injected iv 20 min before the luminal
FITC-LPS/OA/TCA perfusion (at t = -20 min).

In vivo confocal imaging of LPS transport in mouse jejunum. In vivo confocal
multiphoton microscopic imaging was performed in order to clarify whether LPS is transported
via the transcellular or the paracellular pathway using a modification (3, 31). Due to the limited
size of the microscopic stage, mice were used for this study. Under isoflurane anesthesia (2%o),
the abdomen was incised and the mid-jejunum (~ 2 cm) was exposed. After the lumen was filled
with 1 ml prewarmed PBS, the anterior wall of the jejunum was incised using an electric cautery.
After gently rinsing the lumen with prewarmed PBS, the animal was placed prone with the
jejunal mucosa face down in to the incubation chamber (Warner Instrument, Hamden, CT, USA)
filled with prewarmed PBS, set on the microscopic stage of a Leica TCS-SP2 AOBS inverted
confocal and multi-photon microscope (Leica, Mannheim, Germany), equipped with an argon
laser and three helium-neon lasers and a Spectra-Physics MaiTai® picosecond pulsed infrared
laser (Mountain View, CA) set at 780 nm for two photon and infrared excitation. After
stabilization for ~15 min, the mucosa was exposed to FITC-LPS (50 pg/ml) in PBS for 15 min,
followed by FITC-LPS plus OA (30 mM)/TCA (10 mM) in PBS for 15 min. The mucosal
images were taken by excitation at 488 nm or by two-photon excitation at 780 nm with emission
at 500-550 nm. For a negative control, the cell-impermeant red fluorescence dye SNARF-5F (10
uM; Molecular Probes, Eugene, OR, USA) was also added in the mucosal solution, and the
images were taken by two-photon excitation at 780 nm and emission at 640 nm.

Statistics. Values are expressed as mean £+ SEM. The number of animals in each
experimental group was n = 4 — 6. Statistical analysis was performed using GraphPad® Prism 6
(LaJolla, CA, USA) using one-way ANOVA or two-way ANOVA followed by Tukey’s
multiple comparisons, or using Mann-Whitney test, if applicable. Differences were considered
significant when P values were < 0.05.

Results. Transmucosal jejunal LPS transport in vitro. Mucosa-to-serosa (m-to-s) LPS
transport was tested with or without added luminal OA in a muscle-stripped mucosa-submucosa
preparation of rat jejunum using the LAL test. The jejunal mucosa was luminally exposed to LPS
alone (10 pg/ml) from t = 0 min to t = 15 min, followed by the addition of vehicle (PBS), TCA
(0.1 mM) or OA + TCA from t =15 min to t =45 min. LPS alone or LPS + TCA only in the
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mucosal bath had no effect on LPS concentrations in the serosal bath, whereas further addition of
OA (3, 10 or 30 mM) in the mucosal bath dose-dependently increased LPS concentrations in the
serosal bath at t = 30 min that were sustained at t = 45 min (Fig. 6A), suggesting that luminal
LCFA exposure increases m-to-s transport of LPS. Mucosal application of LPS (10 pg/ml) with
OA (30 mM) plus TCA (0.1 mM) was thus used in the following experiments. OA + TCA
without LPS in the lumen had no effect on serosal LPS concentrations (Fig. 6B). LPS content in
the mucosal bath at t = 0 min measured by LAL test was 14.0 + 2.1 EU/ml (n = 6), equivalent to
2.5 ng/ml according to the conversion of 1 EU/ml = 0.18 ng/ml LPS determined by the LAL test
used. Since LPS was added at 10 ug/ml in the mucosal bath, these results suggest that
endogenous LPS present in the lumen of the jejunal mucosa did not contribute to serosal LPS
concentrations.

Since LCFA absorption is partially mediated by the LCFA translocator CD36 (65) and by
lipid raft-related endocytosis (14), next, the effects of the CD36 inhibitor SSO, and the lipid raft
inhibitor MBCD were examined on LPS transport during OA/TCA exposure. Pretreatment with
SSO (0.1 mM) had no effect on LPS transport at t = 15 min, whereas OA/TCA-augmented LPS
transport (t = 30 — 45 min) was abolished by the addition of luminal SSO (Fig. 6C), suggesting
that luminal LPS transport is mediated at least in part by CD36. MBCD (1 mM) also inhibited
OA/TCA-augmented LPS transport (Fig. 6D), suggesting that lipid rafts also mediate LPS
transport. These results also suggest that LPS absorption occurs during OA/TCA exposure via
the transcellular pathway rather than by the paracellular pathway. In contrast, pretreatment with
serosal CCh (10 uM), which empties goblet cells by stimulating mucus secretion, increased LPS
transport at t = 15 min, and further increased LPS transport during the OA/TCA exposure period
(Fig. 6E), suggesting that emptied goblet cells may transport LPS, regardless the presence of
OA/TCA in the lumen, consistent with LPS uptake through emptied goblet cells (32).
Furthermore, the addition of a competitive substrate for IAP, GP (10 mM) in the mucosal bath
further increased LPS transport at t = 45 min (Fig. 6F), suggesting that IAP inhibition increases
the bioavailability of LPS in the lumen, since IAP detoxifies LPS by de-phosphorylation of lipid
A (71), bearing in mind that the LAL test as a functional assay detects the activity of LPS that
has intact lipid A, but also detects MPLA as having ~50% of the activity of intact lipid A (66).
LPS transport in the Ussing chamber (LPS alone at t = 15 min and LPS+OA+TCA at t = 45 min)
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is summarized in Fig. 6G. Note that the value represents accumulated serosal [LPS], since the
serosal bath volume was constant. SSO, MBCD and GP had no effect on LPS transport in the
absence of OA/TCA, whereas SSO and MBCD inhibited, but GP enhanced LPS transport in the
presence of OA/TCA. In contrast, CCh increased LPS movement independently of luminal
OA/TCA.

Since the LAL test may be confounded components in the medium, OA/TCA-induced
LPS transport was examined using FITC-LPS with its serosal appearance measured by FITC
fluorescence intensity. FITC-LPS alone in the lumen had no effect on serosal LPS content for 45
min, whereas luminal application of OA/TCA increased serosal LPS content measured by FITC
fluorescence intensity, the effect abolished by the addition of SSO or MBCD (Fig. 7A), mirroring
the results measured by LAL test in Figs. 6C and D. To further validate the detection of LPS m-
to-s transport, the same samples of Fig. 7A were analyzed by the TLR4 reporter cell assay, that
showed that the detectable range of LPS-BS Ultrapure was 0.1 — 30 ng/ml. Using this method,
LPS m-to-s transport was increased during OA/TCA exposure and abolished by SSO or MBCD,
whereas no change was observed in the FITC-LPS alone group (Fig. 7B), compatible with the
FITC measurements (Fig. 7A). The detected LPS levels were ~0.3 - ~10 ng/ml and ALPS levels
were up to ~1.5 ng/ml, much less than the FITC measurements (Fig. 7A), and relatively less than
the LAL measurements (Fig. 6), by which ALPS levels were up to ~30 EU/ml, which is
equivalent to ~5.4 ng/ml. These results suggest that intact LPS is present in the serosal solution,
although transported LPS is likely degraded. Nevertheless, the methods similarly detected ALPS
m-to-s increase during OA/TCA exposure that was consistently inhibited by membrane transport
inhibitors, confirming that LPS transport measured by the LAL test is comparable with the
fluorescence measurements of FITC-LPS or TLR4 bioactivity assay in our in vifro experimental
conditions.

Lpithelial permeability during OA/TCA exposure in jejunal mucosa in vitro. To examine
whether paracellular permeability changes were contributed to the enhanced LPS transport
observed during OA/TCA exposure, transepithelial electrical resistance (TEER) was measured in
parallel with FITC-LPS or FITC-dextran 4000 (FD4) m-to-s movement in the jejunal mucosa.

Luminal addition of OA/TCA increased serosal [FITC-LPS] (Fig. 8A), whereas TEER
was unchanged throughout the experiments (Fig. 8B). Luminal application of FD4 and LPS with
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or without further addition of OA/TCA increased serosal [FD4] (Fig. 8C) without any change in
TEER (Fig. 8D), suggesting that FD4 transport in the jejunum occurs tonically regardless of the
luminal presence of OA/TCA. These results suggest that luminal OA/TCA exposure increases
LPS transport without associated paracellular permeability changes for electrolytes and
macromolecules.

Lffect of GLP-2 on jejunal LPS transport in vitro. Next, it was tested whether GLP-2
acutely affects LPS m-to-s transport in the small intestine. Serosal application of GLP-2 (100
nM) alone at t = -15 min had no effect on OA/TCA-augmented LPS m-to-s transport, whereas
further addition of the dipeptidyl peptidase-4 (DPP4) inhibitor NVP-728 (10 uM) to GLP-2
inhibited LPS transport during OA/TCA exposure period (Fig. 9A), suggesting that prolonging
the half-life of GLP-2 is important to acutely inhibit LPS transport during OA/TCA exposure in
the Ussing chamber. Using the stable GLP-2 analog teduglutide (TDG, 100 nM), which inhibited
LPS transport during OA/TCA exposure in the absence of DPP4 inhibition (Fig. 9B), confirmed
that GLP-2 acutely affects LPS m-to-s transport in the small intestine. To examine whether
endogenous GLP-2 is involved in OA/TCA-augmented LPS transport, the effects of a GLP-2
receptor partial agonist/antagonist GLP-2(3-33) (68) and NVP-728 alone on LPS transport was
tested. Serosal application of GLP-2(3-33) (300 nM) or NVP-728 (10 uM) had no effect on LPS
transport at t = 15 min, or OA/TCA-augmented LPS transport at t = 30 — 45 min (Fig. 7C),
suggesting that endogenous GLP-2 is not involved in OA/TCA-augmented LPS transport. To
explore mechanisms underlying the inhibitory effects of GLP-2 on LPS transport during
OA/TCA exposure, the pathways downstream of GLP-2 receptor activation including IGF-1 and
EGF, and neural pathways involving NO and VIP, were investigated. The IGF-1 receptor
tyrosine kinase inhibitor NVP-AEW-541 (10 pM, s) abolished the effect of GLP-2 on LPS
transport, and further increased the amount of LPS transport (Fig. 9D). The EGF receptor
tyrosine kinase inhibitor PD153035 (1 pM, s) increased the amount of LPS transport prior to
OA/TCA exposure, and further increased the amount of LPS transport after addition of OA/TCA
(Fig. 9E). These results suggest that IGF-1 and EGF signaling in addition to their chronic pro-
proliferative effects acutely regulate basal LPS permeability. In contrast, L-NAME (0.1 mM, s)
(Fig. 9F) and the VPACI antagonist PG97-269 (1 uM, s) (Fig. 9G) had no effect on the amount
of LPS transport at t = 15 min, but reversed the inhibitory effect of GLP-2 on LPS transport
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during OA/TCA exposure. These results are summarized in Fig. 9H, demonstrating that NVP-
AEW-541 and PD153035 increased the amount of LPS transport in the absence of luminal
OA/TCA exposure, whereas L-NAME and PG97-269 reversed the inhibitory effect of GLP-2 on
the amount of LPS transport during OA/TCA exposure, suggesting that neural NO and VIP-
VPACI signals are downstream of the mechanism by which GLP-2 inhibits LPS transport.

FITC-LPS transport during LCFA absorption in vivo. To further study the mechanism of
enhanced LPS transport during lipid exposure, FITC-LPS transport was measured during LCFA
absorption in vivo in anesthetized rats. The dynamics of FITC-LPS movement was examined
from the lumen to the PV and lymph during OA/TCA exposure. Low-level FITC-LPS
appearance in the PV plasma (Fig. 10A) and lymph (Fig. 10B) was present after an intraduodenal
bolus perfusion of FITC-LPS alone (50 pg/ml in 2-ml PBS). In contrast, bolus perfusion of
FITC-LPS with OA (30 mM)/TCA (10 mM) in 2 ml PBS rapidly increased FITC-LPS
appearance in the PV at t = 15 and 30 min, which then declined to baseline, whereas FITC-LPS
gradually appeared in the lymph with a peak at t = 60 min, reaching a plateau at t = 60 — 90 min,
the latter consistent with the dynamics of chylomicron transport during physiological LCFA
absorption (70). These results show that LPS transport during OA/TCA exposure is biphasic;
rapid transport into the PV, followed by a more delayed transport into the lymph.

Next, the effects of lipid transport inhibitors were examined on FITC-LPS transport into
the PV and lymph. Pretreatment with the CD36 inhibitor SSO (1 mM), followed by
intraduodenal perfusion of the OA/TCA solution inhibited rapid LPS transport to the PV at t =
15 and 30 min (Fig. 10A), whereas SSO had no effect on FITC-LPS transport into the lymph
(Fig. 10B). Pretreatment and co-perfusion of the lipid raft inhibitor MBCD (1 mM) abolished
FITC-LPS transport into the PV (Fig. 10C), but had no effect on FITC-LPS transport into the
lymph (Fig. 10D). Furthermore, pretreatment and co-perfusion of the chylomicron synthesis
inhibitor PL81 (3%) reduced FITC-LPS transport into the PV (Fig. 10E), and inhibited FITC-
LPS transport into the lymph (Fig. 10F). These results suggest that the CD36- and lipid raft-
mediated lipid absorption pathways are involved in rapid LPS transport into the PV, followed by
gradual FITC-LPS transport into the lymph by LPS incorporation into chylomicrons, consistent
with a previous report (23). Total LPS transport into the PV and the lymph was also assessed by
calculation of AUCo.90. OA/TCA exposure increased AUCo.00 of PV FITC-LPS (Fig. 10G) and

50



10

15

20

25

30

WO 2020/198604 PCT/US2020/025272

AUCo.90 of lymph FITC-LPS (Fig. 10H), compared with the FITC-LPS alone group. Increased
AUCo.90 of PV FITC-LPS was abolished by MBCD treatment, whereas SSO and PL81 failed to
affect overall FITC-LPS transport into the PV (Fig. 10G), although SSO and PL81 partially
blunted the early rise of FITC-LPS transport into the PV at t = 15 min (Figs. 10A, E). In contrast,
OA/TCA-augmented AUCo.90 of lymph FITC-LPS was reduced by PL81 treatment (Fig. 10H).
These results also showed that total FITC-LPS transport into the lymph was ~1 pg, with ~1% of
applied LPS in the lumen (100 pg). Assuming PV blood flow is ~10 ml/min for a ~250 g body
weight rat, since reported PV blood flow values are ~19 ml/min for 526 g rat and 20 ml/min 367
grat (62, 72), ~60 ug (~60%) of added LPS was transported into the PV during a 90 min FITC-
LPS exposure, suggesting that most of the luminal FITC-LPS was transported into the PV rather
than into the lymph.

The effect of TDG on FITC-LPS transport was also examined in vivo in order to confirm
the Ussing chamber results. Pretreatment with TDG (50 pg/kg, iv) at t = -15 min abolished
FITC-LPS transport into the PV (Fig. 11A), whereas FITC-LPS transport to the lymph was
rapidly increased at t = 15 and 30 min (Fig. 11B). TDG-enhanced LPS transport into the lymph
was accompanied by a rapid increase of lymphatic output at t = 0 — 30 min, compared with non-
pretreated controls (Fig. 11C), suggesting that TDG acutely enhances flow dynamics including
mucosal blood and lymphatic flow, and then increases the number of FITC-LPS-containing
chylomicrons in the lymph. Pretreatment with and co-perfusion of L-NAME (0.1 mM) reduced
the inhibitory effect of TDG on FITC-LPS transport into the PV (Fig. 11A) and inhibited the
TDG-related augmentation of FITC-LPS transport into the lymph (Fig. 11B) with reduced lymph
output (Fig. 11C). Pretreatment with PG97-269 (0.3 mg/kg, iv) at t = -20 min had no effect on
TDG-related inhibition on FITC-LPS transport into the PV (Fig. 11D), but inhibited the TDG-
related augmentation of FITC-LPS transport into the lymph (Fig. 11E) with reduced lymph
output (Fig. 11F). These results suggest that TDG acutely inhibits OA/TCA-induced FITC-LPS
transport into the PV via an NO-mediated pathway, and enhances OA/TCA-induced FITC-LPS
transport into the lymph via NO and VIP-VPAC]1 pathways by increasing overall lymphatic
output. TDG treatment reduced OA/TCA-augmented AUCo.00 of PV FITC-LPS (Fig. 11G). L-
NAME treatment reversed the TDG-induced reduction of AUCop.90 PV FITC-LPS, whereas
PG97-269 had no effect. TDG had no significant effect on OA/TCA-augmented AUCo.00 of
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lymph FITC-LPS (Fig. 11H), although TDG increased FITC-LPS transport into the lymph at 15
— 30 min (Figs. 11B, E). L-NAME and PG97-269 treatment reduced AUCo.90 of lymph FITC-
LPS, compared with the + TDG group (Fig. 11H). These results show that TDG inhibits LPS
entry into the PV and initially accelerates but has a little overall effect on LPS transport into the
lymph.

Direct visualization of FITC-LPS uptake into epithelial cells in vivo in mouse jejunal
mucosa. To directly distinguish intracellular uptake from paracellular diffusion of
macromolecules in the small intestinal mucosa in vivo, the localization of FITC-LPS in mouse
jejunal mucosa was visualized using in vivo two-photon confocal microscopy, since single-
photon conventional confocal microscopy was not able to penetrate the tissue deeply enough to
visualize the intracellular localization of fluorescence at the basolateral pole of the villous cells.
For these experiments, mouse jejunal mucosa was exposed to luminal FITC-LPS solution (50
ng/ml) alone for 15 min, followed by to FITC-LPS with OA (30 mM) plus TCA (10 mM) under
isoflurane anesthesia. Localization of FITC-LPS was imaged using single-photon or two-photon
confocal microscope. The results demonstrate that a single-photon confocal microscopic image
of FITC-LPS incubated with OA plus TCA showed no clear fluorescent signal in the villous
cells, although the lumen had a strong FITC signal. In contrast, a two-photon confocal image of
the same area showed intracellular FITC signals in the villous cells (vertical optical sections of
villous cells; arrowheads) as well as FITC signals in the cytosol and at the basolateral pole of the
villous cells contrasted with negatively-stained nuclei. Luminal incubation with FITC-LPS (50
ng/ml) alone in PBS over the jejunal mucosa for 15 min showed no apparent intracellular
localization of fluorescent signals with faint staining at the surface of villous cells. In contrast,
the addition of OA (30 mM) plus TCA (10 mM) to luminal FITC-LPS solution for 5 min rapidly
stained the intracellular space of the villous cells with negative staining of the outlines of each
villous cell. Deeper scanning also revealed that FITC signals were present at the basolateral pole
of the villous cells with negative staining of the nuclei. Black spots were also observed in the
villi with no stained structure, corresponding to the previously reported cell shedding-induced
epithelial gaps (74). Furthermore, FITC-LPS was not visualized in the intercellular spaces, in

contrast to in vivo confocal laser endomicroscopy of sodium fluorescein in human intestine (39).
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These results show that luminal FITC-LPS is rapidly absorbed via the transcellular
pathway by jejunal villous cells in the presence of OA/TCA rather than absorbed via the
paracellular route. Co-incubation with a cell-impermeant red fluorescent dye SNARF-5F
revealed negative intracellular staining, further confirming the transcellular uptake of FITC-LPS.

FITC-LPS transport into the PV in mice. To confirm whether acute LPS transport into
the PV during LCFA exposure occurs in mice, FITC-LPS (50 pg/ml) solution (0.2 ml) with or
without OA (30 mM)/TCA (10 mM) was bolus perfused from the duodenum in mice, thereafter
PV blood was collected at t = 15 min. FITC-LPS levels in the PV plasma were higher in FITC-
LPS + OA/TCA groups compared with the FITC-LPS alone group, confirming that luminal
FITC-LPS in the presence of OA/TCA is acutely transported into the PV in mice, similar to the
results obtained in rats.

Discussion. The dynamics of LPS transport in rodent small intestine was studied during
lipid absorption in vitro and in vivo, observing that LPS is acutely transported from the mucosal
to the serosal side via CD36- and lipid raft-mediated mechanisms during LCFA exposure, and
that LPS transport in vivo is biphasic with rapid transport into the PV followed by slower
transport into the lymph; the former related to lipid rafts and partially via CD36 and chylomicron
formation, whereas the latter is mediated by the chylomicron-dependent LCF A uptake pathway.
AUC analysis demonstrated that recovery of luminally-added FITC-LPS was ~ 60% into the PV
and ~1% into the lymph, suggesting that most of luminal LPS is rapidly transported into the PV
during lipid absorption. Furthermore, the results show that exogenous GLP-2 combined with
DPP4 inhibition or the stable GLP-2 analog TDG inhibited the acute phase of LPS transport
during LCFA exposure in vitro and rapid LPS transport into the PV in vivo, whereas TDG
accelerated LPS transport into the lymph by increasing the rate of lymphatic output early in the
time course. This is the first study directly demonstrating physiological absorption of LPS from
the small intestinal lumen in vivo during LCFA absorption via the chylomicron-mediated
absorption pathway into the lymph. This study also describes for the first time a LPS transport
pathway into the PV. Furthermore, the results demonstrated that GLP-2 modifies LPS transport
during LCFA absorption acutely rather than as a consequence of the long-term chronic pro-
proliferative effects of GLP-2. These results provide important insight into the mechanism by

which the intestinal mucosa handles a lipophilic, highly potent and toxic bacterial substance
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present in high luminal concentrations such as LPS in order to avoid activating undesired
systemic inflammatory pathways, how the augmentation of LPS transport by dietary fat
contributes to endotoxemia, and how the endogenous peptide GLP-2 modifies LPS absorption
via the PV and chylomicron pathways.

Two methods were used to assess LPS movement from the lumen; LPS activity measured
by the LAL test in vitro and FITC-LPS uptake in vivo. There are a variety of methods used to
measure LPS in biological samples that have advantages and disadvantages; the LAL test, LPS
antibody-based ELISA kit, bioassay using TLR4-expressing cells with a reporter gene, and
labeled LPS molecules such as FITC-LPS. Since there is no one test that has overall superiority,
measurements were chosen based on the requirements of each system used. In the Ussing
chamber, the serosal solution of muscle-stripped intestinal mucosa contained a substantial
amount of autofluorescence, whereas blood plasma generally contains interfering factors for the
LAL test or anti-coagulant components that may affect the enzymatic assay on which the LAL
test is based. The LAL test is probably the simplest and best way to detect intact lipid A activity
bearing in mind that lipid A activity may be masked by the presence of chylomicrons, especially
in the lymph, since chylomicrons inhibit lipid A activity (15). Therefore, the LAL test was used
for in vitro studies and FITC-LPS was used for in vivo studies. Despite these dissimilar
approaches, the results demonstrated consistent transcellular LPS transport via lipid absorption-
related pathways. Furthermore, the comparability among the LAL test, FITC-LPS flux, and the
TLR4 reporter cell assay in the measurement of LPS transport during OA/TCA exposure in the
jejunum in vitro was confirmed.

In health, LPS is limited to the intestinal lumen due to the presence of the multiple
defense mechanisms including luminal antimicrobial peptides, mucins, and brush border IAP in
addition to intercellular tight junctions that are unlikely to allow passage of a 15-20 kDa
lipophilic monomer such as LPS. These observations notwithstanding, paracellular permeability
to much smaller solutes such as FITC-dextran 4000 has been used a surrogate for gut barrier
function in endotoxin-related diseases, suggesting that the paracellular pathway may become
dominant in the presence of inflammation, drugs, or other pathological states (35, 52, 61).
Nevertheless, a high-fat diet increases systemic LPS concentrations in mice and humans (8, 18),

chylomicrons contain LPS (23), and LPS absorption is enhanced by chylomicron formation (23),
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together suggesting that LPS is assimilated as part of the physiologic absorption pathway of
dietary LCFA. Chronic exposure to even low levels of circulating LPS due to chronic dietary
intake of excessive fat, combined with increased amounts of luminal Gram-negative bacteria
may be sufficient to activate inflammatory cascades in adipocytes, pancreatic islet 3 cells, and
hepatocytes, changes that have been related to truncal obesity, hypertension, cardiovascular
disease, type 2 diabetes, hyperlipidemia, and fatty liver as components of the metabolic
syndrome (17, 49).

One can assume that LPS as a lipophilic large molecule may cross the epithelium when
the paracellular spaces are widened due to dysfunction or disruption of the tight junctional
complex or following epithelial cell injury. Yet, paracellular permeability markers such as TEER
and FD4 movement do not always behave in parallel. The results showed that FITC-LPS crossed
the jejunal mucosa during OA/TCA exposure without changes in FD4 movement and TEER,
suggesting that LPS is transported via the transcellular pathway rather than by the paracellular
route, although FD4 crossed the jejunal mucosa somewhat non-specifically.

Furthermore, one can question how the colonic mucosa regulates LPS movement, since
the colonic lumen contains >99% of the bacterial LPS in the gut lumen. Since the focus was on
small intestinal LPS transport in the present study, further study is needed to examine colonic
LPS movement and to clarify how sepsis is suppressed despite massive colonic luminal LPS
concentrations even in the presence of mucosal injury, even though modest endotoxemia has
been reported in inflammatory bowel disease (53). It thus appears that a small background of
LPS entry into the PV and lymph occurs via established lipid uptake pathways in the small
intestine subject to neurohormonal regulation whereas the colon, due to its steep m-to-s LPS
gradient, serves as an effective barrier to LPS entry under physiological and pathological
conditions.

On the basis of in vitro data, several small intestinal transport mechanisms are implicated
in LPS transport (29): endocytosis mediated by lipid raft-dependent or independent pathways,
goblet cell-associated antigen passage (GAP), chylomicron-dependent pathways, and
paracellular pathways. The in vifro results demonstrated that LPS was transported in the presence
of luminal LCFA via CD36- and lipid raft-mediated mechanisms, suggesting that transport
pathways used for the uptake of LCFAs also transport luminal LPS into epithelial cells. The
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transcellular uptake of luminal LPS was also confirmed directly by in vivo two-photon confocal
microscopic imaging, wherein FITC-LPS in the presence of luminal LCFA was rapidly localized
to the villous cell cytoplasm, but not to the paracellular space. Furthermore, in vivo perfusion
studies documented rapid FITC-LPS appearance in the PV via CD36- and lipid raft-mediated
mechanisms, followed by a gradual appearance in the lymph dependent on chylomicron
synthesis. CD36 and the LPS receptors CD14 and TLR4 are present in lipid rafts (14) (54). Lipid
raft disruption by MBCD decreases the LPS permeation coefficient without any change in
paracellular permeability, suggesting the involvement of caveola-dependent mechanisms (43),
consistent with prior in vitro studies.

The results also showed that there were two major routes of LPS entry from the small
intestine during lipid absorption: transport into the PV, and transport into the lymph with
chylomicrons. Furthermore, PV LPS transport was rapid and transient compared to the gradual
and sustained increase of lymphatic LPS transport. Although rapid PV LPS transport was
partially inhibited by CD36 inhibition and abolished by lipid raft disruption, these interventions
did not affect delayed lymphatic LPS transport, suggesting that LPS entry into the villous cells is
via the physiological lipid absorption pathways that take up LCFAs (and presumably MCFAs)
from the intestinal lumen, whereas the exit pathway from the villous cells and transfer into the
blood capillaries are dissimilar to chylomicron transport into the lymph. Due to their particle
size, chylomicrons enter to the central lacteals and villous lymphatic capillaries that have wide
slit-like openings in the lymphatic endothelium (69). Free LPS or smaller lipid particles may exit
from the villous cells and enter the blood capillaries to the PV. Another possibility is that
epithelial or subepithelial lipoprotein lipase may dissociate initially transported chylomicrons
with subsequent release of LPS from chylomicrons, similar to the mechanism by which
lipoprotein lipase releases LCFAs from TG in chylomicrons, which then activate LCFA
receptors on enteroendocrine L cells (56).

Interestingly, absorbed, circulating LPS is taken up by hepatocytes for clearance and
excretion into the bile (45). Therefore, although lipid absorption is potentially harmful due to
concomitant absorption of LPS, earlier studies have reported that chylomicrons inhibit lipid A
activity (15) and enhance LPS uptake by hepatocytes and LPS excretion into the bile (58). Thus,
LPS uptake by the chylomicron pathway has intrinsic protective mechanisms that detoxify LPS
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and facilitate LPS removal from the circulation. Bile salts also inhibits lipid A activity (60),
suggesting that bile in the intestinal lumen and chylomicrons in the circulation prevent functional
LPS lipid A from activating the immune systems in the mucosa, the circulation, and the liver.
Therefore, accelerated chylomicron transport incorporating LPS, which eventually enters the
systemic circulation via the thoracic duct, may induce less toxicity than does ‘free’ LPS transport
into the PV, which may directly activate TLR4 expressed on Kupffer cells and hepatic stellate
cells, promoting hepatic inflammation as part of the ‘gut-liver axis’ (63). These results suggest
that chronic reduction of PV LPS entry may prevent low-grade inflammation in the liver, thus
reducing the development of fat accumulation and inflammation (steatohepatitis), which has
been linked to the activation of inflammatory cascades via TLR4 activation (9). Increased PV
LPS levels present in experimental colitis augment the development of steatohepatitis (21)
whereas reduction of intestinal LPS by oral antibiotics improves hepatic fibrosis with reducing
intestinal permeability (11).

GLP-2 is released from enteroendocrine L cells in response to meals, likely through
signaling via bacterial metabolites such as SCFAs, whose receptors are expressed on L cells (1).
Although the stable GLP-2 analog TDG is approved for the treatment of short-gut syndrome due
to its chronic trophic effects on the gut epithelium, it also has acute effects that are less well
studied, including accelerating intestinal lipid uptake at 60-90 min (33) and enterocyte
chylomicron release at 60 min (10), and reducing paracellular permeability of the mouse jejunum
starting ~ 4 hr after injection (5). Here, the results described herein demonstrated that exogenous
GLP-2 combined with DPP4 inhibition or TDG acutely inhibited LCFA-facilitated LPS transport
in vitro in Ussing chambered intestine. Luminal LCFA and bile acids may increase endogenous
GLP-2 release via activation of LCFA receptors free fatty acid receptor (FFA) 1 and 4, and bile
acid receptor TGRS on L cells (1, 36, 59). Basolateral LPS or systemically administered LPS
increases GLP-1 release in vitro or in vivo (37, 42). Therefore, endogenous GLP-2 released by
OA/TCA or transported LPS may be involved in the in vitro study. Nevertheless, a GLP-2
receptor antagonist or DPP4 inhibitor alone had no effect on OA/TCA-augmented LPS transport,
suggesting that the effect of endogenous GLP-2 is minimal. The inhibitory effects of GLP-2
were mediated at the least by NO and VIP-VPAC1 pathways, details of which remain to be

determined. Neuronal VIP may regulate macromolecular permeability by increased expression of

57



10

15

20

25

30

WO 2020/198604 PCT/US2020/025272

the intercellular junction protein zonula occludens-1 (51), although the results suggest that LPS
is transported via the transcellular pathway rather than by the paracellular pathway, at least
during OA/TCA exposure. The results described herein also confirmed the acute inhibitory
effects of TDG on LPS transport into the PV via the NO pathway. The results showed that GLP-
2-induced NO production suppressed LCFA-associated LPS transport in vitro, suggesting that
NO directly regulates enterocyte LPS uptake from the lumen or release from the basolateral
membranes. Since NO is involved in GLP-2-mediated chylomicron release from enterocytes
(34), these results suggest that TDG may redirect LPS transport into the PV to LPS transport into
the lymphatics via the NO pathway. Still, the vast majority of luminally added LPS was
transported into the PV, and TDG-induced increase of FITC-LPS transport into the lymph was
transient and did not affect overall LPS transport, suggesting that TDG-NO pathway directly
modifies epithelial LPS entry or intracellular/subepithelial LPS movement. The direct effects of
NO on LPS movement from the lumen to the subepithelial space remain to be determined.

TDG acutely augmented LPS transport into the lymph probably by increasing lymph
output via NO and VIP-VPACI1-mediated pathways, since GLP-2 increases superior mesenteric
arterial blood flow possibly via NO and VIP release (28); increased intestinal microcirculatory
flow enhances lymph output (46), due to increased capillary pressure that subsequently increases
interstitial hydrostatic pressure (27). Although the reduction of PV LPS entry with increased
chylomicron-mediated LPS absorption into the lymph was previously unknown, chylomicron-
bound LPS in the lymphatics is less toxic than ‘free’ LPS in the PV due to the many detoxifying
defenses inherent in the chylomicron pathway. Further study will clarify the effect of TDG on
the development of high fat diet-induced fatty liver.

LPS may also be transported through emptied goblet cells in mouse ileum (32), termed
the goblet cell-associated antigen passage (GAP) (44). The data described herein showed that
CCh pretreatment, which empties goblet cells, increased LPS transport regardless of prior lipid
exposure, suggesting that LPS may pass through emptied goblet cells possibly via a GAP-related
luminal lipid-independent mechanism. Another possibility is that, since CCh increases mucus
secretion and anion secretion, CCh-induced changes of the pre-epithelial mucus barrier to
macromolecule diffusion and unstirred layer conditions may contribute to the increase of LPS

transport. The results also showed that the IAP inhibitor GP increased the transport of active LPS
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during lipid exposure, consistent with IAP-mediated LPS dephosphorylation of lipid A with
consequent detoxification (71). Orally-administered IAP inhibits metabolic changes induced by
high-fat diets (38), ameliorates chemically-induced colitis in a murine model (57) and attenuates
alcohol-induced fatty liver in mice (30), consistent with LPS detoxification. Since IAP activity is
increased at alkaline pH (4), and since the rate of HCOj secretion is maximal in the duodenum
(2), the jejunum as the proximate downstream intestinal segment and primary locus of LCFA
absorption has the high luminal pH and expression of brush border IAP activity necessary to
maximally detoxify LPS concurrent with LCFA absorption, serving as another protective
mechanism to reduce systemic LPS toxicity. Since GLP-2 stimulates duodenal HCO3" secretion
via the NO and VIP pathways (73), it is possible that GLP-2 reduces bioactive LPS entry by
reducing LPS transport into the PV, as well as by increasing HCO3™ secretion that in turn
increases the rate of lipid A dephosphorylation by TAP while augmenting chylomicron transport.
Further study will clarify this possibility by monitoring bioactive lipid A transport in the PV and
in chylomicrons.

In conclusion, the findings disclosed herein have demonstrated the dynamics of LPS
transport during lipid exposure in the small intestine in vifro and in vivo demonstrating at least
two distinct uptake pathways and finding no evidence for paracellular LPS transport in the
absence of an induced paracellular permeability increase. Since LPS is involved in the
pathogenesis of the metabolic syndrome, sepsis, and more, CD36, lipid rafts, and GLP-2

receptors may be the therapeutic targets for the prevention of LPS-related disease.
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Example 3: GLP-2 Acutely Ameliorates Endotoxin-Related Intestinal Paracellular
Permeability in Rats

Abstract. Background.: Circulating endotoxin (lipopolysaccharide; LPS) increases the gut
paracellular permeability. It was assessed whether glucagon-like peptide-2 (GLP-2) acutely
reduces LPS-related increased intestinal paracellular permeability by a mechanism unrelated to

its intestinotrophic effect.
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Methods: Small intestinal paracellular permeability was assessed in vivo by measuring
the appearance of intraduodenally perfused FITC-dextran 4000 (FD4) into the portal vein (PV)
in rats 1 - 24 hr after LPS treatment (5 mg/kg, ip). The effect of a stable GLP-2 analog
teduglutide (TDG) was also examined on FD4 permeability.

Results: FD4 movement into the PV was increased 6 hr, not 1 or 3 hr after LPS treatment,
with increased PV GLP-2 levels and increased mRNA expressions of proinflammatory cytokines
and proglucagon in the ileal mucosa. Co-treatment with a GLP-2 receptor antagonist enhanced
PV FD4 concentrations. PV FD4 concentrations at 24 hr were enhanced compared to FD4
concentrations at 6 hr, reduced by exogenous GLP-2 treatment given 6 hr after LPS treatment.
TDG reduced FD4 permeability 3 or 6 hr after LPS treatment in the 6 hr study. The effect of
TDG was reversed by the VPACI antagonist PG97-269 or L-NAME, not by EGF or IGF1
receptor inhibitors. TDG also reduced FD4 permeability 6 and 12 hr, not O or 24 hr after LPS
treatment.

Conclusions: Systemic LPS releases endogenous GLP-2, reducing LPS-related increased
permeability. The therapeutic window of exogenous GLP-2 administration is at minimum within
6 — 12 hr after LPS treatment. Exogenous GLP-2 treatment is of value in the prevention of
increased paracellular permeability associated with endotoxemia.

Introduction. Lipopolysaccharide (LPS; endotoxin) is a lipophilic pathogenic factor
derived from gut Gram-negative bacteria. Translocation of LPS or Gram-negative bacteria across
the gut causes endotoxemia, associated with sepsis and sever acute illness, which triggers
systemic inflammation. Systemic inflammation also increases intestinal paracellular
permeability, associated with endotoxemia, further aggravating systemic inflammation. Severe
systemic inflammation associated with acute pancreatitis, fulminant hepatitis, burns, trauma, and
severe infections is often complicated by endotoxemia [1]. Increased entry of LPS from the
intestinal lumen enhances multiple organ injury. Chemically-induced dextran sulfate sodium
(DSS) colitis increases portal vein LPS levels, increasing liver injury [2]. Reduction of intestinal
luminal LPS by antibiotics reduces ischemia-induced lung injury [3]. Therefore, therapeutics that
decrease ‘secondary’ endotoxemia that are aimed at reducing intestinal LPS transport may

prevent the morbid complications of critical illness [4].
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Glucagon-like peptide-2 (GLP-2) is an intestinotrophic hormone released from
enteroendocrine L cells [5]. Chronic treatment with GLP-2 (twice a day for 14 days) prevents
LPS translocation into the circulation [6], attributed to its pro-proliferative effects with increased
expression of tight junction proteins. The intestinotrophic effects of GLP-2 are mediated by the
release of growth factors, insulin-like growth factor-1 (IGF1) or epidermal growth factor (EGF)
[7,8], mostly from the peri-epithelial mesenchymal syncytium that express GLP-2 receptors
(GLP2R) [9,10]. In addition, GLP2R are also expressed on the enteric neurons of myenteric and
submucosal plexuses that express nitric oxide (NO) synthase (NOS) and vasoactive intestinal
peptide (VIP) [11], suggesting that GLP-2 acutely affects mucosal responses via NO and VIP
release. NO and VIP increase mucosal blood flow, stimulate epithelial anion secretion, and
reduce gut paracellular permeability [12-17]. Therefore, it was assessed whether GLP-2 acutely
affects small intestinal paracellular permeability under systemic inflammation via NO and VIP
pathways, rather than via the growth factor pathway.

Systemic LPS treatment releases GLP-1 from L cells directly or indirectly. In mice, a
single dose of LPS time-dependently increased serum GLP-1 levels at ~ 2hr accompanied by
hyperinsulinemia and hypoglycemia in an interleukin (IL)-6-dependent manner [18]. Another
group also reported that a single ip LPS injection increased plasma GLP-1 levels at 6 hr in mice
[19]. Plasma GLP-1 levels are higher in critically ill patients in intensive care unit (ICU)
compared with healthy control subjects, and higher in sepsis patients in an ICU cohort than in
non-septic patients [18]. LPS directly stimulates GLP-1 release from L cells via Toll-like
receptor-4 (TLR4) activation at 3 hr in mice and at 1 — 24 hr in the L cell model cell lines,
GLUTag cells and secretin tumor cell (STC)-1 cells [20]. Since equimolar amounts of GLP-1
and GLP-2 are released from stimulated L cells [21], LPS treatment may increase endogenous
release of GLP-2 from L cells as well. Therefore, it was also assessed whether endogenous GLP-
2 alters small intestinal paracellular permeability under systemic inflammation.

As described herein, the effects of endogenous and exogenous GLP-2 was examined on
increased small intestinal paracellular permeability induced by systemic LPS treatment as a
simple and reproducible model of acute inflammation [22,23]. Fluorescein isothiocyanate
(FITC)-conjugated dextran 4kDa (FD4) was used as a model paracellular permeability marker

[24] measuring FD4 appearance in the portal vein (PV) in rats in vivo in order to assess the
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dynamics of FD4 movement across the small intestinal mucosa after LPS treatment. The effects
of a stable GLP-2 analog teduglutide (TDG) was further examined on FD4 permeability during
LPS-induced systemic inflammation.

Materials and methods. Animal. Male Sprague-Dawley rats weighing 200-250 g
(Harlan, San Diego, CA, USA) were fed a pellet diet and water ad libitum. Some rats were fasted
overnight with free access to water before the experiments, but some were fed ad libitum.
Animals were euthanized by terminal exsanguination under deep isoflurane anesthesia, followed
by thoracotomy.

Chemicals. Teduglutide (TDG, Shire Pharmaceuticals USA, Lexington, MA, USA) was
provided by the Pharmacy Service of the West Los Angeles Veterans Affairs Medical Center.
Rat GLP-2, NVP-728, NVP-AEW-541 (AEW541) and PD153035 were obtained from Tocris
Bioscience (Ellisville, MO, USA). Rat GLP-2(3-33) was synthesized by Bachem Americas, Inc.
(Torrance, CA). The VIP/pituitary adenylate cyclase-activating peptide (PACAP) receptor 1
(VPAC]1) antagonist PG97-269; [Ac-His!, D-Phe?, Lys', Arg'®, Leu?’]-VIP(1-7)-GRF(8-27)
(SEQ ID NO: 41) [25] was synthesized using solid-phase methodology according to the Fmoc-
strategy using an automated peptide synthesizer (Model Pioneer, Thermo Fisher Scientific,
Waltham, MA, USA). The crude peptide was purified using reverse-phase high performance
liquid chromatography (HPLC: Delta 600 HPLC System, Waters, MA, USA) on a column of
Develosil ODS-HG-5 (2 x 25 ¢cm, Nomura Chemical Co., Ltd, Seto, Japan). The purity of each
peptide was confirmed by analytical HPLC and matrix assisted laser desorption/ionization time
of flight and mass spectrometry (MALDI-TOF MS) analysis. FD4, LPS (from £. coli O55:B5),
N@-nitro-L-arginine methyl ester (L-NAME), and other chemicals were purchased from Sigma
Chemical (St. Louis, MO, USA). NVP-AEW-541 and PD153035 were dissolved in dimethyl
sulfoxide (DMSO) for stock solution. The other chemicals were dissolved in distilled water in
order to make a stock solution.

LPS treatment. Animals were treated with LPS (5 mg/kg, ip) once at 9 am. For the acute
experiments, the animals were fasted overnight and were treated with LPS 1, 3, or 6 hr before the
anesthesia for small intestinal perfusion of FD4 as described herein. For the 24-hr experiments,
the animals fed ad libitum were treated with LPS 24 hr before anesthesia induction used for the

perfusion study. As a control, saline was injected ip at the corresponding time before the
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experiments. The animal groups were expressed as control, LPS 1 hr, LPS 3 hr, LPS 6 hr, and
LPS 24 hr.

Small intestinal perfusion. The small intestinal perfusion from the duodenum, and portal
vein (PV) cannulation were prepared by the modified methods [26,27]. Under isoflurane
anesthesia (2%), the animal was placed spine on a recirculating heating block system (Summit
Medical Systems, Bend, OR, USA) in order to maintain body temperature at 36-37°C.
Prewarmed saline was infused via the right femoral vein at 1.08 ml/h using a Harvard infusion
pump (Harvard Apparatus, Holliston, MA, USA). The abdomen was incised, and the PV was
cannulated with a polyethylene (PE)-50 tube attached with 23G needle and fixed by
methylacrylate adhesive at the insertion site. The tube was filled with heparinized saline enabling
repeated blood sampling. Samples of 0.2 ml PV blood were collected every 15 min, followed by
flushing with 0.2 ml heparinized saline. A polyethylene tube (diameter 5 mm) filled with PBS
was inserted through the forestomach and tied at 0.5 cm caudal from the pyloric ring. After bolus
perfusion of 2-ml phosphate buffer saline (PBS, 10 mM, pH 7.4) into the duodenum from the
tube, followed by stabilization for ~30 min, the time was set as t = 0. FD4 (0.1 mM) in 10-ml
PBS was slowly perfused at t = 0 min for 30 sec. Blood samples were collected into a 0.5-ml
tubes containing 1-ul each of EDTA (0.5 M) and the dipeptidyl peptidase-4 (DPP4) inhibitor
NVP-728 (1 mM), and immediately centrifuged at 5,000xg for 5 min, after which the plasma was
stored on ice or at -80 °C until use. At 90 min, after collection of PV samples, arterial blood was
taken from abdominal aorta, followed by euthanasia by thoracotomy.

Appearance of FD4 into the PV and arterial plasma was assessed by fluorescence
intensity measurement using a multi-mode microplate reader (Synergy-2, BioTek Instruments,
Inc., Winooski, VT, USA). Fluorescence intensity in t = 0 sample as background was subtracted
from the fluorescence values measured in other time point samples. FD4 content was calculated
according to the standard curve generated each time of measurement.

Drug treatment for the intestinal perfusion study. The following drugs were administered
at the time after LPS treatment: the GLP2R partial agonist/antagonist GLP-2(3-33) (1 mg/kg;
280 nmol/kg, ip) [21,28] was given immediately after LPS treatment (O hr after LPS treatment),
GLP-2 (380 ug/kg; 100 nmol/kg, ip) was given 6 hr after LPS treatment; a stable GLP-2 analog
TDG (50 pg/kg; 13.3 nmol/kg) [29] was ip injected O, 3, 6, or 12 hr after LPS treatment or iv
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injected at t = 0 min just before the perfusion of FD4 solution (6 or 24 hr after LPS treatment). In
acute experiments, TDG was iv injected at t = 0 min (6 hr after LPS treatment) with or without
the pretreatment of the selective IGF1 receptor (IGF1R) tyrosine kinase inhibitor AEWS541 (0.1
mg/kg, iv) [30], the selective EGF receptor (EGFR) tyrosine kinase inhibitor PD153035 (10
ng/kg, iv) [31] or PG97-269 (1 mg/kg, iv) at t = -10 min, or the co-perfusion of L-NAME (0.1
mM, pf) with FD4 solution.

GLP-2 measurement in PV plasma. GLP-2 content in PV plasma at t = 0 min of control
(overnight fasted), control (fed ad libitum), LPS 6 hr or LPS 24 hr group was measured using a
GLP-2 ELISA kit (Phoenix Pharmaceuticals, Burlingame, CA) according to the manufacturer’s
protocol.

Real-time PCR. The mid-ileum (10 to 15 cm proximal from ileocecal junction) was
removed from the animals of overnight fasted control and LPS 6 hr groups, and kept in a RNA
stabilization solution (RNA/ater, Quiagen, Valencia, CA, USA) at 4°C until use. The ileal
mucosa was separated from muscle layers using sharp dissection under a stereomicroscope. RT-
PCR was performed [27] with primers for rat proglucagon (Gcg), GLP2R, cyclooxygenase-2
(COX2), tumor necrosis factor oo (TNFa.), interleukin 6 (IL-6), EGF, IGF1, IGFIR and IGF2R,
and for B-actin as internal control. The expression level was presented as fold induction per 10°
copies of B-actin by ACt method.

Immunofluorescence staining. Small pieces of intestine were immersed in Zamboni’s
fixative containing 2% paraformaldehyde and 0.2% picric acid in 0.1 M phosphate buffer (pH
7.4) overnight for 4°C. The fixed tissues were then submerged in 20% sucrose in PBS (pH 7.4)
overnight at 4°C and embedded in optimum cutting temperature compound. Frozen sections of
8-um thickness were cut and placed on aminosilane-coated glass slides (Matsunami Glass USA
Inc., Bellingham, WA, USA). Sections were pretreated with 5% normal donkey serum in PBS,
followed by incubation with primary antibodies; goat anti-GLP2R (Santa Cruz Biotechnology
Inc., Santa Cruz, CA, USA), rabbit anti-VIP (RayBiotech, Inc., Peachtree Corners, GA, USA), or
mouse anti-neuronal NOS (nNOS, Santa Cruz) overnight at 4°C. After rinsing in PBS,
fluorescence-conjugated secondary antibodies (Molecular Probes, Eugene, OR) were reacted for
2 hr at room temperature. The sections were counterstained with 4’,6-diamidino-2-phenylindole

(DAPI) and covered with the mounting medium (Invitrogen, Carlsbad, CA).
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Immunofluorescence was imaged and captured using a confocal laser microscope (LSM710;
Carl Zeiss GmbH, Jena, Germany).

Statistics. Values are expressed as mean £+ SEM. The number of animals in each
experimental group was n = 6. Statistical analysis was performed using GraphPad® Prism 6 (La
Jolla, CA, USA) using one-way ANOVA or two-way ANOVA followed by Dunnett’s test or
Tukey’s multiple comparisons. Unpaired Student’s 7-test was also used for two groups
comparison. Differences were considered significant when P values were < 0.05.

Results. Small intestinal FD4 permeability after LPS treatment. First, time-dependent
changes were measured in small intestinal FD4 permeability from the lumen to the PV after LPS
treatment (5 mg/kg, ip), reflecting intestinal paracellular permeability. There was no change in
FD4 appearance into the PV in the control group. Compared with the control group, LPS
treatment had no effect on PV FD4 levels 1 or 3 hr after LPS treatment, whereas PV FD4 levels
were increased 6 hr after LPS treatment (Fig. 11A). Arterial FD4 levels at t = 90 min (the end of
experiments), also mirrored PV FD4 levels (Fig. 11B). Therefore, the LPS 6 hr model (6 hr after
LPS treatment) was used to study the effects of acute drug treatment in the following
experiments.

To test whether endogenous GLP-2 is involved in LPS-induced increased intestinal
paracellular permeability, the animals were treated with the GLP2R antagonist, GLP-2(3-33) (1
mg/kg, ip) immediately after LPS ip injection. PV FD4 levels were increased at t =30 min,
sustained to t = 90 min in the LPS 6 hr group (Fig. 12A), accompanied by increased arterial FD4
levels at t = 90 min at the end of the experiments (Fig. 12B), the latter possibly reflecting the
accumulated FD4 transported from the small intestinal lumen. GLP-2(3-33) treatment further
increased PV FD4 levels at t = 60 — 90 min (Fig. 12A) and arterial FD4 levels at t = 90 min (Fig.
12B), suggesting that endogenous GLP-2 released in response to LPS treatment reduces
intestinal paracellular permeability and FD4 transport.

Next, FD4 permeability was examined 24 hr after LPS treatment (LPS 24 hr group). PV
FD4 levels were increased 24 hr after LPS treatment (Fig. 13A) with increased arterial FD4
levels (Fig. 13B), higher than that in the LPS 6 hr group (LPS 6 hr 24.5+2.5 vs. LPS 24 hr 54.5
+ 16.0, p < 0.05 by unpaired Student’s 7-test). Exogenous GLP-2 treatment given 6 hr after LPS
treatment (380 ug/kg, ip) reduced PV and arterial FD4 levels (Fig. 13A, B), suggesting that
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exogenous GLP-2 is therapeutically useful to reduce LPS-induced intestinal paracellular
permeability, even when given 6 hr after LPS treatment.

To clarify whether arterial FD4 levels reflect accumulated FD4 absorbed from the
intestinal lumen to the PV, area under the curve (AUC) of PV FD4 levels during the 90 min
period (uMemin) from Figs. 13-15 were plotted against arterial FD4 levels at t = 90 min (Fig.
16). This analysis demonstrated that PV FD4 AUC and arterial FD4 levels were well correlated
(r? = 0.7113), suggesting that arterial FD4 levels reflect the total transported FD4 amount into
the PV.

To confirm the involvement of endogenous GLP-2 during LPS-induced increased
intestinal paracellular permeability, PV GLP-2 levels of the animals 6 and 24 hr after LPS
treatment was measured. Compared with the corresponding control conditions (overnight fasted
or fed ad libitum), LPS treatment increased PV GLP-2 levels 6 hr and 24 hr after LPS treatment
(Figs. 17A, B), suggesting that LPS directly or indirectly stimulates GLP-2 release from L cells
of the intestine.

mRNA expression levels of proglucagon (Gcg) and proinflammatory mediators was also
measured in the ileal mucosa by real-time PCR. Compared with the control group, expression of
Gcg was increased in the ileal mucosa of the group treated with LPS at 6 hr (Fig. 18A),
suggesting that LPS directly or indirectly upregulates Gcg expression in the ileal L cells,
presumably to restore and further release GLP-2 and other proglucagon products. Expressions of
COX-2 and the proinflammatory cytokines TNFo and IL-6 in the ileum were also upregulated
by LPS treatment (Figs. 18C-E). Furthermore, the expression of the growth factors EGF, IGF1,
and IGFR1 that are believed to be downstream of GLP-2 receptor activation [7,8] (Figs. 18F-H),
but not GLP2R (Fig. 18B) or IGFR2 (Fig. 18I), were also upregulated, suggesting that GLP2R
activation during LPS-induced inflammation upregulates its downstream signals.

Lffects of teduglutide (TDG) treatment on LPS-induced intestinal I'D4 permeability.
Next, the effects of TDG treatment on FD4 permeability in LPS 6 hr model was examined. TDG
(50 pg/kg) was given 3 hr after LPS treatment (ip) or 6 hr after LPS treatment (iv at t = 0 min),
after which PV FD4 levels were measured 6 hr after LPS treatment. Compared with the non-

treated LPS 6 hr group, TDG treatment at 3 hr (ip) or 6 hr (iv) after LPS treatment reduced PV

74



10

15

20

25

WO 2020/198604 PCT/US2020/025272

FD4 levels (Fig. 19A), suggesting that TDG acutely improves LPS-induced increased intestinal
FD4 permeability.

Furthermore, using the LPS 6 hr model treated with TDG 6 hr after LPS treatment, the
downstream mediators involved in the inhibitory effect of TDG on FD4 permeability was
assessed. Pretreatment with the selective IGF1R tyrosine kinase inhibitor AEW541 (0.1 mg/kg,
iv) (Fig. 19B) or EGFR tyrosine kinase inhibitor PD153035 (10 pg/kg, iv) (Fig. 19C) had no
effect on TDG-induced inhibitory effect on PV FD4 levels, whereas the selective VPACI1
antagonist PG97-269 (1 mg/kg, iv) (Fig. 19D) and an NOS inhibitor L-NAME (0.1 mM, pf) (Fig.
19E) reversed the TDG effect on PV FD4 levels. Arterial FD4 levels were reduced by PG97-269
and L-NAME, but were not affected by AEW541 or PD153035 (Fig. 19F), in agreement with the
TDG-induced inhibitory effect on LPS-augmented PV FD4 levels. These results suggest that
acute TDG effects on LPS-induced FD4 permeability are mediated by VIP and NO, but not by
the growth factors IGF1 or EGF. Since NO derived from inducible NOS (iNOS) contributes to
LPS-induced intestinal permeability increase [32,33], the effect of L-NAME was also examined
alone on LPS-induced FD4 permeability. Luminal co-perfusion of L-NAME with FD4 had no
effect on LPS-induced increases in PV FD4 levels at 6 hr (Fig. 19G), suggesting that luminal
application of L-NAME may not affect iNOS activity in the small intestinal tissues or acute
inhibition of iNOS may not reverse LPS-induced FD4 permeability.

The effects of TDG on FD4 permeability in an LPS 24 hr model was also tested. The
increased PV FD4 levels 24 hr after LPS treatment (LPS 24 hr group) were reduced by TDG
treatment 6 and 12 hr after LPS treatment (LPS 24 hr + TDG 6 hr group and + TDG 12 hr
group), whereas TDG treatment immediately after LPS treatment (LPS 24 hr + TDG 0 hr group)
or 24 hr after LPS treatment (LPS 24 hr + TDG 24 hr group) had little effect on the increased PV
FD4 levels (Fig. 20A), suggesting that TDG given immediately or 24 hrs after LPS treatment are
ineffective, whereas TDG given at 6 — 12 hr after LPS treatment is effective in reducing
inflammation-increased paracellular permeability. Increased arterial FD4 levels in the LPS 24 hr
group were inhibited by TDG treatment 6 hr and 12 hr after LPS treatment (LPS 24 hr + TDG 6
hr, and + TDG 12 hr), whereas TDG treatment O or 24 hr after LPS treatment (LPS 24 hr + TDG
0 hr, or + TDG 24 hr) had no significant effect (Fig. 20B), mirrored by PV FD4 levels. These
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results suggest that the therapeutic window of TDG treatment is at minimum within 6 — 12 hr
after LPS treatment.

Colocalization of GLP2R with VIP and nNOS in the myenteric plexus. Inmunostaining
revealed that GLP2R was colocalized with nNOS and VIP in the myenteric plexus neurons and
intramuscular nerve fibers in rat duodenum. Colocalization of nNOS and VIP in the myenteric
neurons and nerve fibers was also confirmed. Cryostat sections of rat duodenum were
immunostained with primary antibodies for GLP-2 receptor, nNOS, and VIP. These results
suggest that downstream of GLP2R activation involves VIP and NO release, consistent with a
prior report [11].

Discussion. The dynamics of small intestinal FD4 permeability into the PV after
systemic LPS treatment in vivo was examined in order to test whether endogenous or exogenous
GLP-2 acutely improves LPS-induced FD4 permeability and to ascertain optimal timing of
treatment. The results described herein demonstrated that PV FD4 levels increased 30 — 90 min
after FD4 perfusion into the small intestinal lumen 6 hr after LPS treatment, and further
increased 24 hr after LPS treatment, that endogenous GLP-2 release was involved in LPS-
induced increased FD4 permeability at least 6 hr after LPS treatment, whereas exogenous GLP-2
or the stable GLP-2 analog TDG reduced LPS-induced FD4 permeability when given 6 - 12 hr
after LPS treatment. Total FD4 movement into the PV is closely related to arterial FD4 levels 90
min after FD4 perfusion. This is the first study showing that parenteral LPS treatment acutely
releases GLP-2, which defends against LPS-induced increased small intestinal paracellular
permeability via the NO and VIP pathways (Fig. 21).

There are several reasons why the FD4 solution was perfused intraduodenally and the
FD4 levels in the PV was measured, rather than gavaged FD4 into conscious animals, followed
by blood collection at one time point in order to assess FD4 permeability. One is that FD4
distribution into the small intestinal lumen following gavage of FD4 into the stomach is affected
by gastric emptying and small intestinal motility that are prolonged during endotoxemia due to
gastroparesis and paralytic ileus, potentially confounding the measurements [34]. Another is that
the dynamics of PV FD4 levels is the most direct measurement of FD4 transport from the small
intestinal lumen to the blood stream. Last is that GLP-2 treatment may affect FD4 movement

through the stomach and small intestine, since GLP-2 relaxes gastric smooth muscle in mice and
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reduces antral motility in pigs [35,36], although GLP-2 or TDG has lesser or no effect on gastric
emptying in humans [37,38]. Therefore, the method described herein provides the most accurate
quantification available of small intestinal paracellular permeability of FD4 during LPS-induced
systemic inflammation.

The results show that FD4 permeability was increased 6 hr, but not 1 or 3 hr after LPS
injection. A detailed histological study of mouse small intestine demonstrated that LPS injection
(10 mg/kg) increased fluid exudation and villous shortening 1.5 hr after injection with increased
apoptosis and cell shedding via TLR4- and TNF receptor 1-dependent mechanisms, followed by
plasma FD4 increase at 5 hr, not at 1.5 or 3 hr after injection [22], consistent with these results.
Upregulation of TNFa in the ileal mucosa 6 hr after LPS treatment was also observed. These
observations suggest that LPS-induced induction and release of TNFo damage villous cells with
resultant epithelial gap formation and increased FD4 permeability. Upregulation of growth
factors that are downstream of GLP2R activation such as EGF, IGF1, and IGF1R in the ileal
mucosa of the LPS 6hr group also suggests that endogenous GLP-2/GLP2R signaling is involved
in rapid mucosal repair from LPS-induced inflammation. Since LPS treatment rapidly induces
villous and crypt cell apoptosis and epithelial cell shedding, followed by the increased FD4
permeability from the small intestine in mice [22], activation of the GLP2R-growth factor signal
may contribute to rapid restitution of the intestinal epithelium. Interestingly, LPS-induced
increased FD4 permeability at 6 hr was reversible. TDG treatment 3 and 6 hr after LPS treatment
inhibited FD4 movement into the PV, suggesting that TDG acutely reverses LPS-induced FD4
permeability. GLP-2 increases release of the growth factors IGF1 and EGF. EGF, but not IGF1
promotes restitution of damaged epithelial cells within 3 hr [39]. IGF1 stimulates crypt
expansion by increasing the rate of proliferation and promotes epithelial repair from enteritis in 5
days [40]. Therefore, IGF1 or EGF may be involved in the acute inhibitory effects of TDG on
FD4 permeability. Nevertheless, inhibition of IGF1 or EGF tyrosine kinase failed to affect,
whereas L-NAME and PG97-269 reversed the effects TDG on permeability, suggesting that the
acute inhibitory effects of TDG on LPS-induced FD4 permeability are mediated by NO and VIP
pathways, and not by growth factor pathways.

VIP modulates epithelial paracellular permeability via regulation of the expression and

function of epithelial tight junction proteins. VIPergic pathways increase the expression of the
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tight junction protein zonula occludens-1 (ZO-1) peaking at 15 hr in human polarized colonic
epithelial monolayers co-cultured with human submucosa containing the submucosal plexus,
associated with reduced epithelial paracellular permeability [16]. VIP likely reduces FD4 flux
through the epithelial monolayer in 30 min [16], suggesting that VIP rapidly regulates FD4
permeability without altering the expression of tight junctional proteins. Daily treatment with
exogenous VIP also ameliorates bacterial infection-induced intestinal barrier disruption by
preventing the translocation of the tight junction proteins ZO-1, occludin, and claudin-3 10 days
post-infection in a Citrobacter rodentium-induced colitis model [41]. Mucosal inflammation
increases epithelial paracellular permeability primarily due to the disruption of the epithelial tight
junction complex by TNF-a and interferon (IFN)-y derived from activated macrophages and T
cells [42]. VIP and PACAP equally reduce TNF-a, release from activated macrophages induced
by LPS [43], suggesting that VIP-VPAC signaling modifies epithelial paracellular permeability
changes during intestinal inflammation via inhibition of inflammatory cytokine release.
Nevertheless, these studies addressed the relatively long-term effect of VIP signals rather than
acute effect of VIP-VPAC signaling, which it was observed as the inhibitory effects of TDG on
LPS-induced FD4 permeability that was acutely reversed by VPACI antagonism. The acute
effect of VIP on FD4 permeability through the compromised small intestinal mucosa remains to
be clarified.

NO is involved in the increase of intestinal paracellular permeability that occurs in
inflammation. Excessive NO production derived from iNOS contributes to the increase of
paracellular permeability 24 hr after LPS treatment (5 mg/kg) in rats, as assessed by the 3 doses
of iNOS inhibitor 2, 6, and 8 hr after LPS treatment [32]. Increased FD4 flux through everted
ileal sacs of LPS-treated mice at 12 hr with reduced ZO-1 expression was inhibited by the iNOS
inhibition and in iNOS knockout mice, whereas iNOS gene ablation likely increases FD4 flux
and reduces ZO-1 expression without LPS treatment [33], suggesting the involvement of
compensatory mechanisms in iNOS knockout mice. In contrast, we observed that luminal co-
perfusion of L-NAME acutely blunted the inhibitory effect of TDG on LPS-induced increased
FD4 permeability at 6 hr, suggesting that NO derived from enteric nNOS by TDG treatment
reduces LPS-augmented FD4 permeability, independently of iNOS-derived NO. Furthermore,
luminal perfusion of L-NAME had no effect on the LPS-induced FD4 permeability increase,
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suggesting that the effect of L-NAME on the reversal of permeability due to TDG effect results
from the inhibition of enteric nNOS rather than inhibition of iNOS. Direct and dose-dependent
effects of NO on epithelial paracellular permeability remain to be determined.

The 24 hr LPS model provides a clinical correlate for the therapeutic potency of TDG.
These results showed that TDG treatment inhibited LPS-induced increased FD4 permeability at 6
and 12 hr, but not O or 24 hr after LPS treatment, suggesting that the reversal of LPS-induced
small intestinal paracellular permeability by TDG occurs within or somewhat beyond the
window 6 — 12 hr after LPS treatment. Since the serum ti» of TDG is ~ 2 hr [44], much longer
than the ~ 7 min t1» of exogenous GLP-2 [45], the acute effect of TDG as observed in the LPS 6
hr model may contribute to the TDG-related reversal of LPS-mediated increased intestinal
permeability. These data imply that TDG may be beneficial when administered early in the
course of severe inflammatory diseases such as acute pancreatitis, fulminant hepatitis, burns, and
other diseases complicated by the systemic inflammatory response syndrome (SIRS), assuming
that increased intestinal paracellular permeability is related to the pathogenesis of SIRS, and not
merely an inflammatory biomarker [46].

In conclusion, systemic treatment with LPS releases endogenous GLP-2, which acutely
preserves LPS-induced FD4 permeability in the small intestine associated with increased Geg
expression and increased GLP-2 release. Furthermore, TDG inhibits LPS-induced FD4
permeability acutely via NO and VIP-VPACI1 pathways rather than via growth factor pathways.
TDG treatment may prevent the progression of intestinal barrier disruption during endotoxemia,
if given at the optimal time point(s) after the induction of systemic inflammation. Exogenous
GLP-2 treatment is of value in the prevention of the paracellular permeability increase associated
with endotoxemia.
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CLAIMS

WHAT IS CLAIMED IS:

1.

A method of suppressing or preventing systemic organ inflammation in a human
patient with acute illness, the method comprising: (a) identifying a human patient in
need of treatment; and (b) administering to the human patient a therapeutically
effective amount of a pharmaceutical composition comprising glucagon-like peptide

(GLP)-2 or a GLP-2 analog; and a pharmaceutically acceptable carrier.

A method of suppressing or preventing systemic organ inflammation in a human
patient with an acute inflammatory disorder associated with systemic inflammatory
response syndrome (SIRS), the method comprising: (a) identifying a human patient in
need of treatment; and (b) administering to the human patient a therapeutically
effective amount of a pharmaceutical composition comprising glucagon-like peptide

(GLP)-2 or a GLP-2 analog; and a pharmaceutically acceptable carrier.

A method of suppressing or preventing systemic organ inflammation in a human
patient with multiorgan failure, the method comprising: (a) identifying a human
patient in need of treatment; and (b) administering to the human patient a
therapeutically effective amount of a pharmaceutical composition comprising
glucagon-like peptide (GLP)-2 or a GLP-2 analog; and a pharmaceutically acceptable

carrier.
The method of any one of claims 1-3, wherein the GLP2 or GLP-2 analog is
administered between 1 second and 12 hours before systemic inflammation is

induced.

The method of any one of claims 1-3, wherein the GLP-2 analog is teduglutide.
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6.

10.

11.

12.

13.

The method of claim 1, wherein the acute illness is burns, major surgery, sepsis, an

autoimmune disorder, vasculitis, thromboembolism, trauma or acute pancreatitis.

The method any one of claims 1-3, wherein the pharmaceutically acceptable carrier is
selected from the group consisting of ion exchangers, alumina, aluminum stearate,
lecithin, serum proteins, such as human serum albumin, buffer substances such as
phosphates, glycine, sorbic acid, potassium sorbate, partial glyceride mixtures of
saturated vegetable fatty acids, water, salts or electrolytes, such as protamine sulfate,
disodium hydrogen phosphate, potassium hydrogen phosphate, sodium chloride
(saline), zinc salts, colloidal silica, magnesium trisilicate, polyvinyl pyrrolidone,
cellulose-based substances, polyethylene glycol, sodium carboxymethylcellulose,
polyacrylates, waxes, polyethylene- polyoxypropylene-block polymers, polyethylene

glycol and wool fat, and combinations thereof.

The method of claim 5, wherein the amount of teduglutide administered to the patient

ranges from 0.05 to 1 mg/kg per day.

The method any one of claims 1-3, wherein the pharmaceutical composition is

administered subcutaneously.

The method of claim 9, wherein the subcutaneous administration occurs once per day.

The method any one of claims 1-3, wherein the pharmaceutical composition is

administered through intravenous infusion.

The method of claim 11, wherein the intravenous infusion is intermittent or

continuous.

The method of claim 11, wherein the continuous intravenous infusion occurs over a

period of 24 hours.
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14.

15

16.

17.

18.

19.

20.

The method of claim 11, wherein the continuous intravenous infusion occurs over a

period of at least 24 hours to about 7 days.

. The method of any one of claims 1-3, further comprising administering intravenous

rehydration.

The method of claim 1, wherein the systemic organ inflammation suppressed or
prevented is in the patient’s liver, lungs, kidneys, brain, hematopoietic system,
gastrointestinal system, blood coagulation system, vascular system or a combination

thereof.

The method of claim 1, wherein the systemic organ inflammation is suppressed or
prevented by reducing expression or preventing an increase in the expression of one

or more cytokines.

The method of claim 17, wherein the one or more cytokines are tumor necrosis factor

alpha, interleukin-1p or interleukin-6.

The method of claim 1, wherein the systemic organ inflammation is suppressed or
prevented by preventing an increase in lipopolysaccharide concentrations in the

patient’s portal venous blood.

A method of preventing a systemic inflammatory response or multi-organ failure in a
human patient with an acute illness, the method comprising: (a) identifying a human
patient in need of treatment; and (b) administering to the human patient a
therapeutically effective amount of a pharmaceutical composition comprising GLP-2

or a GLP-2 analog; and a pharmaceutically acceptable carrier.
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21

22.

23.

24.

25

26.

27.

28.

. The method of claim 20, wherein the GLP2 or GLP-2 analog is administered between

1 second and 12 hours before systemic inflammation is induced

The method of claim 20, wherein the acute illness is burns, major surgery, sepsis, an

autoimmune disorder, vasculitis, thromboembolism, trauma, and acute pancreatitis.

The method of claim 20, wherein the GLP-2 analog is teduglutide.

The method of claim 20, wherein the pharmaceutically acceptable carrier is selected
from group consisting of’ is selected from the group consisting of ion exchangers,
alumina, aluminum stearate, lecithin, serum proteins, such as human serum albumin,
buffer substances such as phosphates, glycine, sorbic acid, potassium sorbate, partial
glyceride mixtures of saturated vegetable fatty acids, water, salts or electrolytes, such
as protamine sulfate, disodium hydrogen phosphate, potassium hydrogen phosphate,
sodium chloride (saline), zinc salts, colloidal silica, magnesium trisilicate, polyvinyl
pyrrolidone, cellulose-based substances, polyethylene glycol, sodium
carboxymethylcellulose, polyacrylates, waxes, polyethylene- polyoxypropylene-block

polymers, polyethylene glycol and wool fat, and combinations thereof.

. The method of claim 23, wherein the amount of teduglutide administered to the

patient ranges from 0.05 to 1 mg/kg per day.

The method of claim 20, wherein the pharmaceutical composition is administered

subcutaneously.

The method of claim 26, wherein the subcutaneous administration occurs once per

day.

The method of claim 20, wherein the pharmaceutical composition is administered

through intravenous infusion.
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29.

30.

31.

32.

33

34.

35.

36.

The method of claim 28, wherein the intravenous infusion is intermittent or

continuous.

The method of claim 29, wherein the continuous intravenous infusion occurs over a

period of around 24 hours.

The method of claim 29, wherein the continuous intravenous infusion occurs over a

period of at least 24 hours to about 7 days.

The method of claim 20, further comprising administering intravenous rehydration.

. The method of claim 20, wherein the multi-organ failure is prevented in the patient’s

liver, lungs, kidneys, brain, hematopoietic system, gastrointestinal system, blood

coagulation system, or vascular system.

The method of claim 33, wherein the multi-organ failure is prevented in the patient’s
liver, lungs, kidneys, brain, hematopoietic system, gastrointestinal system, blood
coagulation system, or vascular system, by reducing expression or preventing an

increase in the expression of one or more cytokines.

The method of claim 34, wherein the one or more cytokines are tumor necrosis factor

alpha, interleukin-1p or interleukin-6.

A method of preventing or reducing endotoxin entry into a human patient’s portal
vein, the method comprising: (a) identifying the human patient in need of treatment;
and (b) administering to the human patient a therapeutically effective amount of a
pharmaceutical composition comprising GLP-2 or a GLP-2; and a pharmaceutically

acceptable carrier.
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37.

38.

39.

40.

41

42.

43.

44.

The method of claim 36, wherein the GLP2 or GLP-2 analog is administered between

1 second and 12 hours before systemic inflammation is induced.

The method of claim 36, wherein the GLP-2 analog is teduglutide.

The method of claim 36, wherein the pharmaceutically acceptable carrier is selected
from group consisting of’ is selected from the group consisting of ion exchangers,
alumina, aluminum stearate, lecithin, serum proteins, such as human serum albumin,
buffer substances such as phosphates, glycine, sorbic acid, potassium sorbate, partial
glyceride mixtures of saturated vegetable fatty acids, water, salts or electrolytes, such
as protamine sulfate, disodium hydrogen phosphate, potassium hydrogen phosphate,
sodium chloride (saline), zinc salts, colloidal silica, magnesium trisilicate, polyvinyl
pyrrolidone, cellulose-based substances, polyethylene glycol, sodium
carboxymethylcellulose, polyacrylates, waxes, polyethylene- polyoxypropylene-block

polymers, polyethylene glycol and wool fat, and combinations thereof.

The method of claim 38, wherein the amount of teduglutide administered to the

patient ranges from 0.05 to 1 mg/kg/day per day.

. The method of claim 36, wherein the pharmaceutical composition is administered

subcutaneously.

The method of claim 41, wherein the subcutaneous administration occurs once per

day.

The method of claim 36, wherein the pharmaceutical composition is administered

through intravenous infusion.

The method of claim 43, wherein the intravenous infusion is intermittent or

continuous.
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45.

46.

47.

48.

49.

50.

51.

52.

53

The method of claim 43, wherein the continuous intravenous infusion occurs over a

period of around 24 hours.

The method of claim 43, wherein the continuous intravenous infusion occurs over a

period of at least 24 hours to about 7 days.

The method of claim 36, further comprising administering intravenous rehydration.

The method of claim 36, wherein endotoxin entry into the portal vein is reduced or
prevented or prevented in the patient’s liver or lungs thereby reducing expression or

preventing an increase in the expression of one or more cytokines.

The method of claim 48, wherein the one or more cytokines are tumor necrosis factor

alpha, interleukin-1p or interleukin-6.

A method of ameliorating one or more symptoms of an acute illness, in a subject, the
method comprising;

a) identifying a subject in need thereof; and

b) administering to the subject a therapeutically effective amount of GLP-2 or a GLP-

2 analog.

The method of claim 50, wherein the subject is a human.

The method of claim 50, wherein the acute illness is burns, major surgery, sepsis, an

autoimmune disorder, vasculitis, thromboembolism, trauma or acute pancreatitis.

. The method of claim 50, further comprising administering intravenous rehydration

therapy, antibiotics, vasopressors, mechanical ventilation, or other life-support

measures.
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54.

55

56.

57.

58.

59.

The method of claim 50, wherein the GLP-2 analog is teduglutide.

. The method of claim 54, wherein the amount of teduglutide administered to the

patient ranges from 0.05 to 1 mg/kg per day.

The method of claim 50, wherein the GLP-2, the GLP-2 analog or the proglucagon-

derived peptide is administered through continuous intravenous infusion.

The method of claim 56, wherein the continuous intravenous infusion occurs over a

period of around 24 hours.

The method of claim 52, wherein the one or more symptoms of acute pancreatitis is

acute onset of severe abdominal pain, nausea, vomiting, dyspnea or fever.
The method in claim 52, wherein the one or more symptoms of systemic

inflammation is increased heart rate, abnormally low or high body temperature,

increased peripheral white blood cell count, or low blood pressure.
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