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SUMMARY

Kynurenine monooxygenase (KMO) blockade protects against multiple organ failure caused by acute
pancreatitis (AP), but the link between KMO and systemic inflammation has eluded discovery until now.
Here, we show that the KMO product 3-hydroxykynurenine primes innate immune signaling to exacerbate
systemic inflammation during experimental AP. We find a tissue-specific role for KMO, where mice lacking
Kmo solely in hepatocytes have elevated plasma 3-hydroxykynurenine levels that prime inflammatory
gene transcription. 3-Hydroxykynurenine synergizes with interleukin-1p to cause cellular apoptosis. Criti-
cally, mice with elevated 3-hydroxykynurenine succumb fatally earlier and more readily to experimental
AP. Therapeutically, blockade with the highly selective KMO inhibitor GSK898 rescues the phenotype,
reducing 3-hydroxykynurenine and protecting against critical illness and death. Together, our findings estab-
lish KMO and 3-hydroxykynurenine as regulators of inflammation and the innate immune response to sterile
inflammation. During critical illness, excess morbidity and death from multiple organ failure can be rescued
by systemic KMO blockade.

INTRODUCTION tory cascade that ensues is sufficiently severe in 1 in 5 individuals

with AP to overwhelm homeostatic mechanisms resulting in

Acute pancreatitis (AP) is inflammation of the pancreas gland
that initiates a rapid and clinically unpredictable systemic inflam-
matory response involving cytokines, damage-associated
molecular pattern molecules (DAMPSs), altered metabolic flux,
and innate immune system activation that together can result
in life-threatening systemic complications.”? AP is triggered by
gallstones or excess alcohol consumption and other rarer
causes, including trauma. The worldwide incidence of AP is 34
per 100,000 person years® and is the most frequent gastrointes-
tinal diagnosis for hospital admission in the USA.* The initial
pathological event in AP is dysregulated intracellular calcium
signaling in the pancreatic acinar cell, causing mitochondrial
dysfunction and premature activation of digestive enzymes to
result in cellular injury and release of DAMPs."* The inflamma-
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multiple organ dysfunction syndrome (AP-MODS).° The severity
of AP-MODS ranges from transient organ dysfunction to sus-
tained organ failure, and the overall case fatality rate of AP-
MODS is 22%." More than half of deaths from AP occur within
1 week of disease onset as a result of overwhelming sterile sys-
temic inflammation and failure of multiple organ systems.®
Increased flux through the kynurenine pathway of tryptophan
metabolism (Figure 1A)is a critical component of the inflammatory
cascade that contributes to AP-MODS.®~"" In health, over 90% of
free tryptophan is metabolized in the liver via the kynurenine
pathway.'>'® The flavoenzyme kynurenine 3-monooxygenase
(KMO; E.C. 1.14.13.9) is a critical step in the kynurenine pathway.
During inflammation, expression of the Kmo gene is upregu-
lated,*"® and increased activity of the enzymes upstream of
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Figure 1. Biochemical characterization of a hepatocyte-restricted Kmo knockdown mouse line (Kmo?@'®-cre)

(A) Kynurenine pathway schematic. Abbreviations: IDO, indolamine-2,3-dioxygenase; KAT, kynurenine aminotransferases; KMO, kynurenine 3-monooxygenase;
KYNU, kynureninase; NAD™, nicotinamide adenine dinucleotide (oxidized); TDO, tryptophan-2,3-dioxygenase.

(legend continued on next page)

2 Cell Reports 42, 112763, August 29, 2023



Cell Reports

KMO, namely indoleamine 2,3-dioxygenase 1 (IDO1; E.C.
1.13.11.52) and tryptophan 2,3-dioxygenase (TDO; E.C. 1.13.11.
11), increases the availability of the KMO substrate, kynurenine,
which together results in increased 3-hydroxykynurenine
production.’*®  3-Hydroxykynurenine causes cellular injury
by oxidative stress and pathological cross-linking of proteins
and induction of apoptotic cell death.’”'® Importantly, elevated
3-hydroxykynurenine concentrations correlate with disease
severity in human AP.° Systemic KMO inhibition results in
increased kynurenine levels and diversion of kynurenine meta-
bolism to kynurenic acid,’®?° and mice genetically engineered
to lack Kmo in all tissues exhibit a similar plasma kynurenine
metabolite profile to that seen when KMO activity is inhibited
pharmacologically. Therapeutic KMO blockade abolishes
3-hydroxykynurenine production and protects against experi-
mental AP-MODS in rats and mice.'® However, the precise mech-
anisms by which KMO and 3-hydroxykynurenine regulate inflam-
mation have remained elusive until now.

Our aim here was to elucidate the molecular mechanisms
that underpin the protective effect of KMO inhibition in critical
ilness caused by AP and to define whether circulating
3-hydroxykynurenine produced by the liver during systemic
inflammation was a dominant force in causing tissue damage to
other organs, for example, lungs and kidneys, compared with
3-hydroxykynurenine produced in the local environment of those
remotely injured tissues. When taken together, our findings estab-
lish that the KMO product 3-hydroxykynurenine generated in the
periphery is a regulator of intracellular inflammatory signaling
pathways and that, during critical iliness, excess death from mul-
tiple organ failure can be rescued by systemic KMO blockade.

RESULTS

Restricting Kmo gene knockdown to hepatocytes
constrains liver KMO activity but causes an elevation in
circulating plasma 3-hydroxykynurenine levels

The organs most commonly damaged during AP-MODS are the
lungs and kidneys, yet hepatocytes of the liver are the main site
of kynurenine metabolism. We therefore questioned whether
pathological 3-hydroxykynurenine in AP was produced locally
in lungs and kidney tissue or arrived in plasma via systemic circu-
lation. Using laboratory mice, our strategy was to knock down
Kmo gene expression in hepatocytes, leaving Kmo gene expres-
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sion intact in the rest of the body. Because the majority of KMO
activity resides in the liver, we predicted an altered plasma
biochemical phenotype similar to mice with Kmo deletion in all
tissues. To test this, we generated a genetically altered mouse
strain that lacks KMO activity in hepatocytes only by crossing
Kmo!™1eKOMPWisiffioxex®) mjce (which have loxP sites flanking
exon 5 of the Kmo gene) with a mouse strain that expresses
Cre recombinase under the control of the promoter for the Alb
gene (which encodes the protein serum albumin), B6.Cg-Tg
(Alb-Cre) 21Mgn/J, and expresses Cre recombinase exclusively
in hepatocytes. Offspring were further backcrossed for at least
6 generations to generate homozygous Kmo™"' deleted/alb-cre
mice (hereafter referred to as Kmo®?~°"® mice). Liver-specific sup-
pression of Kmo mRNA in Kmo®?°"® mice was confirmed by RT-
PCR, showing equivalent expression in kidney and spleen to
wild-type controls (Kmo""™ mice) but significantly reduced Kmo
expression in whole liver tissue homogenate detected at low
levels, but not to undetectable levels, as was observed in mice
with Kmo knockout in all tissues (termed Kmo™" mice) (Fig-
ure 1B). Steady-state levels of plasma kynurenine pathway me-
tabolites were measured by liquid chromatography-tandem
mass spectrometry (LC/MS-MS) in Kmo®®°*® mice and
compared with WT mice (Kmo"") and with the global Kmo
knockout mouse line control (Kmo™"). Plasma tryptophan con-
centrations (Figure 1C) were not different between all three
mouse lines (p = 0.075, one-way analysis of variance [ANOVA]),
whereas Kmo™" mice had a 21-fold increase in plasma kynure-
nine levels compared with Kmo""’7 mice (median 60.9 vs.
2.8 uM, p = 0.002, Mann-Whitney test), and Kmo®°°"® mice
had an 8-fold increase in plasma kynurenine compared with
Kmo"T mice (median 23.4 vs. 2.8 uM, p = 0.002, Mann-
Whitney test) (Figure 1D). A corresponding increase in plasma an-
thranilic acid was present in Kmo™" mice (18-fold increase, me-
dian 3.6 vs. 0.2 pM, p = 0.001, t test) and Kmo®°-°"® mice (14-fold
increase, median 2.7 vs. 0.2 uM, p < 0.001, t test) compared with
Kmo"" mice (Figure 1E). As we previously observed, excess
plasma kynurenine is readily converted to kynurenic acid if
KMO activity is blocked, and in these experiments, Kmo™"
mice had a 115-fold excess (median 13.9 vs. 0.1 uM, p = 0.002,
Mann-Whitney test) compared with Kmo"" mice.’® Similarly,
excess kynurenine in Kmo®°°"® mice was metabolized to kynur-
enic acid, and these mice had a 50-fold increase in kynurenic acid
levels (median 5.9 vs. 0.1 uM, p = 0.002, Mann-Whitney test)

null alb-cre

(B) mRNA tissue expression in liver, kidney, and spleen of Kmo"T, Kmo™" and Kmo mice (n =5 per group). Fold increase compared with 185 mRNA control
expression levels. Bars are median with interquartile range (IQR). Group statistical testing shown are one-way ANOVA with post hoc Tukey’s test (liver + kidney)
and Kruskal-Wallis test with post hoc Dunn’s (spleen).

(C-H) Steady-state plasma concentrations of kynurenine pathway metabolites measured by LC-MS/MS for Kmo"'”, Kmo™", and Kmo mouse lines (n =6 per
group). (C) Tryptophan, (D) kynurenine, (E) anthranilic acid, (F) kynurenic acid, (G) 3-hydroxykynurenine, with below limit of quantification (BLQ) threshold 0.09 uM,
and (H) xanthurenic acid, with BLQ threshold 0.05 puM. Statistical testings shown are one-way ANOVA (C), pairwise t test comparisons (E, F, and H), or Mann-
Whitney test (D, F, and G) against Kmo"", according to data distribution.

(I-K) Plasma concentrations of tracer compounds and metabolites 20 min after weight-adjusted (50 ng/g) intravenous (i.v.) bolus containing deuterated tryp-
tophan-ds (Ds-tryptophan) and '*Cg-3-hydroxykynurenine ('Ce-3HK), measured by LC-MS/MS for Kmo™7, Kmo™", and Kmo®®-°" mouse lines (n = 6 per group).
(I) Ds-TRP indicates equivalent injection efficiency.

(J) '3Cs-3HK tracer levels, with BLQ threshold 0.04 uM.

(K) "®Cg-xanthurenic acid levels. Group statistical testing shown are Kruskal-Wallis test (I) and one-way ANOVA with post hoc Tukey (J and K), according to data
distribution.

Plots (C)-(K) show individual data from each mouse, and horizontal lines are median with IQR. ns, not statistically significant (p > 0.05); *p < 0.05; **p < 0.01;
***p < 0.001.

null alb-cre
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compared with Kmo"”’" mice (Figure 1F). Interestingly, and unex-
pectedly, Kmo®®® mice had high levels of plasma
3-hydroxykynurenine (median 0.8; 0.5 uM 25% percentile and
1.29 uM 75% percentile) compared with Kmo"/™ mice, in which
plasma levels of 3-hydroxykynurenine were below the threshold
for detection, which was 0.09 uM (Figure 1G). Elevated
3-hydroxykynurenine in Kmo®*-°"® mice was converted to xan-
thurenic acid, resulting in a 3-fold increase in plasma xanthurenic
acid level compared with Kmo""™ mice (median 1.1 vs. 0.4 uM,
respectively; p = 0.008, t test) (Figure 1H).

Given the unanticipated finding of elevated plasma
3-hydroxykynurenine in Kmo®®°"™ mice, we examined
3-hydroxykynurenine plasma clearance in vivo using stable
isotope tracers. A premixed weight-adjusted (50 pg/g body
weight) bolus of deuterated tryptophan-indole-ds and "*Cs-3-hy-
droxykynurenine was injected intravenously into the tail vein of
anesthetized Kmo®*°"® mice, and 20 min later, blood was
sampled by cardiac puncture. Injected tracer molecules and their
respective tracer metabolites (i.e., kynurenine-d, and "*Cg-xan-
thurenic acid) were measured together with endogenous kynure-
nine pathway metabolites in plasma and urine. Equivalent con-
centrations of tryptophan-indole-ds in each mouse line were
seen, acting as a dosing control and indicating that tail vein injec-
tions were technically successful and comparable (Figure 11). The
plasma level of kynurenine-d,, the oxidized product of injected
ds-tryptophan, was highest in Kmo™" mice, lower in the
Kmo@°" |ine, and lowest in Kmo"" (Figure S1A), consistent
with the endogenous metabolite and congruent with the amount
of KMO enzyme present in each mouse line. Remarkably, '3Cg-3-
hydroxykynurenine tracer levels in Kmo*-°"® mice were 10-fold
higher compared with Kmo"” mice and 4-fold higher than in
Kmo™" mice (Figure 1J), and although the '®Cg-3-hydroxykynur-
enine tracer could not be detected in the urine of Kmo®°°® mice
at 20 min after injection, endogenous 3-hydroxykynurenine was
detectable and only in Kmo®*"® mice compared with the other
mouse strains tested (Figures S1B-S1D), thus confirming that
urinary excretion is an important mode of elimination of supra-
physiological plasma 3-hydroxykynurenine in Kmo®*" mice.
Plasma levels of 13Ce-xan’(hurenic acid, the transaminated
product of injected '3Cg-3-hydroxykynurenine, were lower in
Kmo®®°"® mice compared with Kmo™" mice, likely due to
competition for kyneurenine aminotransferase (KAT) enzymes
from the elevated endogenous 3-hydroxykynurenine in Kmo®>-cr
mice (Figure 1K).

Taking the endogenous metabolite plasma levels together
with the data from the metabolic tracer experiments, it is
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clear that KMO activity in different tissues results in discrete
biochemical phenotypes in that liver KMO is required to be fully
functional if low kynurenine plasma concentrations are to be
maintained. When liver KMO activity is restricted, kynurenine
accumulates in plasma, and that excess is converted to
3-hydroxykynurenine by extra-hepatic KMO. Lastly, elimination
of excess circulating 3-hydroxykynurenine from plasma can
occur via urinary excretion, and this route is saturable.
Kmo?"-°"® mice with elevated plasma
3-hydroxykynurenine have altered gene transcription of
inflammatory immune signaling pathways

Because 3-hydroxykynurenine damages cells when added in vitro
in cell culture experiments,'*" we asked whether elevated
3-hydroxykynurenine levels seen at steady state in Kmo®°°"®
mice constitutively activate a gene transcription injury response.
Total RNA sequencing of extracts from snap-frozen whole, non-
perfused liver tissue sampled from healthy Kmo®®<", Kmo"",
and Kmo™" mice (n = 3 male mice per group) revealed complex
transcriptional alterations of genes involved in oxidative meta-
bolism and canonical proinflammatory signaling pathways. Statis-
tical analysis showed that Kmo®?~°"® mice had altered expression
of genes integral to cytoprotection and immunomodulation,
including Map3k5 (mitogen-activated protein kinase kinase kinase
5), Cyp3a11 (cytochrome p450 family 3a polypeptide 11), and The-
mis (thymocyte-expressed molecule involved in selection) (Fig-
ure 2A, rows 20, 40, and 42, respectively). Map3k5, also known
as Ask1 (apoptosis signal-regulating kinase 1), which encodes
MAP3K5/ASK1, a conserved intermediate signaling protein
important in stress responses, was observed to be significantly
downregulated in Kmo® " mice compared with Kmo"’" and
Kmo™" mice. Deficiency of MAP3K5/ASK1 can increase suscep-
tibility to various cytotoxic stressors.”? Kmo®?*°"® mice had
amarked increase in expression of Cyp3a11, a gene that encodes
the main catabolism, detoxification, and xenobiotic/drug
metabolism cytochrome p450 enzyme.?® Themis, which encodes
a T cell-specific protein critically important in T cell development
and survival, was markedly upregulated in the Kmo®?~¢" mice.**
ReactomePA analysis®® was used to visualize annotated path-
ways, confirmed biological oxidations, Toll-like receptor (TLR)
signaling cascades, cytokine signaling, and cellular stress
responses to be significantly altered in Kmo®°=°"® mice compared
with Kmo™" mice (Figure 2B). Network analysis confirmed
statistically significant alterations in inflammatory pathway
signaling, as might be predicted given the elevation in plasma
3-hydroxykynurenine (Figure 2C).

Figure 2. Liver tissue transcriptomics and plasma metabolomics at steady state
(A-C) Whole liver tissue RNA sequencing at steady state comparing mouse lines (n = 3 per group).

(A) Heatmap showing the top 50 differentially expressed genes with p <0.05 identified by likelihood ratio tests (DESeq2 in R) with row scaling ((value — mean)/SD)
after a log2 transformation between Kmo"'", Kmo™", and Kmo?-°re.

(B) Paired pathway analysis of differentially expressed genes in liver using a g-value threshold of 0.1 in Reactome software comparing Kmo with Kmo™",
(C) Network map in Reactome of the myeloid differentiating primary response protein (MyD88)-independent TLR4 cascade pathway (R-MMU-166166) in liver
tissue comparing Kmo®*-°"® with Kmo™", using a q value <0.001.

(D and E) Plasma metabolomics analysis comparing steady-state Kmo"7, Kmo™", and Kmo mice (n = 6 per group).

(D) Heatmap shows significantly differing metabolites between mouse lines by log fold change compared with mean of all samples using ANOVA with a false
discovery rate (FDR)-corrected p <0.05.

(E) Metabolic pathway analysis using MetaboAnalyst and MetaboLights filtered using an FDR of 0.05. Impact values represent the normalized sum of central
importance of individual metabolites relative to each pathway as a whole.
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None of the observed transcriptomic changes could be ac-
counted for by baseline changes in liver histology. Specifically,
liver tissue histological hematoxylin and eosin examination did
not show any significant architectural disruption or increased
influx of inflammatory cells in Kmo®*°"® mice compared with
Kmo"™ and Kmo™" mice (Figure S2A). This was corroborated
by flow cytometry, with equivalent proportions of Kupffer cells
(CD45*, live, lineage™ [CD3’CD19/NK1.1], Ly6G~, Siglec F~,
CD11b'"°, F4/80"M) in single-cell preparations of liver tissue from
sham laparotomy control mice from each line (p = 0.42, one-
way ANOVA) (Figures S2B and S2C). Because of the liver's
importance in protein synthesis and fat metabolism, we
compared total body weights from available age-matched adult
male mice (Figure S2D) and demonstrated that KMO inactivation
was inversely related to total body mass. Specifically, Kmo™"
had the highest body weight (mean 30.3 g, SD 1.8 g), followed
by mice with partial Kmo knockout, Kmo®°* (29.7 g, SD
1.4 g), and Kmo"" mice, which had the lowest body mass
(mean 27.7 g, SD 2.1 g) (p < 0.001, one-way ANOVA)
(Figure S2E).

Given the remarkable differential gene expression profile in
Kmo?P-°"@ Jiver tissue and the central importance of the liver in
metabolism, we sought to measure metabolomic differences
in plasma, comparing healthy adult Kmo#®°™ mice with
Kmo"T and Kmo™" mouse line controls (n = 5 mice per
group). Kynurenine pathway metabolite levels (i.e., picolinic
acid, 3-hydroxykynurenine, quinolinic acid, anthranilic acid,
kynurenic acid, kynurenine, and N-acetyl-kynurenine 2 [Fig-
ure 2D, rows 1, 9, 10, 18, 19, 20, and 21, respectively]) were
altered as expected. S-methylmethionine (Figure 2D, row
14), an activator of Erk1/2 signaling, important in wound heal-
ing, was elevated in plasma from Kmo™" mice. The statistical
impact of the metabolomic alterations between mouse lines
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was plotted using the software package MetabolLights (Fig-
ure 2E), identifying tryptophan metabolism (as anticipated)
but also nicotinate and nicotinamide metabolism, in keeping
with the feeder role of the kynurenine pathway into NAD*
metabolism and arachidonic acid metabolism (Figure 2E).
Together, these transcriptomic and metabolomic data identify
striking alterations in Kmo®°"®, Kmo™", and Kmo"'™ mice at
steady state that are of central importance to systemic
inflammation.

Elevated plasma 3-hydroxykynurenine increases the
severity of critical illness in experimental AP

We hypothesized that Kmo®®°™® mice with elevated
3-hydroxykynurenine levels would have heightened susceptibil-
ity to critical illness during experimental AP. To test this, we
refined our experimental model of AP to ensure that mice still
develop severe AP, but that Kmo"'” mice are able to survive
and recover, thus allowing room to measure any potential exac-
erbation of disease severity that might occur in Kmo®?°" mice.
Furthermore, we wanted to monitor mice under experimental
conditions over a longer, more clinically relevant time period in
order to study sickness behavior. Induction of experimental AP
was performed by an injection of 2% sodium taurocholate in
0.9% saline (by weight/volume) into the pancreatic duct at lapa-
rotomy under general anesthetic. First, we validated the induc-
tion of AP at 24 h post-injection by histological assessment of
fixed sections of pancreas tissue stained with hematoxylin and
eosin, scoring the extent of edema, neutrophil infiltrate, and ne-
crosis.”® At 24 h after induction of AP, there was no significant
difference in pancreatic injury score or elevation in serum
amylase concentration between Kmo®®°*® mice and Kmo"'"
mice (Figures 3A-3C). To measure sickness behavior in experi-
mental AP, we added a minimally invasive telemetry system,

alb-cre

Figure 3. Kmo

mice have increased sensitivity to experimental AP over 7 days with tendency toward critical illness

(A-C) Experimental acute pancreatitis (AP) was induced by intraductal infusion of 50 pL 2% Na taurocholate in phosphate-buffered saline (PBS). Kmo"'" (n = 16)
and Kmo®?~°" (n = 14) mice were randomized to AP or sham laparotomy, and pancreas histology (A) and plasma amylase (C) were compared at 24 h.

(A) Composite histological pancreas injury scores.

(B) Representative sections of pancreatic head hematoxylin and eosin stain are shown from mice with scores equal to the median of the group. Normal tissue
morphology is seen in sham controls and inflammatory changes of neutrophil cell infiltrate, edema, and acinar necrosis can be seen with AP.

(C) Plasma amylase levels.

Mice in (A) and (C) were the same, and group statistical tests shown are Kruskal-Wallis with post hoc Dunn’s.

(D-J) 7 day telemetered AP recovery studies comparing Kmo"" with Kmo
(D) Experimental plan schematic.
(E and F) AP 7 day recovery in Kmo"'" and Kmo

alb-cre

alb-cre

mice.

mouse lines with sham-operated controls. Vertical dark panels are the 12 h dark phase intervals, with light

phase in between. Telemetry recording starts half-way through the light phase (Zeitgeber 0 h) <2 h after recovery from anesthesia. A plus symbol (+) indicates time
point when a mouse reached a humane endpoint (persistent hypothermia < 26°C, minimal response, or severe labored breathing) and was culled under terminal

anesthesia.
E) Hourly mean core body temperature.
F) Hourly locomotor activity.

H) Telemetry analysis revealed a significant reduction in locomotor activity in AP Kmo

alb-cre mice compared with Kmo™" by log rank test.

mice compared with AP Kmo™” by t test.

alb-cre

I-L) Core body temperature (CBT) analysis. y axis temperatures are individually autoscaled to fit data.

alb-cre

(
(
(G) 7 day AP survival curves are shown, with a significantly reduced 7 day survival for Kmo
(
(
(

1) Example CBT trace (black line) of a single Kmo
sham mice shows recovery within predicted interval.

mouse randomized to sham and control prediction bands (dotted red error bars) modeled from Kmo"/™

(J) Example CBT trace (black line) of Kmo®®°"® littermate randomized to AP with early exit from prediction band interval.

(K) Total CBT SDs for each mouse shows suppression of CBT variability with AP for Kmo"'” and Kmo

by Mann-Whitney test.

alb-cre mice but no significant difference between mouse lines

(L) The length of time to exit predicted recovery profile band interval is plotted for AP in Kmo®°-°" and AP in Kmo" lines, with no significant difference between
mouse lines by Mann-Whitney test. In all plots, error bars are median with interquartile range. ns, not significant (p > 0.05); *p < 0.05; **p < 0.01; **p < 0.001.

Cell Reports 42, 112763, August 29, 2023 7



¢? CellP’ress Cell Reports

OPEN ACCESS

line disease

A Kmoalb<re AP B C
Kmo™* Steady-state

Fold change 30 ® Sham 30 © Sham

1 AP 1 AP
2

20 20 .

I [ ] disease

I T line 1
8430408G22Rik

Dbp

’ ° l
Acoti2 s . i
Abcba
Slc26a10 -1 0; haed ; - ‘i’ £ -

I Hen3 Kmo"t  Kmogalb-cre Kmo™t  Kmo?alb-cre
Mme 2
Inmt D
Cyp3al1 Sh
iz::?:i;b‘a. row 10 7 H v 8000 —ns oA
Myo6
Mapk15
Elovi3
Lipc
Hsd17b11
Ephx2
Macrod1

Ceslg 't; ’ 0 -; -1

R T o ==
Acaatb Kmo®t  Kmoalb-cre Kmo*t  Kmo?alb-cre

IL1B (pg/mL)
IL2 (pg/mL)

m

Log10 IL6 (pg/mL)
KC/GRO (pg/mL)
N B [}

8 8 &

8 8 8
=3 =3 =3

o
M
(@)
E
u

o Sham
It - row 25 600 —S LA 30: ——— e~
.

ENSMUSG00000071036
Osmr - row 27
Tnfrsf12a - row 28

I
S
S

.

Syt12
C4bp - row 31
Haplin4

200

TNFo (pg/mL)
Albumin (g/l)
N
o
o
—H
Glucose (mmolfl)

0f o S - &

Calu
AI506816 15
Erp29 wt Gib-cre wt Ib-cre o

Kmo*  Kmo Kmo*t  Kmo® Kmo™  Kmoalb-cre

Dnajc10
80 $
40
0 o @

Rpn1
Vehicle GSK898 Vehicle GSK898

Clptm1l I [3HK] l-"M

Bmper

Fkbp11 Caspase
Nans 3/7 activity
Cldn14 A
Fndo3b Caity
Fga

Fgb

Fag

Fgit

Saat - row 48
Saa2 - row 49
Len2 - row 50
Apcs

Itihd 5.0%10%:

Cyb561 A
i
0.0

Hp
S100a9 L °-°5 ©°-°9 °“2g|

[
A

N
o
w
=3

1.5x10°8

1.0x10%

o

Luminescence (RLU)

Plasma [3HK] (uM)
3
lel

HH

Plasma [GSK898] (ug/mL)

M2 egmy "2 - -

Mt

2

Manf
Selenok - row 60 L Kmo?b-<e GSK898 AP M * ns
Btg2

1007 800 — 90 —

Sept11
Spes2
Spcs3
Ostc
Dnajb11
Sle3sel
Tram1
Morf4l2
Slc35b1
Ssr1
Ssr2

s
200
Ubas

O+ 0 r
Hear2 0 24 48 72 96 120144 168 Vehicle GSK898
1 ENSMUSGO00000105703 Time since AP (hrs)

804 ans
Kmo?@-<re Vehicle AP

Percent survival (%)
Kynurenine (uM)
S
o
o
Kynurenic acid (uM)

) IS
Vehicle GSK898

o 40 | -pguri-mr-ur -t b ————— 40
o R Y |
36

w
N o
o

|
I
I
I
I |

=
.

Kmoalb-cre AP
Vehicle, n=10

Temperature (°
N N w
A~ 0

GSK898, n=7

o

40
30

20
30—
10 Vehicle GSK898

'
N
=
L]
L]

from baseline (%)
>

1

I

1

1

1

I -
i Km Oa/b cre, AP
f

1

1

U

1

I

Percent weight loss

o

= N w b
o

o o

Activity
(x100 counts / hr)

T T T T T T 1 T T T T
0 24 48 72 96 120 144 1680 24 48 72 96 120 144 168
Zeitgeber Time (hrs) Zeitgeber Time (hrs)

(legend on next page)

8 Cell Reports 42, 112763, August 29, 2023



Cell Reports

which measures locomotor activity and core body temperature,
into the protocol when conducting 7 day recovery experiments
controlled for light-dark cycles (Figure 3D). In keeping with crit-
ical illness, we observed a deregulation of overall homeothermic
control and a disrupted circadian locomotor activity in Kmo"/™
mice and Kmo®P°"™ mice randomized to AP compared with
mice from either line randomized to sham operation. Deregu-
lated homeostasis was exacerbated in Kmo@*°" mice with AP
compared with control Kmo"”’" mice with AP (Figures 3E and
3F). We had pre-agreed humane endpoints with our veterinarian
colleagues, and mice that were euthanized because they had
reached those endpoints had biochemical indicators of AP-
MODS, specifically elevated serum alanine aminotransferase
(ALT; liver injury), elevated serum lactate dehydrogenase (LDH;
general cell damage), and elevated serum urea (renal injury)
(Figures S3A-S3C). Kmo®*°" mice with AP had significantly
worse survival than Kmo"" mice with AP (p = 0.006, log
rank test) (Figure 3G). Analysis of telemetry data revealed a sig-
nificant (p = 0.048, t test) reduction in total locomotor activity in
Kmo® <" with AP (median 4.613 log10 total counts; 4.118
25% percentile and 5.027 75% percentile) compared with
Kmo"T with AP (median 4.937 log10 total counts; 4.791 25%
percentile and 5.021 75% percentile) (Figure 3H).

Statistical analysis of the oscillating telemetry core body tem-
perature data was conducted by first calculating a normal phys-
iological recovery profile using the Kmo"” sham control group to
establish prediction bands within which normal recovery data
are expected to lie, thresholded with a 0.05 o level. Example
traces from individual Kmo®*°"® mice compared against the
Kmo"" sham control prediction bands (dotted red error bars)
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are shown in Figures 3l and 3J: the top trace (Figure 3l) is the
mean hourly core body temperature of a single Kmo?—<e
mouse randomized to sham laparotomy treatment (black line),
and the bottom trace (Figure 3J) is that of a Kmo®®~"® mouse
littermate randomized to AP treatment. Individual mouse
tracers with predictions bands are available in Figures S3D
and S3E. Collectively, AP reduces variability in core temperature
in both mouse lines, resulting in dysregulation of circadian tem-
perature profiles in AP, as indicated by reduced variability (y
axis), but the Kmo®*°"® mouse line has a tendency toward
critical iliness (Figure 3K). The median experimental time to first
drop out (determined from sham Kmo"" recovery profile
prediction bands) was less than a sixth of the duration in the
Kmo®"°"® line (13 h, SD 43 h) compared with Kmo"" (88 h,
SD 41 h), but with wide variability, the data did not significantly
differ between mouse lines (p = 0.186, Mann-Whitney test)
(Figure 3L).

Elevated plasma 3-hydroxykynurenine exacerbates
inflammatory gene transcription during experimental

AP

The extent to which 3-hydroxykynurenine levels influence
cellular and humoral innate immune responses during systemic
inflammation and AP-MODS was unknown. We therefore
measured liver tissue RNA sequencing (RNA-seq) transcriptom-
ics from Kmo"'™ and Kmo®°-°" mice 24 h after sham operation or
induction of experimental AP, where pancreatic injury indices
were equivalent between mouse lines in AP and sham
(Figures S4A and S4B). For some genes known to be integral
to the acute phase response, for example, serum amyloid A1

Figure 4. Effects of AP on gene expression and cytokine profile in vivo, synergistic in vitro cytotoxicity of IL-18 and 3-hydroxykynurenine, and
suppression of early lethality with KMO inhibition in Kmo®°°" mice

(A) Heatmap depicts the top 75 genes with significant gene expression from liver tissue of Kmo"/” and Kmo mice at 24 h post-AP or -sham (n = 3 per group).
Relevant inflammatory genes are highlighted in rows 10 (Serpinb1a), 25 (ll1rn), 27 (Osmr), 28 (Tnfrsf12a), 31 (C4bp), 48 and 49 (Saa1 and Saa2), 50 (lipocalin-2
[Len2]), and 60 (Selenok).

(B-F) Plasma cytokine concentrations 24 h post-AP or -sham in Kmo"'" and Kmo mice (n = 11 per group, determined by IL-1p power calculation). (B) IL-1,
C) IL-2, (D) IL-6, (E) KC/GRO, and (F) TNF-a.. Statistical pairwise testing shown in (B)-(F) are Mann-Whitney tests. Cytokines IL-1 (B), KC/GRO (E), and TNF-o
F) did not significantly differ between mouse lines in AP, whereas IL-2 (C) and IL-6 (D) were significantly increased in Kmo®?°"® compared with Kmo"” in AP.
G and H) Plasma albumin and glucose concentrations at 24 h post-AP or -sham from same mice as in Figures 3A and 3C. Statistical testing shown are t tests.
G) Albumin levels were significantly lower in Kmo®®-°"® mice compared with Kmo"'" in AP.

H) Glucose levels were significantly lower in Kmo mice compared with Kmo"'” in AP.

1) 3-Hydoxykynurenine (3HK) in co-culture with IL-1B. 3HK at 500 uM potentiated caspase-3/-7 activity with IL-18 (=10 pg/mL) with a significant elevation in
relative luminesce units (RLUs). Groups (n = 3 or 6, as shown) were compared by one-way ANOVA with post hoc Dunnett’s test or Kruskal-Wallis with post hoc
Dunn’s test, according to data distribution. Post hoc tests were made against double blank medium control (¢ 0 pM 3HK and 0 pg/mL IL-1p). Plot (I) shows
individual data with horizontal lines as mean and standard error of mean (SEM) error bars.

(J-M) KMO inhibitor drug study in Kmo®°-°" mice with AP (n = 7 GSK898, n = 10 vehicle).

(J) Log10 concentration of GSK898 drug in plasma determined by LC-MS/MS. The outlier in GSK898 group, marked by a square, denotes a mouse that reached a
humane endpoint at 166 h.

(K) Plasma 3HK concentrations at time of cull are shown, and the outliers in vehicle group represent endpoints 24 and 29 h, demonstrating elevated 3HK levels in
critical illness. A significant reduction in plasma 3HK levels was observed in Kmo®°°"® mice with GSK898 treatment, compared with vehicle, by Mann-Whitney
test.

(L) 7 day AP survival curves comparing GSK898-treated vs. vehicle-treated Kmo'
(M) Plasma kynurenine concentrations at time of cull.

(N) Plasma kynurenic acid concentrations at time of cull.

(O) Telemetered Kmo@ =" mice with AP are shown with CBT (top) and locomotor activity (bottom). A plus symbol (+) indicates a mouse reaching humane
endpoint(s) and being culled under terminal anesthesia. Two early deaths (<48 h) were observed in vehicle-treated mice and one death in the GSK898-treated
cohort, which occurred much later (167 h).

(P) Percentage weight loss among surviving mice. Vehicle survivors had a median 12% weight loss compared with 4% with GSK898 treatment, a significant
reduction by t test. All plots with individual data, except (1), as detailed above, show median with IQR horizontal lines. ns, not significant (p > 0.05); *p < 0.05;
**p < 0.01; **p < 0.001; ®°p < 0.0001.

alb-cre

alb-cre

alb-cre

alb-cre mice with AP, with a log rank test.
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(Saat) and Saa2, we observed upregulation of expression in all
mice with AP compared with sham operation and to the same
extent in both Kmo""” and Kmo®?°"® mice genotypes (Figure 4A,
rows 48 and 49). However, strikingly, and importantly for eluci-
dating how 3-hydroxykynurenine drives inflammation, other
key immunomodulatory and proinflammatory genes were pro-
foundly and further increased in Kmo®®°® mice with AP
compared with Kmo"’" with AP, providing valuable mechanistic
insight and explaining why Kmo®°=°" mice have increased AP
severity compared with Kmo"’" mice during experimental AP-
MODS. Notable examples include downregulation of serine
peptidase inhibitor clade B member 1a (Serpinbia) (Figure 4A,
row 10), upregulation of the anti-inflammatory gene interleukin
1 receptor antagonist (//7rn) (Figure 4A, row 25), upregulation of
tumor necrosis factor receptor superfamily member 12 a
(Tnfrsf12a) (Figure 4A, row 28), and upregulation of C4b-binding
protein (C4bp) (Figure 4A, row 31), which encodes a major com-
plement regulator, C4bp.

In plasma from Kmo®*°"® and Kmo"’ mice treated with AP or
sham, at 24 h, levels of cytokines interleukin-18 (p = 0.018, two-
way ANOVA, 18% of total variation), interleukin-2 (p = 0.041,
two-way ANOVA, 8% of total variation), and interleukin-6
(p < 0.001, two-way ANOVA, 24% of total variation) were signifi-
cantly elevated in AP compared with sham across mouse lines.
There was a significant isolated rise in Kmo®°"® mice with AP
compared with sham in keratinocyte chemoattractant/human
growth-regulated oncogene (KC/GRO) (Kmo@*"™ p < 0.001,
Kmo"T p = 0.133; Mann-Whitney tests) and tumor necrosis
factor o, (TNF-a) (Kmo®®°® p = 0.028, Kmo"'™ p = 0.478; Mann-
Whitney tests), which was not significant in Kmo""'” with AP
(Figures 4E and 4F). Although the mean and median values were
greater in Kmo®®°® compared with Kmo"" mice for all
cytokines, except for TNF-o in AP, these differences were not sta-
tistically significant between mouse lines (Figures 4B—4E). Other
proinflammatory cytokines showed no significant changes with
AP compared with sham controls: interleukin-4, -5, and -10 and
interferon vy (IFNy) (Figures S4C-S4F). There were significant re-
ductions in plasma albumin and glucose at 24 h with Kmo*"®
compared with Kmo"'", consistent with an exaggerated acute
phase response (Figures 4G and 4H). There were, however,
no significant differences in or biochemical differences in
ALT, LDH, or urea between Kmo"" and Kmo°® in AP
(Figures S4G-S4l). Flow cytometric evaluation of myeloid cell sub-
types (gating strategies shown in Figures S5A, S5C, and S5K) be-
tween Kmo"™ and Kmo®*°"® in AP and sham controls in blood and
vital organs showed increased neutrophils in blood and tissues in
AP compared with sham (p = 0.003, two-way ANOVA) but no sig-
nificant difference between Kmo®?<"® and Kmo"'" (Figures S5D,
S5G, and S5L). Of note, the effect of AP across a kynurenine
metabolite panel (tryptophan [TRP], kynurenine [KYN], KA, AA,
3HK, 3HAA, PA, XA) was investigated by comparing metabolite
levels at 24 h post-AP (n = 7 or 8, per mouse line) compared with
sham operation (n = 7 or 8, per line) across Kmo®°°" and Kmo"'™
mouse lines. 3-Hydroxykynurenine levels uniquely differed in this
sublethal experimental AP model (2% Na-TCA), where a signifi-
cant increase was detected (p = 0.042, two-way ANOVA, 11% of
total variation), with a greater magnitude of effect in Kmo®~—r®
observed compared with Kmo™™ mice (Figure S6).
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Together, these data show that Kmo®°="® mice given experi-

mental AP have liver transcriptomic changes that explain the
greater severity of AP-MODS associated with elevated plasma
3-hydroxykynurenine.

3-Hydroxykynurenine potentiates interleukin-
1pB-induced apoptotic caspase activation in vitro
Interleukin-1Bis integral to systemic inflammation and is elevated
in clinical AP in humans and in experimental AP in mice.
We therefore asked whether interleukin-1 synergized with
3-hydroxykynurenine to cause cell death in culture. We chose
human lung microvascular endothelial cells (HMVEC-Ls) since
the most common site for organ dysfunction in AP is the respira-
tory system, and the endothelial cells are directly exposed to
circulating cytokines and kynurenine pathway metabolites. Co-
incubation of HMVEC-Ls with 3-hydroxykynurenine (0-500 pM
final concentration) and interleukin-18 (0-100 pg/mL final con-
centration) synergized in activating the core apoptotic pathway
components caspase-3 and -7 (Figures 4l and S7A). To substan-
tiate these findings, we measured viability and caspase activation
in response to 3-hydroxykynurenine in additional relevant cell
types, namely primary human small airway epithelial cells
(SAECs) (Figure S8) and the human renal proximal tubule
epithelial cell (HRPTEpC) line (Figure S9). In SAECs and
HRPTEpCs, caspase activation was uniquely induced by
3-hydroxykynurenine treatment with reduced cell survival in an
Alamar blue assay (Figure S8 and S9). In renal tubular
HRPTEpCs, 3-hydroxykynurenine and 3-hydroxy-anthranilic
acid treatment resulted in a significantly increased caspase-3
and -7 activation (Figure S9A).

Pharmacological KMO inhibition reduces
3-hydroxykynurenine to undetectable levels and

rescues Kmo??-°" mice from critical iliness and excess
mortality in experimental AP

Highly selective KMO inhibitors can reduce plasma
3-hydroxykynurenine levels and protect against experimental
AP-MODS."? Therefore, KMO inhibition has the potential to
rescue the critical illness phenotype seen in Kmo®°°"® mice
with AP. To test this, we used a highly selective small-molecule
inhibitor of KMO, GSK898, that is a potent inhibitor of KMO ac-
tivity in human cells (pIC50 8.8 uM), is highly soluble, and has a
low volume of distribution (0.31 L/kg) and a moderate half-life
(3.6 h).?” GSK898 in DMSO-PEG-400 solvent, or vehicle, was
administered to Kmo®P°" mice by continuous subcutaneous
infusion with primed osmotic pumps (1002, ALZET, manufac-
tured to deliver 0.25 pl/h drug) implanted into the scruff of
mice at a dose of 62.5 pg/h 3 days prior to induction of AP or
sham laparotomy and telemeter implantation. Drug levels in
plasma were measured by LC-MS/MS and are presented in Fig-
ure 4J. GSK898 treatment of Kmo®°"® mice reduced plasma
3-hydroxykynurenine concentrations from 4.6 (1.6 uM 25%
percentile, 7.9 uM 75% percentile, n = 10 mice) to 0.3 uM
(0.2 uM 25% percentile, 0.3 uM 75% percentile, n = 7 mice) (Fig-
ure 4K). GSK898 treatment blockaded extra-hepatic KMO
activity, resulting in a further increase in plasma kynurenine
(Figure 4M), but this did not result in an additional rise in kynur-
enic acid, which was already elevated due to the Kmo?°=<r®
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phenotype (Figure 4N). Kmo mice with AP treated with
GSK898 were protected from early AP-MODS deaths, and
body temperature and locomotor activity telemetry analysis
showed less severe sickness behavior (Figures 4L and 40).
Two Kmo®?-°"® mice reached the humane endpoint in the vehicle
group within 36 h of AP induction compared with one death at
167 h after AP induction in the GSK898 treatment group.
Kmo?®-°"® mice with AP treated with GSK898 experienced less
weight loss than vehicle-treated controls (Figure 4P), indicating
better overall health during the experimental period. Cumula-
tively, these experiments show that systemic pharmacologic
KMO inhibition reduces pathological 3-hydroxykynurenine levels
and rescues Kmo®*-°" mice from critical iliness in experimental
AP-MODS.

DISCUSSION

AP-MODS is a manifestation of extreme pathophysiological
stress that remains a major unmet medical need. AP-MODS
has no disease-modifying treatments available, and patients
and their medical teams rely on critical care support of failing or-
gan systems to try and prevent rapid-onset fatality. Despite this,
the case fatality rate in AP-MODS remains high.” The precise
pathological mechanisms that culminate in the sterile systemic
inflammatory response syndrome (SIRS), which is the precursor
of AP-MODS, are steadily being elucidated, and metabolic flux
through KMO is being recognized as an important contributor
to the overall pathology of AP-MODS.

Our focus in this work has been on altered metabolism through
KMO, the key gatekeeper in the kynurenine pathway of tryptophan
metabolism, which is a promising and therapeutically actionable
actor in AP,° as well as other sterile-MODS diseases including
burns,?® trauma,”®®' and ischemia-reperfusion injury.>** Flux
in kynurenine pathway metabolism is increased during inflamma-
tion, initially upregulating tryptophan consumption in the liver by
TDO induced by glucocorticoids®® and elsewhere principally by
IDO1. IDO1 is highly induced by IFNs,***” and to a lesser extent
by IFN-independent mechanisms, including other proinflamma-
tory mediators, either independently or in synergy with lipopoly-
saccharide (LPS; e.g., platelet activating factor, interleukin-1
[IL-1B], IL-6, and TNF-a.'®%%%%). However, it is the conversion of
kynurenine to the harmful 3-hydroxykynurenine that is the key
targetable pathogenic mechanism.

In this article, we generated mice (Kmo with genetic
knockout of Kmo restricted to the hepatocytes of the liver. Unex-
pectedly, these mice had elevated plasma 3-hydroxykynurenine
levels and reduced plasma '3Cg-3-hydroxykynurenine tracer
clearance, which provided an opportunity to measure the
effect of elevated 3-hydroxykynurenine during experimental
AP and compare those findings with instances where 3-
hydroxykynurenine is naturally low, in Kmo" mice, or otherwise
repressed by treatment with a highly selective KMO inhibitor.
Mice with elevated 3-hydroxykynurenine had transcriptomic alter-
ation of innate immune signaling pathways in liver tissue in un-
stressed conditions and, when challenged with experimental AP,
succumbed fatally earlier and more readily than mice with no
blockade of KMO activity. Experimental AP caused elevated
plasma IL-1B, and in cells cultured in vitro, addition of
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3-hydroxykynurenine, but not other kynurenine metabolites,
synergized with IL-18 to cause cellular apoptosis. In mice,
in vivo, giving a highly selective KMO inhibitor to reduce 3-
hydroxykynurenine to undetectable levels protected against early
critical illness and mortality in experimental AP.

The pathological mechanisms involved in AP-MODS comprise
an array of rapid orchestrated host adaptations to tissue and
cellular damage, comprising neuroendocrine, immune, cardio-
vascular, and metabolic changes.*®*! Early initiators and ampli-
fiers of sterile inflammation and organ failure include the release
of DAMPs from injured tissues*” that are recognized by innate
immune receptors (e.g., TLRs, CLRs, NLRs, RAGE), activating
intracellular signaling pathways, which induce a “genomic
storm.”*® Reprioritized gene expression results in release of
proinflammatory mediators that have pleiotropic and multi-sys-
temic effects, including altered metabolism (e.g., aerobic glycol-
ysis), coagulopathy, and dysfunction of leukocytes, the
microvasculature, gut defense mechanisms,** and mitochon-
dria.*® Collectively, these responses are generally protective
and infer a host survival advantage when they are modest and
short lived.

At steady state, KMO acts below its maximum enzymatic rate
and has capacity for increased activity with increased kynure-
nine substrate availability.”® Although kynurenine pathway
enzymes have important functions in the central nervous system,
the majority of KMO is expressed in peripheral tissues.*” Kmo
gene expression can be induced by innate stimuli such as the
TLR4 agonist LPS'**” and proinflammatory cytokines IL-18,'®
TNF-2,°” and IFNy.” Our lab previously reported that genetic
and pharmacologic blockade of KMO protects against experi-
mental AP-MODS in mice and rats.'® An ever-growing list of
KMO inhibitors has been created,”®***° and in particular,
certain molecules are actively being evaluated as potential clin-
ical therapeutics to prevent and treat AP-MODS in humans.?’

An unexpected discovery during this work was finding that
when Kmo gene knockout is restricted to hepatocytes, as in
Kmo?°°® mice, circulating plasma 3-hydroxykynurenine levels
are elevated and have reduced 3-hydroxykynurenine clearance,
demonstrating that there is a hepatocyte-restricted role for KMO.
KMO is a mitochondria-bound enzyme, and hepatocyte KMO
production of 3-hydroxykynureine within the cytoplasm is pre-
sumably contained and rapidly catabolized, firstly by kynureni-
nase (plus co-factor vitamin Bg), to form downstream metabolites
supplying intermediary metabolism substrates (i.e., total oxida-
tion to form acetyl Co-A, or synthesis de novo of NAD* cofactor).
This depletes plasma stores of kynurenine and thus leaves
reduced substrate for extra-hepatic KMO production of
3-hydroxykynurenine. It was no surprise to find elevated concen-
trations of 3-hydroxykynurenine in the urine of Kmo®°=" mice
since kynurenines were originally discovered in mammalian urine
(by J.F. Liebig in 1853) and patients with end-stage renal
failure have elevated plasma 3-hydroxykynurenine concentra-
tions.®' However, it was a noteworthy finding because urine
3-hydroxykynurenine was far greater in the Kmo®?-°® mouse
line, confirming that elevated plasma concentrations in
these mice was resultant upon increased production of
3-hydroxykynurenine with saturation of the urinary excretory
capacity. Importantly, Kmo®®" mice had altered inflammatory
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gene transcription at baseline steady state, which we attribute to
elevated plasma 3-hydroxykynurenine levels.

Altered physiological observations during the SIRS in clinically
severe AP typically precedes changes in biochemical blood bio-
markers or detectable radiological changes. In preliminary
studies, we found that sick mice exhibit hypothermia and
reduced physical activity as key signs of illness behavior, and
therefore we used an implantable telemeter system to continu-
ously monitor animals throughout 7 day recovery studies. This
approach allowed objective identification of premorbid deterio-
ration and chronological insights into sickness behavior and
recovery during the experimental time course. Specifically, for
those mice that survived but had a significant reduction in
body weight, telemetry data were examined for abnormal core
temperature and locomotor behaviors. Kmo®*°"™ mice had
increased susceptibility to critical illness and organ dysfunction
over 7 days compared with control Kmo™™ mice with AP despite
having equivalent pancreatic damage indices at the 24 h time
point.

Given the observed phenotype of impaired recovery in Kmo
mice, we suppressed systemic 3-hydroxykynurenine levels using a
small-molecule KMO inhibitor, GSK898,?” to block extra-hepatic
KMO activity and revert 3-hydroxykynurenine back to low levels.
We avoided the potential confounding factor of poor oral intake af-
ter major surgery by using parenteral mini-pumps rather than oral
drug-water administration, and by implanting mini-pumps 3 days
prior to AP, we ensured a sufficient run-in time for the drug to
reduce 3-hydroxykynurenine levels. Importantly, this GSK898
was able to protect Kmo®°"® mice from developing early-onset
criticalillness inthe AP model, confirming the key role of this metab-
olite in critical illness outcomes and reinforcing the rationale for
KMO inhibition as a therapeutic strategy to protect against AP-
MODS in human AP.

When exposed to the severe inflammatory stress of experi-
mental AP (24 h time point experiment), inflammatory gene upre-
gulation was strongly exaggerated in Kmo®°°"® mice with AP
compared with the more appropriate inflammatory gene upregu-
lation response seen in Kmo" control mice with AP. This
observed alteration in gene expression profile was carried for-
ward into a functional and pathological outcome in that mice
with elevated 3-hydroxykynurenine and upregulated inflamma-
tory gene transcription developed worse critical illness and
increased mortality when compared with mice with lower levels
of 3-hydroxykynurenine.

Liver tissue RNA-seq analysis from steady-state mice with
genetically altered kynurenine pathway kinetics revealed an
altered inflammatory signature, providing mechanistic insights
into why Kmo®®-°" mice were more susceptible to critical illness
during recovery from the major inflammatory insult of experi-
mental AP. Steady-state Kmo®*°"® mice had marked elevation
in expression of genes that encode proteins with roles in lympho-
cyte activation, detoxification, and innate immunity. Kmo®°-c"¢
mice had marked downregulation of Map3k5, which encodes
ASK1, a kinase protein with a key signaling role affecting
response to cellular stressors. Importantly, in AP, Kmo@-~e
mice had marked increased expression of C4bp, Selenoprotein
K (Selenok), oncostatin M receptor (Osmr), and Tnfrsf12a genes
compared with Kmo""7 in AP. These genes encode proteins that
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play important signaling roles in the modulation of complement
(Cb4-binding protein), immune activation (selenoprotein K),
JAK/STAT signaling cytokine receptor (oncostatin-M-specific
receptor subunit B), and both classical and alternative nuclear
factor kB (NF-xB) pathways (TWEAK-Fn14), respectively. It is
likely that such key changes to the inflammatory profile in
Kmo®°"® mice correspond with an altered response to AP-
induced injury.

3-Hydroxykynurenine is known to induce apoptotic cell death
when added to cell cultures in vitro."®?" One explanation for this
effect is the production of cytotoxic levels of reactive oxygen
species. Redox-active transition metals (e.g., Cu®* and Fe*")
strongly catalyze the autooxidation of 3-hydroxykynurenine,**>*
which can thereafter spontaneously form several self-dimerized
compounds, including xanthomatin (Xan) and hydroxy-Xan (OH-
Xan) and dihydroxy-quinolinone-carboxylic acid (DHQCA).>*>°
During self-dimerization, superoxide, hydrogen peroxide,®> and
hydroxyl radicals®®® are generated, which damage DNA,*°
can activate NF-«B,°° induce apoptosis,®’ cause high intracel-
lular calcium levels,*”°%%? and release cytochrome c.'® Addi-
tionally, 3-hydroxykynurenine can react with and chemically
modify cytosolic NAD(P)H oxidase subunits, which promotes
translocation of the subunits to the plasma membrane for con-
struction of NAD(P)H oxidase, which can produce superoxide
in the process of generating NADP* from NADPH.'®

Elimination of 3-hydroxykynurenine is reliant upon excretion
or, otherwise, onward metabolism to xanthurenic acid by
KATs, or generation of 3-hydroxyanthranilate (BHAA) and
L-alanine by kynureninase, which is the major metabolic route.>”
Kynureninase, however, is heavily dependent upon coenzyme
vitamin B6, pyridoxal 5'-phosphate (PLP), and is exquisitely sen-
sitive to a lack of this compound, resulting in plasma accumula-
tion of 3-hydroxykynurenine when the supply is insufficient.®*°°
In critical illness, marginal vitamin B6 deficiency is common and
likely contributes to elevated plasma 3-hydroxykynurenine
levels.®>®® Indeed, PLP supplementation has been shown to
have cytoprotective effects by preventing oxygen radical
generation and lipid peroxidation during hydrogen peroxide
challenge.®”

Inthis article, we additionally showed that 3-hydroxykynurenine
can also potentiate apoptotic cell death in primary human vascular
endothelial cells in response to IL-1B, a cytokine that is found at
increased concentrations in both mouse and human blood in the
early stages of AP. IL-1B is made as a procytokine (pro-IL1B),
cleaved by protease caspase-1 and secreted by cells of the innate
immune system, such as monocytes and macrophages. This
may suggest that synergy between 3-hydroxykynurenine and
particular cytokines contributes to AP-MODS. Additionally,
3-hydroxykynurenine is known to potentiate the effects of other
metabolites, such as quinolinic acid, with cytotoxic effects.®®
From clinical data, it is apparent that patients most at risk of AP-
MODS are those with preexisting inflammatory states, specifically
smoking, hypertension, diabetes mellitus, and ischemic heart
disease.” Given that Kmo®®°" mice had altered inflammatory
gene signatures, we might regard Kmo®?°"® mice as having pre-
existing inflammatory gene activation. The protective effect of
KMO inhibition in AP indicates additional potential for targeting
KMO and evaluating the potential for KMO inhibition in other
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situations of excess inflammation, for example in other forms of
sterile-MODS.*®

Limitations of the study

Despite these results showing an important metabolic role for
KMO in mouse metabolism that is perturbed by both genetic
and small-molecule blockade with profound changes in
biochemical phenotype, as yet, data in humans do not yet exist
to confirm that KMO blockade results in the same altered
biochemical phenotype as shown in Figure 1, and therefore the
direct translatability of the findings presented here to human dis-
ease remain speculative. As clinical trials of KMO inhibitors prog-
ress and human data accrue, greater insight into the potential
translatability of KMO inhibition will evolve. By using Kmo®°-<r®
mice, we were able to eliminate KMO activity in hepatocytes
but not in whole liver (that also contains Kuppfer cells, cholangio-
cytes, and endothelial cells, among other cell types), yet the bulk
RNA-seq data were derived from whole liver tissue preparations.
Therefore, the interpretation of the RNA-seq data must be made
in that context. When considering survival data for all experi-
mental AP groups, because we chose to adopt a humane
endpoint as a threshold for cull as a surrogate of mortality (rather
than actual mortality), there is always the possibility that some
moribund mice could have recovered with time. However, given
the clear and objective telemetry data indicating critical iliness,
this seems unlikely. As with any complex experimental mouse
model, especially a surgical model such as that used here, there
is an inherent variability in severity; this is exemplified in Fig-
ure 4L, where the mortality and the telemetered critical illness
behavior in Figure 4P in the untreated group was not as high
as that seen in previous iterations of the model and remains un-
explained. Together, however, these limitations add nuance to
the findings presented here but do not ineffectuate the main
results.

In conclusion, our findings establish the KMO product
3-hydroxykynurenine as a key regulator of inflammation and
the innate immune response to sterile inflammatory injury. In crit-
ical illness, excess morbidity and death from multiple organ fail-
ure may be rescued by systemic KMO blockade.
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Human Lung Microvascular Endothelial Cells (HMVEC-L) Lonza #CC-2527

Human Small Airway Epithelial Cells (SAEC) Lonza #CC-2547

EGM™ Endothelial Cell Growth Medium BulletKit™ Lonza #CC-3124

SAGM™ Small Airway Epithelial Cell Growth Medium BulletKit™ Lonza #CC-3118

Human renal proximal tubule epithelial cells (HRPTEpC) Sigma #930-05A

RenaEpi Growth Medium Sigma #911-500

Experimental models: Organisms/strains

Albumin-Cre mice - B6.Cg-Speer6-ps1Tg(Alb-cre)21Mgn/J

Jackson Laboratories

RRID:IMSR_JAX:003574

Floxed KMO mice - Kmotm1a(KOMP)Witsi Our colony Ref. 10

FLP Deleter - C57BL/6-Tg(CAG-Flpe)2Arte Taconic Inc. Cat. 7089-M
Oligonucleotides

LacZ, forward, 5-GAGTTGCGTGACTACCTACGG- 3’ Sigma Custom order
LacZ, reverse, 5'-GTACCACAGCGGATGGTTCGG-3' Sigma Custom order
Kmo, forward, 5'-GCATTAAAGGACAGTCAACCTG-3’ Sigma Custom order
Kmo, reverse, 5'-CACTGGACTGT GAGTGCTTG-3' Sigma Custom order
Alb-cre forward, 5'-GCGGTCTGGCAGTAAAAACTATC-3 Sigma Custom order
Alb-cre reverse, 5'-GTGAAACAGCATTGCTGTCACTT-3’ Sigma Custom order
TagMan KMO real-time PCR probe Thermo MmO01321344_m1

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

VitalView 5.1 Starr Life Sciences Vital View 5.1

Telemetry processing algorithm Deposited on Github https://github.com/HayesAJ83/
HayesMole_CellRep.git

FlowJo software V10.1r5 Tree Star V10.1r5

Other

Rodent diet RM1 SDS Diets SDS RM1

Telemetry transmitter G2-E-mitter Starr Life Sciences G2EM

Telemetry Energizer/receiver Starr Life Sciences ER-4000

EDTA tubes (Microvette®) Sarstedt CB 300 K2E

ACE C18-PFP column; 100 x 2.1 mm int. diam 1.7 um Waters ACE C18-PFP

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Damian
Mole (damian.mole@ed.ac.uk).

Materials availability
Mouse lines used in this study are either commercially available as listed in the key resources table or available from the lead contact
on request. All other materials and reagents are commercially available.

Data and code availability

Original code for the telemetry analysis has been deposited at GitHub (provided in the key resources table) and is publicly available.
RNA-seq data have been deposited at BioStudies Array Express (www.ebi.ac.uk) and will be made publicly available as of the date of
publication. The accession number is ArrayExpress: E-MTAB-13049 and is listed in the key resources table. Any additional informa-
tion required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Ethical statement

All experiments involving the use of animals were conducted in accordance with the Animals (Scientific Procedures) Act, 1986 gov-
erned by the UK Government Home Office, and after review from The University of Edinburgh research ethics committee and vet-
erinary services. Humane cull experimental endpoints were predefined and agreed with the Named Veterinary Surgeon.

Animal welfare and humane endpoints

To test our hypothesis concerning the occurrence of critical iliness over a 7-day time course, we prospectively defined critical illness
humane endpoints as well as criteria for analgesia in consultation with veterinarians. Endpoints indicating imminent death were un-
responsiveness, severe labored breathing and sustained profound hypothermia. Core body temperature was measured by
implanted telemetry. Mice were euthanised by exsanguination under deep inhalational anesthesia using isoflurane gas in oxygen.
Criteria for euthanasia in a critically ill animal consisted of persistent and profound hypothermia (telemetered core body temperature
below 26°C), minimal response to gentle stimulation, or severe labored breathing. Mice found to be hypothermic (defined as 26 to
30°C) underwent a single resuscitation attempt, which consisted of 30-min in a warming chamber (heated box at 30°C) and admin-
istered a 0.5 mL warmed subcutaneous fluid bolus (5% dextrose-Dulbecco’s PBS wt/vol). All mice were given pre-emptive analgesia
whilst under general anesthesia immediately before laparotomy with subcutaneous buprenorphine (0.05 mg/kg body weight, in
5% dextrose-DPBS wt/vol), and a further two doses (6-8 h and 20-24 h post-operatively). Additional doses of subcutaneous
buprenorphine were given in accordance with prospectively defined criteria outlined in the cage-side clinical observation score
sheet. In anticipation of pain throughout the 7-day period, a daily supply of oral buprenorphine (0.01 mg) was provided in 0.5 mL jelly
doses.
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Mice

Throughout this study, adult male mice (>16 weeks old) were investigated. Three genetically altered mouse lines on a C57BL/6J
background have been generated by our group to study the effect of kynurenine 3-monooxygenase (Kmo) gene inactivation. These
separate mouse lines were originally derived from embryonic stem cells engineered by the International Knockout Mouse
Project (iIKOMP), using a ‘knockout-first’ approach, which has been described in detail previously.'® Briefly, a global Kmo-deleted
mouse line (referred to as Kmo™") was first engineered with FRT restriction sites flanking a transcription stop signal in exon 3 of
the Kmo gene and loxP sites flanking key Kmo gene regions. This mouse lacks KMO activity but also has the potential for conditio-
nalz(tissue-specific) knockout capability. Next, a wild-type mouse line was created by crossing (and backcrossing) Kmo™" mice with
an FLP-deleter line to excise the FRT-flanked stop signal and restore Kmo transcription (KmoFR'-9¢eted hereafter referred to
as Kmo™). Kmo™" and Kmo"! mice have been described in detail previously.’® To create hepatocyte-restricted Kmo knock-out
mice, KmoFRT-deleted mice were crossed with the Albumin-Cre B6.Cg-Tg (Alb-Cre) 21Mgn/J mice. These mice were backcrossed
for at least 6 generations to generate homozygous Kmo"F'-9¢®td and Alb-Cre positive mice. In this line Kmo deletion
occurs only in hepatocytes (hereafter referred to as Kmo®*°" mice). The genotype of each mouse was checked by standard
PCR-based genotyping of genomic DNA isolated from ear clips. The following primer sequences were used for PCR genotyping:
5-GCGGTCTGGCAGTAAAAACTATC -3’ and 5'-GTGAAACAGCATTGCTGTCACTT-3' to yield a single PCR product of 100 base
pairs representing Alb-Cre positive. Mice were housed in University of Edinburgh facilities with a 12:12-h light-dark cycle. Mice
were individually housed at least one day prior to experimentation, to acclimatise, and throughout the experimental time course,
with standardised environmental enrichment and access to RM1 diet and water ad libitum. Room air temperature was maintained
at ~23°C (range 20-26°C). All body weight measurements were performed under general anesthesia using a single instrument, which
recorded weight in grams to 2 decimal places.

Taurocholate-induced acute pancreatitis

We modified the version of a published protocol for retrograde intraductal sodium taurocholic acid (Na-TCA) solution infusion (Peri-
des et al., 2010). Briefly, at laparotomy under general anesthesia with isofluorane gas in oxygen, and under aseptic conditions, the
biliopancreatic duct was cannulated through the transduodenal route with temporary occlusion of the proximal hepatic duct with a
microclamp (Fine Science Tools 18055-06). Na-TCA (Sigma-Aldrich) in Dulbecco’s PBS (Gibco) was infused at a constant rate into
the duct with a pump (PHD pump). The duodenal puncture wound was closed with 7-0 Prolene (Ethicon). The concentration of so-
dium taurocholate injected into the pancreatic duct at laparotomy was 0.02 g/mL, with an infusate volume 50 pL, and a pump flow
rate at 10 pL/min. Laparotomy closure was performed as a running mass closure of the abdominal wall with 5-0 Mersilk (Ethicon), and
skin closed with 2x autoclips (Harvard Apparatus).

Telemetry implantation

Continuous clinical monitoring was performed using a radiotelemetry monitoring system. Telemetry transmitters (G2 E-Mitter),
energizer/receiver pads (ER-4000) and the other hardware and data acquisition software (VitalView 5.1) were purchased from Starr
Life Sciences Corporation. Aseptic surgical implantation of the telemetry transmitters was performed in anesthetized animals through
an upper midline abdominal incision. After surgical implantation, the animals recovered from anesthesia in heated box (30°C).
Telemeters and surgical instruments were cleaned using Enzystel (Tristel) and disinfected with Medistel (Tristel), in accordance
with manufactures’ instructions. Pre-emptive analgesia was given immediately prior to surgery and consisted of a subcutaneous
bolus of buprenorphine (0.05 mg/kg). After midline laparotomy under general anesthesia, the telemetry device is implanted inside
the abdominal cavity, and secured to the anterior abdominal wall with 5-0 Mersilk. Before closure, 0.5 mL PBS solution is given
as an intra-peritoneal resuscitative fluid bolus. Wounds clips were used to close skin (Harvard Apparatus). Data acquisition software
was programmed to continuously record measurements at 60-s intervals.

METHOD DETAILS

Blood preparation for flow cytometry

For analysis of the circulating blood innate immune cells population, 50 pL blood was collected from cardiac puncture and mixed 1:1
with sodium citrate aqueous (prepared as 3.8% sterile filtered) 24-h after treatment with AP induction or sham. These samples were
initially maintained on ice (during transfer) and allowed to warm to room temperature. 100 uL blood-citrate mix was incubated with
scientifically appropriate fluorescently labeled antibodies (see cell staining below) at room temperature, protected from light, for
20 min. Next, cells were fixed, and erythrocytes lysed by adding 450 pL of 1x RBC Lysis Buffer (BioLegend) in deionised H,O to sam-
ples which were gently mixed and protected from light for 10 min at room temperature. Samples were then analyzed by flow
cytometry.

Tissue preparation for flow cytometry

For analysis of innate immune cell populations in both lung and liver were immediately perfused with cold (~4°C) Dulbecco’s PBS at
time of cull by 2 x 2.5 mL via cardiac puncture, and 2.5 mL for portal vein perfusion. Harvested organs were maintained in cold
(~4°C) DMEM medium during transfer to lab for immediate processing. Weights of tissue for dissociation were measured. Mouse
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lung (#130-095-927) and liver (#130-105-807) dissociation kits and a GentleMACS dissociator were used to generate cell suspen-
sions using organ-specific programs, in accordance with the manufacturer’s instructions (Miltenyi Biotec). Cell concentrations
were determined using an automated Nucleocounter NC-100 and NucleoCassettes, in accordance with manufacturer’s instructions
(ChemoMetec). Cells for staining were incubated for 30 min with a live-dead marker, Fixable Viability Dye eFluro 455 UV (eBio-
science), at 2 to 8°C, protected from light, at final concentration of ~1:1000 to allow exclusion of dead cells. Cells suspensions
were plated at 1 X 10"6 cells per well in a volume of 30 uL, before the addition of 50 uL (1:500 concentration) CD16/CD32 mouse
BD Fc Block (BD Biosciences, #553142), to reduce non-specific binding, with an incubation for 15 min at 2 to 8°C, protected
from light. Then 20 pL of multiple stains were added, making a volume of 100 pL, and incubated for 25 min at 2 to 8°C, protected
from light. After multiple centrifuge spins, washings, and resuspensions in FACS buffer, formaldehyde fixation was added to give
a final concentration of 2% formaldehyde.

Cell staining and flow cytometry

Cells were surface stained with fluorescently labeled antibodies to: CD3-PE (clone 17A2, BioLegend #100205), CD11B-BV421 (clone
M1/70, BioLegend #101236), CD11C-PE-Cy7 (clone: N418; BioLegend #117318), CD19-PE (clone 6D5, BioLegend 115508), CD45-
AF700 (clone 30-F11, BioLegend #103128), CD64-APC (clone FcyRl, BioLegend #139306), CD115-APC (clone: CSF-1R; BioLegend
#135510), F4/80-APC (clone CI:A3-1, AbD Serotec #MCA497APCT), Ly6C-FITC (clone HK1.4, BioLegend #128006), Ly6G-PerCP/
Cy5.5 (clone 1A8; BioLegend #127616), MHCII-APC/Fire 750 (clone I-A/I-E, BiolLegend, #107652), NK1.1-PE (clone PK136,
BioLegend #108708), Siglec-F-PE-CF594 (clone E50-2440; BD Bioscience, #562757). Blood leukocytes were characterised as:
CD45*, lineage™ (CD3’CD19/NK1.1), Siglec F~, CD11b"™, Ly6G" (neutrophils); CD45*, lineage ™ (CD3/CD19/NK1.1), CD11b™, Siglec
F* (eosinophils); CD45", lineage™ (CD3/CD19/NK1.1), CD11b*, Siglec F~, Ly6G~, CD115* (monocytes). Monocytes were further
characterised as a pro-inflammatory subgroup by LyBC™. Liver leukocytes were characterised as: CD45*, live, lineage™
(CD3/CD19/NK1.1), CD11b", Ly6G" (neutrophils); CD45™, live, lineage™ (CD3/CD19/NK1.1), LyBG ™, Siglec F~, CD11b'°, F4/80"
(Kupffer cell monocytes); CD45", live, lineage™ (CD3/CD19/NK1.1), CD11b*, non-neutrophils (not CD11b"/Ly6G"), F4/80"°, non-
DCs (not CD11c+/MHC II+) (infiltrative monocytes). Infiltrative monocytes were further characterised as a pro-inflammatory subgroup
by Ly6CM. Lung leukocytes were characterised as: CD45*, lineage™ (CD3/CD19/NK1.1), Siglec F~, CD11b", Ly6G" (neutrophils);
CD45*, lineage™ (CD3'CD19/NK1.1), CD11b", Siglec F* (eosinophils); CD45*, lineage™ (CD3’CD19/NK1.1), CD11b*, Siglec F~,
Ly6G~, CD64* (monocytes). Monocytes were further characterised as a Ly6C™ subgroup. Samples were analyzed using Fortessa
LSRII flow cytometer (BD Biosciences), using stained and unstained cells, along with beads (UltraComp eBeads, eBioscience) to
perform necessary prior compensations. FMO (fluorescence minus one) controls, unstained cells and heated dead cells samples
were used to assist in thresholding gated populations. At the laboratory bench, the analyst was blinded to the treatments using
anonymising sample codes, and data was analyzed using FlowJo software V10.1r5 (Tree Star).

Plasma cytokine assay

Blood samples were taken by cardiac blood sampling under terminal anesthesia, transferred to EDTA tubes (Microvette,CB 300 K2E,
Sarstedt) and centrifuged at 5,000 rpm (2380 RCF) for 3-min (Biofuge Pico, Heraeus), and plasma frozen on dry ice and transferred to
storage at —80°C. Evaluation for cytokine levels was performed with Meso Scale Discovery (Rockville) technology using V-PLEX
Proinflammatory Panel1 mouse kits, run in accordance with the manufacturer’s instructions. At the laboratory bench, the analyst
was blinded to the treatments using anonymising sample codes and samples were run in duplicate.

Clinical biochemical assays

Plasma amylase, albumin, ALT, glucose, LDH, and urea were analyzed using commercial kits (Alpha Laboratories Ltd) adapted for
use on a Cobas Fara centrifugal analyser (Roche diagnostics Ltd). At the laboratory bench, the analyst was blinded to the treatments
using anonymising sample codes.

Liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis of tryptophan metabolites

Plasma samples were diluted at a 1:1 ratio with 4% phosphoric acid and internal standard(s) added as appropriate (e.g., 50 ng deuter-
ated tryptophan; d5-tryptophan). To allow quantification, a calibration curve was made using an array of aqueous standards
prepared by serial dilution (100, 50, 20, 10, 5, 2, 1, 0.5, 0.2, 0.1 ng) with the following compounds: tryptophan, kynurenine, kynurenic
acid, 3-hydroxykynurenine, anthranilic acid, 3-hydroxyanthranilic acid, quinolinic acid and xanthurenic acid (Sigma-Aldrich). For both
plasma and urine, the internal standard (e.g., 50 ng d5-tryptophan or d5-kynurenic acid) was added before a 1:1 dilution in 4% phos-
phoric acid (AnalaR, VWR) in HPLC grade H,O (Fisher Scientific). For analysis of plasma alone, standards were first suspended in 1%
bovine serum albumin (Sigma- Aldrich) as a surrogate plasma matrix. At the laboratory bench, the analyst was blinded to the treat-
ments with the use of anonymising sample codes. Each sample and aqueous standard was transferred to a well in a 96-well plate
(Waters Oasis HLB, 10 mg sorbent, 30 um particle size) and vacuumed to dryness, washed, and dried. Extracts were washed
with water and eluted with 80% methanol (HPLC grade from Fisher Scientific). The elute was dried by nitrogen gas flow at 60°C
and 30 L/min. Dried extracts were re-suspended in 100 uL 30% methanol in HPLC grade water. Ten-ul volumes of each suspended
extract were injected onto a column (Ace C18-PFP column; 100 x 2.1 mm internal diameter, 1.7 um) using a Shimadzu Nexera MP
UHPLC liquid chromatography system linked to a QTRAP 6500 mass spectrometer (Sciex). The flow rate was set at 0.4 mL/min at
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40°C. Separation was carried out using mobile phase A — 0.1% formic acid (in HPLC grade H,0) and mobile phase B - 0.1% formic
acid (in HPLC grade methanol). Data was acquired and processed using Analyst 3.0 software ABI (Sciex). All peaks were individually
checked before analysis.

Isotope tracer studies

A mixture containing 50 pg/mL tryptophan-indole-ds (Sigma-Aldrich) and 50 pg/mL '3Cg-3-hydroxykynurenine (Sigma-Aldrich) was
made in Dulbecco’s PBS (Gibco). Age-matched adult male mice from each line (Kmo™", Kmo"!, Kmo®*=®) were anesthetized,
weighed, and a weight-adjusted dose injected intravenously by the tail vein (or penile vein as second line). After 20-min post-injection,
still under anesthesia, blood was sampled by cardiac puncture and available urine sampled by urinary bladder puncture. Plasma was
stored after collection in EDTA tubes (Microvette,CB 300 K2E, Sarstedt) and centrifuged at 5,000 rpm (2380 RCF) for 3-min (Biofuge
Pico, Heraeus). Plasma and urine were frozen on dry ice and transferred to storage at —80°C until measured by LC-MS/MS.

Micro-osmotic pump KMOi drug study

A 50:50 mixture of DMSO:Polyethylene glycol 400 was used to dissolve a KMO inhibitor small molecule GSK898 (supplied by
GlaxoSmithKline), or else DMSO:PEG-400 alone for vehicle treatment. Under sterile conditions, the reservoir (100 uL) of osmotic
pumps (1002, ALZET) which were designed to administer 0.25 uL per hour for 14 days, were filled with drug or vehicle and the
flow moderator fully inserted. Each pump, including moderator, was weighed before and after injection to evidence filling, and primed
overnight by incubation in sterile PBS at 37°C. Mice were randomised to KMOi treatment or vehicle, and pumps implanted into the
scruff of mice under short inhalational anesthesia, and under aseptic conditions, 3-days prior to induction of AP. Skin closure was
performed with an autoclip (Harvard Apparatus).

Pancreas injury histology scoring

Pancreas scoring was conducted by an experience mouse histopathologist (JB) who was blinded to the mouse line and treatment
allocation. The histological scoring for acute pancreatitis has been described by others and gives a total score of 0-9, with equal
weighting to oedema (0-3), inflammatory cell infiltrate (0-3) and acinar necrosis (0-3).%°

Gene expression profiling

The expression of liver, lung and spleen genes were measured by TagMan real-time PCR using Applied Biosystems 7900HT Fast
Real-Time PCR System. mRNA for Kmo (Mm01321344_m1) was monitored using commercial primer and probe sets (from
ThermoFisher Scientific).

Caspase 3 and 7 activity assays

Human Lung Microvascular Endothelial Cells (HMVEC-L; #CC-2527) and Human Small Airway Epithelial Cells (SAEC; #CC-2547)
were supplied by Lonza and cultured in Endothelial Cell Growth Basal Medium-2 (EBM-2) and Small Airway Epithelial Growth
Medium (SAGM), respectively. Human renal proximal tubule epithelial cells (HRPTEpC; #930-05A) were supplied by Sigma-
Aldrich and cultured in RenaEpi Growth Medium. 5 x 1074 cells per well of HMVEC-L or SAEC cells, and 2.5 x 10°4 HRPTEpC cells
per well were seeded on a white flat-bottomed plate with volume made up to 200 uL and incubated at 24-h at 37°C, 5% CO,_ 20 uL
medium was discarded from each well and 20 pL of treatment medium was then added to each designated well. Treatments
comprised individual metabolites: tryptophan, kynurenine, kynurenic acid, 3-hydroxykynurenine, 3-hydroxy-anthranilic acid and
xanthurenic acid or quinolinic acid (Sigma-Aldrich) with or without cytokines. Cytokine treatments comprised human interleukins-
1B, —6 or —10 (Miltenyi Biotec). All metabolites were dissolved in sterile filtered dimethyl sulphoxide (DMSO from Sigma-Aldrich).
For HMVEC-L studies, a final concentration of 0.5% DMSO (vol/vol) to cells was used, including caspase-activator control Stauro-
sporin (Sigma-Aldrich #55921). Because pilot data showed DMSO-induced toxicity at 0.5% in SAEC cells, the concentration was
reduced to 0.2% DMSO (vol/vol) for SAEC and HRPTEpC cells. Plates were gently agitated to mix, and cells incubated with treat-
ments for 4-h at 37°C, 5% CO,. 100 pL supernatant was discarded and 100 uL of Caspase-Glo reagent (Promega #G8091) was
added to each well. Plates were gently mixed and incubated at 37°C, 5% CO, for 90-min for HMVEC-L or SAEC, and 105 min for
HRPTEpPC cells. For HMVEC-L studies, luminescence was read on an automated Tecan Infinite M1000 plate reader with OD1 atten-
uation and a 1000 ms integration time, and for SAEC and HRPTEpC cells a Promega Glomax Multi+ Detection system was used to
quantify luminescence, with a 500 ms integration time.

Cell viability assay

SAECs were cultured in SAGM and seeded at 5 x 1074 cells per well in a transparent flat-bottomed plate and made up to 200 pL.
HRPTEpCs were seeded at 2.5 x 104 cells per well in a transparent flat-bottomed plate using RenaEpi Growth Medium and
made up to 200 plL. Seeded plates were incubated for 24-h at 37°C, 5% CO,. 20 uL medium was discarded from each well and
20 plL of treatment medium was then added to each designated well. Treatments comprised individual metabolites: tryptophan, ky-
nurenine, kynurenic acid, 3-hydroxykynurenine, 3-hydroxy-anthranilic acid and quinolinic acid (Sigma-Aldrich) with or without human
interleukins-1p (Miltenyi Biotec). All metabolites were dissolved in sterile filtered in 0.2% DMSO (vol/vol) to cells. Wells were gently
mixed before re-incubation at 37°C, 5% CO, for 24-h. Thereafter, for each well, 100 pL supernatant was removed before the addition
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of 10 uL Alamar Blue cell viability assay reagent (ThermoFisher). Plates were gently agitated to mix, and a 2-h incubation at 37°C, 5%
CO, completed. Fluorescence was read on a Promega Glomax Multi+ Detection system, using green fluorescence filter (Ex 525, Em
580-640).

QUANTIFICATION AND STATISTICAL ANALYSIS

Telemetry data processing for visualization

Telemetry data was stored as comma-separated value (CSV) files using VitalView (version 5.1). Data recording began from the
midpoint of the light-phase (see Figure 3D) which was denoted as zeitgeber time 0-h (ZT0) to align recorded behaviors of interest
(activity and temperature) as these are under circadian regulation. Data files were processed using open-source scientific tools
for Python using the Anaconda Software Distribution (version 2-2.4.0.) The Python program code, which specifies the Python li-
braries utilised, and the primary telemetry CSV files, are available on a Github repository at the following URL: https://github.com/
HayesAJ83/HayesMole_CellRep.git. The program code was used to produce data visualisations in Figures 3E, 3F and 4P.

Telemetry data statistical data analysis

Rolling average hourly mean core body temperature measurements Y,,, ; were calculated for each mouse m at hour . The first 11 h of
telemetry data (from ZTO to ZT11, i.e., 13:00-h to 24:00-h) were removed from calculations as this early post-operative period had
marked altered variability that would impair analyses. To estimate variability for each mouse, the following equation was used:

Wi, = {ym/. _%} 573

and the standard deviation was estimated robustly as the median absolute deviation of W, for every third j, to avoid dependence.
The first and the last observations were excluded. These standard deviations are plotted in Figure 3K.

A collective physiological recovery profile, using the Kmo"' sham control group mice, was calculated to define prediction band
within which recovery data from this group are expected to lie (with 0.05 «. level) which are defined as:

1 _ .
< (HW) % G roup * s ((1 - a)1/J> for allj 1 :J}

where VG,OUPJ is the mean at hour j among the mice in the considered group (e.g. Kmo*! sham), |Group| is the number of mice in the
considered group, J is the number of hourly observations per mouse, ts(«) is (1-¢)100% quantile of Student’s t distribution with s
degrees of freedom, s = (|Group|-1) *J, and

~ 1 .,
Toroup = J (|Group| — 1) Z{ > (Yo =) }
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{anew,j el:J: VGroup,i - Y/-new

This formula works under the assumption that the variance is the same for each time point and for each mouse within the group,
and that the observations have normal distribution. Control prediction bands are shown in Figures 3l and 3J as dotted red error bars.

RNA-seq data analysis

RNA sequencing (RNAseq) data analysis was performed as follows: Firstly, data quality checks were completed with FastQC (version
0.11.7). Read trimming was performed with Trimmomatic (version 0.36) with java/jdk (version 1.8.0). RNA-seq read alignment was
performed with STAR (version 2.5.3a). Read counting was performed with featureCounts (Subread version 1.5.2). Differential
gene expression analysis between conditions and likelihood ratio tests (to select top genes) were performed with DESeq2 (version
1.20) with R (version 3.5.0). For visualisation purposes, data was transformed using rlog in DESeq?2 (log2 transformation and library
size-normalisation) and row scaling was applied ((value - mean)/sd). Reactome pathway analysis and visualisation were performed
using ReactomePA.?> Metabolomics data were analyzed using MetaboAnalyst (v3.0).°° Pre-processing consisted of quantile normal-
isation, log transformation and mean-scaling. The tests chosen for the pathway analysis were 'global test’ and ’relative-betweenness
centrality test’ and KEGG data was used.

Statistics and power analyses

Conformity of data to the normal distribution was assessed by one-sample Kolmogorov-Smirnov with Lilliefors Significance Correc-
tion and Shapiro-Wilk tests. The Levene statistic was used to test homogeneity of variance between groups. Two group data that
were normally distributed were compared by unpaired t test, and non-parametric two-group data were compared by the Mann-
Whitney U test. Multiple groups of normally distributed data were compared by ordinary one-way analysis of variance (ANOVA).
Where significant, pairwise post hoc comparisons were performed by Tukey’s multiple comparison test if the data met the homoge-
neity of variance assumption, or by Games-Howell test where the data had unequal variances. Multiple groups including non-para-
metric data were tested by Kruskal-Wallis H test and post hoc pairwise comparisons made using the Dunn-Bonferroni approach.
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two-way ANOVA was used to compare two categorical variables on a continuous variable. All statistical tests were based on a two-
sided a-value of 0.05. Comparison of survival curves was conducted with Log rank (Mantel-Cox) test.

Power calculations were performed using G*Power (v3.1.9.4) software. A priori analysis was performed where suitable data were
available, otherwise post hoc power calculations were performed. The following input parameters were routinely used: 2-tailed, o
error probability of 0.05, and power (1-f error probability) > 0.9. Cohen’s measures for the effect size d were determined with group
means and standard deviations. Specifically, qRT-PCR (Figure 1B) sample size and power calculations were assessed post-hoc from
mean values and standard deviations using liver Kmo gene expression values [Log10(2*-ddCT)] between Kmo deleted mice, Kmo™"
(mean = 2e-10, SD = 0.7757) and liver-restricted knockout mice, Kmo®*°® (mean = 1.332; SD = 0.157), giving an effect size d = 2.38
and power 0.96. Regarding metabolite concentrations, effect and sample size were used to calculate power post-hoc from mean
values and standard deviations using concentrations of kynurenine, the substrate of KMO enzyme, between Kmo deleted mice,
Kmo™" (mean = 61.4 uM, SD = 20.3 uM) and liver-restricted knockout mice, Kmo®*-°"® (mean = 24.8 uM; SD = 6.6 uM), giving an
effect size d = 2.42 and the power 0.96. The effect and sample size were used to calculate power mouse weights (Figure S2E) initially
from n = 10 per group (three groups): d = 0.75, with a power 0.95, gave a sample size n = 33. For 24-h analysis, post-hoc analysis on
available data from blinded histological scoring (Kmo"! n = 16, and Kmo®®"® n = 14), revealed an adequately powered experiment,
with d = 0.815, giving a power 0.93. Blood samples from these same subjects were used for amylase testing, which on post-hoc
analysis were sufficiently sized cohorts to power the experiment sufficiently, with a power 0.95. For consistency, these same subjects
were used for testing albumin, glucose, ALT, LDH and urea (supplementary 4E-4l). In line with 3Rs, all efforts to maximise yield of
samples was made from the outset, and as there were separate groups of mice used for multi-organ histological storage and other
groups used for multi-organ flow cytometry, there were greater numbers of subject with stored plasma available for measurement of
circulating cytokine concentrations than for histology alone. Specifically, there was up to n = 11 for all groups. Post-hoc power anal-
ysis using Kmo"! sham and AP data, calculated d = 1.672 and gave a power 0.96 with n = 11. Data were analyzed using IBM SPSS
Statistics version 23.0 (IBM Corp., Armonk, NY, USA) and GraphPad Prism v7.0. p values <0.05 were considered statistically
significant.
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