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ORIGINAL ARTICLE

Colonic microbiota can promote rapid local
improvement of murine colitis by thioguanine
independently of T lymphocytes and host

metabolism

| Oancea, " R Mowva, "3 | Das," D Aguirre de Cércer,* V Schreiber,"? Y Yang, >
A Purdon, "2 BIHarrington,“2 M Proctor,"? R Wang," Y Sheng,"? M Lobb,°
R Lourie,"? P O Cufv,>” J A Duley,*® J Begun,"*® T H J Florin"*®

ABSTRACT

Objective Mercaptopurine (MP) and pro-drug
azathioprine are ‘first-line" oral therapies for maintaining
remission in IBD. It is believed that their
pharmacodynamic action is due to a slow cumulative
decrease in activated lymphocytes homing to inflamed
gut. We examined the role of host metabolism,
lymphocytes and microbiome for the amelioration of
colitis by the related thioguanine (TG).

Design C57BI/6 mice with or without specific genes
altered to elucidate mechanisms responsible for TG's
actions were treated daily with oral or intrarectal TG, MP
or water. Disease activity was scored daily. At sacrifice,
colonic histology, cytokine message, caecal luminal and
mucosal microbiomes were analysed.

Results Oral and intrarectal TG but not MP rapidly
ameliorated spontaneous chronic colitis in Winnie mice
(point mutation in Muc2 secretory mucin). TG
ameliorated dextran sodium sulfate-induced chronic
colitis in wild-type (WT) mice and in mice lacking T and
B lymphocytes. Remarkably, colitis improved without
immunosuppressive effects in the absence of host
hypoxanthine (guanine) phosphoribosyltransferase
(Hprt)-mediated conversion of TG to active drug, the
thioguanine nucleotides (TGN). Colonic bacteria
converted TG and less so MP to TGN, consistent with
intestinal bacterial conversion of TG to so reduce
inflammation in the mice lacking host Hprt. TG rapidly
induced autophagic flux in epithelial, macrophage and
WT but not Hprt™'~ fibroblast cell lines and augmented
epithelial intracellular bacterial killing.

Conclusions Treatment by TG is not necessarily
dependent on the adaptive immune system. TG is a
more efficacious treatment than MP in Winnie
spontaneous colitis. Rapid local bacterial conversion of
TG correlated with decreased intestinal inflammation and
immune activation.

INTRODUCTION

The pathogenesis of IBD is multifactorial, involving
interplay between the intestinal luminal environment,
the intestinal epithelial barrier and adaptive and
innate immune responses. The immune response is
the target of most medical treatments for
IBD. Glucocorticosteroids, (anti-tumour necrosis

Significance of this study

What is already known on this subject?

» Azathioprine or mercaptopurine (MP) are
pro-drugs that require liver and white blood
cell conversion of the pro-drug to an
active metabolite, to arrest proliferation of
activated T lymphocytes and induce
apoptosis.

» These thiopurines are associated with many
unwanted side effects, which limit their use, so
necessitating other often more expensive
treatments.

» The side effects include off-target effects on
the liver and bone marrow, as well as
pancreatitis, drug fever and myalgias.

What are the new findings?

» Mediation of the beneficial clinical action of
one of the thiopurines, thioguanine (TG), can
occur independently of lymphocytes.

» The action can be mediated independently of
host conversion to the active metabolite.

» An alternative route of conversion of TG
pro-drug is via bacteria. Full conversion of a
pro-drug to an active drug by gut bacteria has
not been previously reported.

» Oral and intrarectal TG act more
efficaciously than MP in our in vivo
mouse models.

» In vitro, TG effects a rapid augmentation of
autophagy and intracellular bacterial killing by
gut epithelial cells.

How might it impact on clinical practice in

the foreseeable future?

» Preferential delivery of TG to sites of intestinal
inflammation in 1BD would decrease
inflammation and immune activation, leading
to rapid treatment responses while avoiding the
unwanted effects occurring with predominant
portal and blood leucocyte metabolism. Thus,
targeted delivery of TG to take advantage of
local conversion could reshape oral therapy for
Crohn’s and ulcerative colitis.
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Inflammatory bowel disease

factor-alpha (TNF-0)) drugs, thiopurines, methotrexate and calci-
neurin inhibitors all act by modulating the immune response,
although other mechanisms of action are not excluded as recently
shown for glucocorticosteroids.!

The commonly used oral treatments to maintain remission of
moderate to severe IBD, the thiopurine pro-drugs, azathioprine
and mercaptopurine (MP),? * are believed to act via (i) competi-
tive binding of the nucleotide metabolite, thioguanosine tri-
phosphate (thioGTP), to ras-related C3 botulinum toxin
substrate 1 (RAC1) inducing apoptosis in activated CD4+ T
lymphocytes,* (ii) effects of thiopurine nucleotide (TGN) meta-
bolites on lymphocytes to arrest proliferating T lymphocytes®
and (iii) generation of methyl-thioinosine monophosphate
(methyl-thioIMP) by thiopurine methyltransferase to inhibit de
novo synthesis of purines.® Thioguanine (TG), another thiopur-
ine pro-drug, is thought to work similarly via thioGTP but
without generation of methyl-thiolMP TG may also have a clin-
ically faster onset of action’” than azathioprine or MP;
however, it is used infrequently because of dose-related vascular
liver toxicity that can arise from rapid generation of thioGTP
or related metabolites in the portal circulation.'®

It is now widely accepted that the microbial community resi-
dent in the gut is a key factor in the aetiology of IBD.
Mucosal inflammation in IBD is associated with an altered gut
microbiota that is characterised by decreased microbial diver-
sity at a species level and ‘dysbiosis’ that may be due to prefer-
ential colonisation of the inflammatory niche.'' '* The
microbiota may also play a causal role in the chronic inflamma-
tion of IBD as described in reports of transmissible colitis in
some experimental models."* Genome-wide association studies
of IBD have identified multiple pathways related to microbial
responses emphasising the importance of the host-microbiome
interaction for the pathogenesis of IBD.' In particular, the
autophagy pathway is a highly conserved homeostatic pathway
that has been implicated in a variety of cellular processes,
including the control of intracellular bacteria and production
of pro-inflammatory cytokines.'® Interest persists in the role of
antibiotics for treatment of IBD, in particular Crohn’s
disease'® 7 and recent studies have reported a possible role
for manipulation of the microbiome through faecal microbial
transplantation.'®

In this paper, we show that TG can act independently of
the adaptive immune system. This can occur via bacterial activa-
tion in the absence of host metabolism and/or local mucosal
metabolism of TG, which may avoid the requirement for high
concentrations of thioGTP in the systemic circulation for its
action. Thus, local delivery of TG to the intestinal sites of active
IBD could treat intestinal inflammation rapidly without
adversely affecting the liver, the systemic immune system or
haematopoiesis.

MATERIALS AND METHODS

Animal experiments and treatments

All animal experiments were approved by the University of
Queensland Animal Ethics Committee. C57Bl/6 wild-type (WT)
mice were purchased from the Animal Resource Authority,
Western Australia, and hypoxanthine (guanine) phosphoribosyl-
transferase (Hprt)™~, Winnie and RaW mice were bred in-house
in a pathogen-free animal facility. Male and or female mice were
intragastrically gavaged daily with either vehicle control or thio-
purine drugs (TG or MP) for periods between 14 and 28 days.
TG or MP was also administered intrarectally to Winnie mice.
TG (molecular weight (MW) 167, Sigma) was prepared as a sus-
pension in water and mixed thoroughly before administration.

MP (MW 170, MP monohydrate Sigma) was dissolved in water.
Vehicle control was water.

Dextran sodium sulfate (DSS) (36-50 kDa; MP Biochemicals)
was administered in the drinking water chronically (0.5% (w/v)
for four cycles of 5 days on, followed by seven (first two cycles)
or 9 days off (last two cycles).

Histological colitis scoring

Histological assessment of spontaneous and DSS-induced colitis
was performed blinded to mouse genotype and treatment as
previously described.

Diarrhoea scores

Diarrhoea scoring for both spontaneous and DSS-induced colitis
was performed daily by unblinded multiple scorers for the dur-
ation of the experiments'® (see online supplementary data).

Supplementary data

See online supplementary data for methods on RNA extraction,
cDNA synthesis and gene expression, sample collection and
microbiome analysis,”®>¢ fluorescent activated cell sorting
(FACS) analysis, TGN measurement,”” cell cultures, autophagy
and bacterial replication assays,”® organoid cultures and treat-
ment,”’ operational taxonomic unit (MTS) cell viability assay
and primers (supplementary table 1).

Statistics and analysis

Mann-Whitney was used for non-parametric data that were
graphed as box-and-whisker plots with median, quartiles and
range. For the time and dose-related experiments, the signifi-
cance was assessed by two-way analysis of variance (ANOVA)
with Bonferroni post-test corrections. The significance of a
result is shown by a * to indicate test versus WT TG 0 mg/kg
and a * to indicate test versus Hprt™'~, Winnie or RaW TG
0 mg/kg. Statistics: * or * or ¥p<0.05, ** or ** or ¥¥p<0.01,
#rx op FEE or 88K520.001.

RESULTS
High-dose TG improved the spontaneous colitis in the
Winnie model of UC in 14 days
Winnie mice develop a spontaneous colitis resembling UC,
which emerges by 4 weeks of age. The initiating factor is a
defect in goblet cell mucin production due to a single nucleotide
polymorphism in the D3 domain of Muc2, which leads to
protein misfolding and endoplasmic reticulum (ER) stress in the
mucin-secreting cells, resulting in a Thl7 predominant
colitis.! 1730 31

Juvenile Winnie and WT C57Bl/6 (WT) control mice were
gavaged daily with either vehicle control or TG at concentra-
tions of 0.5, 1 or 2.5 mg/kg for up to 14 days to investigate the
effect of this thiopurine drug treatment on the spontaneous
colitis. TG ameliorated the spontaneous colitis in a dose-
dependent manner (figure 1A). Both the colitis and its improve-
ment with treatment (figure 1A, B) were more marked in the
distal colon (DC) of the Winnie mice consistent with previous
reports.’® 32 The Thl and Th17 mRNA for inflammatory
cytokines Tuf-a, interleukin (Il)-1b, interferon-gamma (Ifn-y)
and II-17 characteristic for the immune response in this colitis
model were decreased in the treatment groups in both prox-
imal colon (PC) and DC (figure 1C). Conventional H&E hist-
ology and scoring revealed a decreased inflammatory infiltrate
and a dose-dependent restoration of goblet cell morphology,
crypt architecture and length and a decreased number of crypt
abscesses and mucosal erosions (see online supplementary
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Figure 1 Acute administration of thioguanine (TG) improved spontaneous Winnie murine colitis. C57Bl/6 (wild-type (WT), open symbols) and

Winnie (grey symbols) were daily gavaged TG 0, 0.5, 1 or 2.5 mg/kg for up to 14 days. (A) Blinded scoring of histological colitis for proximal colon
(PC) and distal colon (DC); (B) representative H&E for PC and DC of WT and Winnie treated with daily TG 0 or 2.5 mg/kg and (C) mRNA fold change
normalised to B-actin gene and to WT control of Tnf-c, Ifn-y, interleukin (/l)-1b, II-17 and Muc2. Box-and-whisker plots of median, quartiles and
range, N=4-6. Symbols: *versus WT TG 0 mg/kg; *versus Winnie TG 0 mg/kg. Statistical analysis: Mann-Whitney non-parametric test. Scale

bar=100 um.

figure S1A). Mucin production was restored as evidenced by
the H&E histology, increased expression of Muc2 (figure 1C)
and the mucin-specific Agr2 chaperone (see online supplemen-
tary figure S2). ER stress and the unfolded protein response
were diminished with treatment as shown by decreased tran-
scription of Grp78 (see online supplementary figure S2) and
sXbpl (see online supplementary figure S2). There was an
inverse correlation between amelioration of colitis and the per-
ipheral white blood cell (WBC) count in TG-treated Winnie
(see online supplementary figure S1B), consistent with a dose-
dependent immunosuppression.

Administration of clinically relevant low dose of TG (but not
MP) over 28 days improved the spontaneous colitis in

Winnie and also chronic DSS-induced colitis in WT mice
Low-dose TG (0.5 mg/kg/day) did not acutely improve the
histological colitis score at 14 days of administration, but this
dose was associated with decreased Il-17 message (figure 1C),
suggesting that a longer administration of the lower dose could
potentially improve the disease. Therefore, a clinically more rele-
vant scenario for TG was tested by comparing 0.5 mg/kg/day
TG for 28 days with a suprapharmacological dose (2.5 mg/kg/

day) of the widely used thiopurine drug, MB for 28 days. (The
daily doses of TG and MP for IBD in patients with normal thio-
purine methyltransferase activity are 0.4 and 1.5 mg/kg,
respectively.)

TG but not MP improved blinded histological colitis scores in
both PC and DC (figure 2C). TG but not MP trended to reduce
peripheral blood leucocytes (p=0.09, figure 2A). Winnie mice
improved with TG but not with MP over the 28 days with
respect to the combined diarrhoea and rectal bleeding score
(figure 2B), but the colon weight/length ratio was unchanged
(see online supplementary figure S3A).

Low-dose TG also ameliorated chronic colitis induced in
C57Bl/6 WT by 0.5% DSS administration in drinking water for
four cycles. These mice were daily gavaged TG 0.5 mg/kg from
day 25 for a total of 28 days (last two on—off DSS cycles). The
DSS colitis was improved with TG as evidenced by total colitis
scores (see online supplementary figure S3B-E) and immune
and epithelial damage subscores (see online supplementary
figure S3F). The TG treatment was associated with decreased
peripheral WBCs in both DSS-treated and untreated WT mice
(see online supplementary figure S3G). The combined diarrhoea
score and colon weight were significantly improved with TG,
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Figure 2

Administration of a clinically relevant low dose of thioguanine (TG) improved spontaneous Winnie colitis. (A—C): Winnie mice were daily

gavaged with either TG 0, 0.5 or mercaptopurine (MP) 2.5 mg/kg/day for 28 days. (A) Peripheral white blood cell (WBC) count; (B) combined
diarrhoea score one-way ANOVA p<0.05 at 28 days and (C ( ) histological colitis scores for proximal colon (PC) and distal colon (DC) in Winnie. (D and

E) Acute administration of TG in Winnie and RaW (Rag

~xWinnie) mice daily gavaged TG 0 or 2.5 mg/kg/day for up to 14 days; (D) histological

colitis scores for PC and DC in Winnie (light grey symbols) and RalW (dark symbols); (E) representative H&E/Alcian blue staining for DC of Winnie
and RalW m/ce treated with daily TG 0 or 2.5 mg/kg for 12 days. Statistical analysis: Mann-Whitney non-parametric test. Symbols:*versus Winnie TG

0 mag/kg; *versus RaW TG 0 mg/kg.

but not total body weight or colon length (see online supple-
mentary figure S3B-D).

The results of this section overall confirm (i) that TG acts
more efficaciously than MP in these murine models and (ii) that
there is an inverse association between cumulative dose and
leucocyte counts, consistent with the clinical experience with
these immunomodulatory drugs in IBD. Thus, total mesenteric
lymph node (MLN) cell numbers expectedly increased with
DSS treatment in association with the DSS-induced colitis in
WT, but were reduced by TG treatment (see online supplemen-
tary figure S3H). Interestingly, this was related to decreased
numbers of MLN CD3e+CD4+ lymphocytes, as well as
decreased MLN CD11b+ myeloid cells and CD11c+major
histocompatibility complex class I (MHCII+) dendritic cells,
which were significantly reduced by the low-dose TG treatment
(see online supplementary figure S3I). MLN CD19+ and CD8
+ lymphocytes were not altered (data not shown).

TG had a therapeutic effect independent of T lymphocytes

To further explore the immunomodulatory effect of TG on dif-
ferent leucocyte subtypes and compartments, the impact of
daily TG on the bone marrow (BM) and spleen was assessed in
WT animals treated with TG doses between 0.05 and 5 mg/kg

for up to 28 days. Unsurprisingly, TG dose inversely correlated
with BM leucocyte number (see online supplementary figure
S4A) but interestingly, while FACS analysis showed that there
were proportionate decreases in CD3e—CD19+ B lymphocytes
and CD3e-CD11b+ myeloid cells, the CD3e+CD4+ and
CD3e+CD8+ T lymphocyte fractions were not proportion-
ately decreased in BM (see online supplementary figure S4A,
B). In the spleen, CD3e+CD4+ and CD3e+CD4+CD69+
T helper cell numbers were decreased following administra-
tion of TG for 28 days, but there was also a reduction in
CD3e-CD19+ B Ilymphocytes (see online supplementary
figure S4C, D).

Our group previously published that T lymphocytes and B
lymphocytes are not required for the occurrence of spontaneous
colitis in Winnie mice. WinniexRagl_/ ~ (RaW) mice are Winnie
mice that lack T lymphocytes and B lymphocytes.>® RaW mice
spontaneously develop a colitis phenotype with more proximal
disease than Winnie. In an experiment with Winnie and RaW
mice strains, TG 2.5 mg/kg administration for up to 14 days
improved colon weight/length ratio (see online supplementary
figure S5A), improved blinded histological PC and DC colitis
scores (figure 2D) and restored goblet cell morphology in
both RaW and Winnie mice (figure 2E). The TG treatment was
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associated with decreased inflammation (improved Ifn-y, II-1p)
and increased Muc2 expression in both the PC and DC of
RaW mice and the Winnie controls (see online supplementary
figure SSB).

Taken altogether, these data show that TG ameliorates colitis
through adaptive T lymphocyte-mediated immune responses® °
and innate immunity.

Low-dose TG improved chronic DSS-induced colitis in
Hprt™~ mice
ThioGTB the most abundant of the TGN (thioGME, thioGDE,
thioGTP) within leucocytes,>® 3* is required for the action of
TG. We hypothesised that TG would not improve chronic DSS
colitis in Hprt™~ mice because of the absolute requirement for
HPRT enzyme for the synthesis of thioguanine nucleotides
(TGN) from TG pro-drug.'®

Unexpectedly, in the DSS-induced colitis in Hprt™'~ mice, TG
treatment was associated with improvement in all of the
outcome measures: the disease activity index that includes

diarrhoea, body weight change and rectal bleeding scores, colon
weight/length ratio (figure 3A, B), colon weight (see online sup-
plementary figure S6A) and blinded histological colitis scores
of the different colonic segments (figure 3C, see online supple-
mentary figure S6B). Representative H&E histology showed a
more normal epithelium with intact goblet cells (figure 3D). As
expected, TG treatment was not associated with immunosup-
pression in Hprt™'~ mice since immunosuppression is related to
generation of thioGTP (figure 3E). In addition, MLN cell
counts in the Hprt ™~ mice were expectedly increased by DSS in
association with colitis but not depressed by TG (figure 3F).
CD3e+CD4+, CD11b+ and CD11c+MHCII+ subset
numbers in the MLN were not decreased by TG administration
in untreated or DSS-exposed Hprt™~ mice (see online supple-
mentary figure S6C).

In summary, these data indicate that the therapeutic action of
TG in ameliorating a chronic DSS colitis in Hprt™~ mice
neither requires host thioGTP production, nor is associated with
systemic immunosuppression.

Figure 3 Low-dose thioguanine (TG) Hprt/' Hprt/' chronic DSS |:|
improved chronic dextran sodium 6
sulfate (DSS)-induced colitis in A T B = 0.08-
hypoxanthine (guanine) - TGO S 008
phosphoribosyltransferase (Hprt) ™~ o TGOS ) Hoxk
mice. Hprt ™~ mice were treated with o 4{© DSS+TGO i < 0.067
+DSS 0.5% in drinking water for four g | DSS+TGO0S5 i 4 #
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+TG 0.5 mg/kg; (E) peripheral blood 5 PC MC DC ..
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mesenteric lymph node (MLN) total 2 ##
cell number. Statistical analysis: o #
Mann-Whitney non-parametric test. 2 10+ * 10+ 10-
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TG shifted the host mucosal microbiome using non-phylogenetic (COA)-based methods, showing changes
TG is an antimetabolite. To explore the possibility that the in particular OTU (species) abundances, but overall the genetic
amelioration of colitis by TG might be due to the biotic effect structure of the community was not significantly altered (figure 4A).
of TG on the intestine’s microbial community, age-matched and ~ As with the low-dose TG, no differences were observed in the

sex-matched WT, Hprt™'~ and Winnie mice were gavaged daily luminal caecal samples.

with 0.5 mg/kg TG for 28 days. While treatment with TG had DPCOA based on the bacterial community profiles of the
no detectable effect on the luminal caecal contents (CC) of the CM samples from all three strains of mice showed that commu-
three mice strains (figure 4A), the structures of the caecal nity profiles were strongly influenced by strain origin (figure 4B
mucosa (CM)-associated communities were altered in both left panel) and that treatment with TG mainly produced a similar
CS7Bl/6 WT and Hprt™~ as shown by both phylogeny- effect on Hprt™~ and WT CS57Bl/6 mice principally due to a
dependent (double principal coordinates analysis (DPCOA)) and decrease in Bacteroidetes and an increase in Firmicutes (figure

phylogeny-independent  (correspondence  analysis  (COA)) 4C, D, p<0.05). This led to an increased similarity as evidenced
methods. The CM microbiome in Winnie was not significantly by the increased overlap between the community profiles of
altered by TG (p>0.05) suggesting that it is the impaired  Hprt™'~ and WT (figure 4B right panel as opposed to left panel).

Winnie mucosal barrier and not the effect of low-dose TG, In summary, these data show significant shifts in the CM
which was the dominant factor affecting the composition of the microbiota of WT and Hprt™~ mice treated with TG but only
microbiota in the Winnie CM niche. minor alterations to the CM microbiota of Winnie mice with

We performed a second experiment in Winnie mice using a TG treatment. There was no detectable effect on the luminal
fivefold larger daily dose of TG (2.5 mg/kg). The coverage of CC of the three mice strains. Taken together, alterations in the

this experiment was greater in terms of sequences retrieved per structure of the gut microbiota are unlikely to be a major factor
sample so that more subtle effects on the community structure that is contributing to TG’s beneficial effect in improving the
of the microbiota could be assessed. Differences were detected Winnie spontaneous colitis.
A B
. . . . . d=005 d=005
Strain WT Hprt-/- Winnie Winnie
TG dose/time 0.5/28 days 0.5/28 days 0.5/28days 2.5/14 days
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CM DPCOA 0.026* 0.004* 0.421 0.186
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Figure 4 The caecal mucosa (CM)-associated microbiome shifted with thioguanine (TG) treatment. The effect of once daily gavage TG 0 or 0.5 for
28 days in wild-type (WT), hypoxanthine (guanine) phosphoribosyltransferase (Hprt)™'~ and Winnie, or TG 2.5 for 14 days in Winnie, on caecal
contents (CC) and CM microbiomes was investigated by correspondence analysis (COA) and double principal coordinates analysis (DPCOA).

(A) p Values of the Monte Carlo permutation tests indicating whether or not the resident communities of treatment and control groups differed
significantly; (B) DPCOA based on the bacterial community profiles of the CM samples from all three strains of mice. Left—control samples, right—
TG-treated samples. The panels represent similarities between sample profiles, with samples from the same strain grouped together; (C) DPCOA
based on the bacterial community profiles of the CM samples from the WT mice. There are two ellipses, one red and one blue, which represent the
collective variance of each treatment (blue control; red TG). The position of each centroid point (with a radiating star-like structure) represents the
association of each OTU with each sample. Points are coloured and collectively labelled based on their taxonomy (obtained from the Ribosomal
Database Project algorithm, rank level chosen to facilitate visualisation). The analysis indicates a strong partitioning of the samples based on
treatment type driven by the relative abundances of Bacteroidetes (but possibly not Rikenellaceae and Prevotellaceae within this clade) and several
groups within the Firmicutes and (D) relative abundances of chosen phylogenetic groups from WT and Hprt '~ CM samples (observed differences
between control and TG treatments were analysed using a Wilcoxon test (a=0.05, false discovery rate (FDR)). N=6. Statistical analysis: *p<0.05).
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Intrarectal TG ameliorated spontaneous colitis

within 14 days

To determine if thiopurines can act locally in the colon, Winnie
mice were treated daily with intrarectal TG 1 mg/kg, MP 1 mg/kg
or vehicle control. WBC counts were not significantly altered by
this treatment with median WBC count (IQR) for TG 9.8 (6.4—
10.6), MP 12.3 (11.6-12.8) and control 11.0 (9.7-12.1). Only
TG-treated mice had statistically significant improvement in the
combined diarrhoea score from day 11 (figure SA) and colon
weight/length ratio (figure 5B). Blinded histological scoring of
the DC confirmed a striking improvement with TG but not with
MP in the DC (figure 5C, p<0.01, see online supplementary
figure S7). There was no improvement in colitis in mid-colon or
PC indicating that the beneficial effect on colitis was limited to
regions of the colon in direct contact with administered TG
(figure 5C, see online supplementary figure S7).

Bacteria converted TG but less so MP to TGN

Having shown in the Hprt™'~ mice that TG improved colitis in
the total absence of systemic immunosuppression, we explored
whether the host’s microbial metabolism could be generating
thioGTR HPRT: EC 2.4.2.8 and related purine salvage enzymes
are highly conserved in bacteria.**

Bacterial metabolism of TG was first investigated in vitro using
the representative gut bacteria Escherichia coli, Enterococcus
faecalis and Bacteroides thetaiotaomicron. TGN (thioGMB
thioGDP and thioGTP) were detected in the bacterial pellets fol-
lowing incubation of log phase cultures of all three bacterial
strains with 1 mM TG for 120 min (figure 5D), whereas TGN
were minimal in cultures incubated with 1 mM MR TGN were
also detected by liquid chromatography—double mass spectrom-
etry (LC-MS/MS) when faecal slurries derived from Hprt™~
mice were incubated with 5§ or 10 uM TG for 6 hours (figure

SE). These data indicate that laboratory and gut bacteria are
able to metabolise TG to the active TGN metabolites.

When WT and Hprt™'~ mice were gavaged daily with TG
5 mg/kg for 10 days, a large dose which was expected to be
incompletely absorbed by the small intestine, TGN were found
in faeces of both mouse strains and the liver of WT but not in
the liver of the Hprt™'~ mice (figure SF). Thus, a mechanism of
action of TG may arise from bacterial Hprt conversion of TG to
thioGTR

TG enhanced autophagy in vitro in a TGN-dependent manner

Based on the previous result sections, we further hypothesised
that TG might rapidly ameliorate colitis by locally influencing
the bacterial-epithelial interaction. Epithelial cells rely on autop-
hagy to respond to luminal bacteria and maintain homeostasis.
Impaired antibacterial autophagy in the gut has been hypothe-
sised to be a contributor to IBD.'® Therefore, we analysed the
effect of TG on bulk autophagy by monitoring the conversion
of the autophagosome marker LC3-I to LC3-II. HeLa cells were
incubated for 16 hours with either vehicle control or TG 1, 10
and 100 uM with or without Pepstatin A and E64D (PE) to
examine autophagic flux. TG treatment increased the LC3-II
to LC3-I ratio (figure 6A, Cii and see online supplementary
figure S8A), indicative of increased autophagosome accumula-
tion. Treatment with PE, which blocks autophagosome matur-
ation and recycling of LC3-II back to LC3-I, further augmented
the effect indicating that the effect of TG is due to increased
autophagy induction rather than inhibition of maturation. This
effect was also observed in human gut epithelial cell lines
(HT29, HCT116) and hepatocytes (HepG2) (figure 6B and
see online supplementary figure S8B) and in murine Ralph and
William’s cell line (RAW) macrophage-like cells (figure 6Ci and
see online supplementary figure S8C). To determine if TG
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Figure 5 Daily intrarectal thioguanine (TG), but not mercaptopurine (MP) at 1 mg/kg, effected a rapid local improvement in spontaneous colitis.
(A) Combined diarrhoea score; (B) colon weight/length ratio and (C) histological scoring of colitis in distal colon (DC), mid-colon (MC) and proximal
colon (PC) segments in the Winnie mice. Gut representative bacteria converted TG (and less so MP) to thioguanine nucleotides (TGN). In vitro:

(D) mean (SEM) TGN in Escherichia coli (Gram negative), Enterococcus faecalis (Gram posmve) Bacteroides thetalotaom/cron (Gram-negative
anaerobe) cultures incubated with 1 mM TG or MP for up to 120 min, N 3-4, *versus T0, *versus T30 and %versus T60; (E) scatter plots, mean TGN

at 6 hours in hyPoxanthlne (guanine) phosphoribosyltransferase (Hprt) ™'~
(WT) and Hprt
Symbols:*versus WT mice.

mouse faeces incubated with 0, 5 or 10 wM TG. In vivo: (F) wild-type
mice gavaged 5 mg/kg TG: scatter plots, mean TGN in liver and faeces. Statistical analysis: Mann-Whitney non-parametric test.
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Figure 6 Thioguanine (TG) promoted autophagy. TG administration enhanced autophagy in vitro: western blots for LC3-I, LC3-Il and B-actin.
(A) Hela cells treated with dimethyl sulfoxide (DMSO) 0.1%,TG (10 or 100 wM)=Pepstatin A and E64D (PE) for 16 hours; (B) HT29, HCT116
and HepG2 cell lines treated with TG 50 wM for 16 hours; (C) LC3-1I:LC3-I ratio in TG-treated (i) RAW cells and (ji) in HelLa+PE. Bacterial
replication assay: (D) Hela pretreated DMSO 0.1% or TG (10, 50 and 100 wM) infected with Salmonella (SL1344): luminescence readings

12 hours post-infection; SL1344 growth in media containing TG was not altered over that time period. N=4-8 experiments; (E) fluorescence
microscopy quantification and representative image of LC3-Il colocalisation with SL1344 bacteria-infected Hela cells+TG 50 wM. Blue—4',6-
diamidino-2-phenylindole (DAPI) nuclear stain; red—Salmonella; green—LC3. Bars, mean+SD, N=3. Statistical analysis: unpaired t-test *p<0.05.
The TG effect on autoph agy was hypoxanthine (guanine) phosphoribosyltransferase (Hprt) dependent: (F) LC3-II to B-actin ratio quantification.

Wild-type (WT) and Hprt™

-derived primary murine fibroblasts treated with DMSO 0.1% or 50 .M TG for 16 hours. N=5-6. Western blot

image. (G) WT colon organoids differentiated for 72 hours and then treated with DMSO 0.1% or TG 50 uM for 16 hours. Western blot image.
LC3-Il to B-actin ratio quantification, bars mean+SD, N=2 from 6weIIs/condltlon/repllcate Statistical analyses: Mann-Whitney non-parametric

test: *p<0.05 WT TG 50 versus 0 puM; *

treatment had an effect on intracellular bacterial handling, we
used a Salmonella intracellular replication model, which is
known to be sensitive to effects on antibacterial autophagy.
HeLa cells were pretreated with vehicle control or TG and
infected with bioluminescent Salmonella typhimurium (SL1344)
and replication monitored by measuring luminescence.
Treatment with either 50 or 100 puM TG significantly decreased
intracellular replication of the bacteria (figure 6D). We further
quantified by fluorescence microscopy the autophagosome
encapsulation of bacteria with or without treatment with TG
50 uM in HelLa cells expressing (LC3-green fluorescent protein
(GFP)). This dose of TG significantly increased LC3 colocalisa-
tion with intracellular bacteria compared with control consistent
with increased antibacterial autophagy (figure 6E).

In order to differentiate between TG effect and thioGTP
effect, primary fibroblasts isolated from WT and Hprt™~ mice
were incubated for 16 hours with either vehicle control or TG
50 uM. There was minimal LC3-I observed in fibroblasts but the
LC3-II to B-actin ratio was significantly increased in the
TG-treated WT-derived fibroblasts, consistent with induction of
autophagy, but there was no effect in the absence of Hprt (figure
6F), although autophagy could be induced in Hprt ™'~ fibroblasts
by the mTor inhibitor, Torinl, indicating an intact autophagy
apparatus (see online supplementary figure S8D). Together these
data show that TG treatment of epithelial cells induces

#p<0.01 TG 50 wM Hprt™~ versus WT TG 50 M.

autophagy in a thioGTP-dependent manner and improves restric-
tion of intracellular bacterial growth, likely through induction of
antibacterial autophagy.

To address the question of in vivo relevance of TG treatment,
we cultured colonic organoids from WT mice. LC3-II to B-actin
ratio was clearly increased by TG consistent with autophagy
induction in the primary cultures (figure 6G). Attempts were
also made to demonstrate increased LC3-II/LC3-I in our animal
models. We discerned a trend for decreased autophagy
(p=0.07, see online supplementary figure S8F) with the
improvement in colitis with intrarectal TG treatment (figure
5A-C), which is consistent with a more healthy colonic epithe-
lium, but we were unable to demonstrate any trend or associ-
ation between autophagy flux in colonic mucosa and acute
exposure to TG using our methods.

DISCUSSION

There are important novel observations from this study. Most
notable was the remarkable clinical and histological improve-
ment in chronic DSS colitis in Hprt™~ mice. This was quite
unexpected, because the action of thiopurines is widely held to
involve thioGTR ThioGTP is the most abundant of the TGN
(thioGME thioGDE thioGTP).>* ** Consistent with the inability
of the Hprt-deficient murine host to convert TG to TGN, there
was no reduction in leucocyte counts in either peripheral blood
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or MLN compartments. This led us to investigate the effect of
TG on the microbiota: we hypothesised that TG would have
both a biotic effect and be metabolised by the microbiota. The
microbiome was altered by TG in the CM but not in the caecal
lumen of C57Bl/6 WT and Hprt™'~ mice. While these changes
in the mucosal microbiome may have resulted in a less colito-
genic (more tolerogenic) bacterial community because similar
phyla and subphyla changes in Firmicutes and Bacteroidetes are
reported in the mucosal microbiome between inflamed and non-
inflamed samples from patients with IBD,*® the CM micro-
biome was only minimally altered in Winnie mice treated with
TG. This indicated that the altered mucus barrier in Winnie
mice dominated any effect of TG on this microbial niche. It
was, thus, unlikely that the beneficial effect of TG in spontan-
eous Winnie colitis is due to the biotic effect of TG on the
microbiota.

On the other hand, we demonstrated bacterial conversion of
TG to TGN. This raises the possibility that intestinal bacteria
locally generating TGN, including thioGTR have the potential
to locally alleviate inflammation by affecting either mucosal epi-
thelial or immune cells. While recent literature emphasises the
effect of thiopurines on the antigen-presenting cell-T lympho-
cyte synapse, with the action of TG having been shown to
involve blockade of GTPase activation in T lymphocytes upon
costimulation with CD28,* 37 there are many other cell types in
addition to circulating T lymphocytes in the inflamed colonic
mucosa, which could be affected by TG treatment. Thiopurine
effects on other cell types have occasionally been reported.*$=*°
The improvement of colitis in RaW (WinniexRagl™~) mice
(figure 2) indicated that the therapeutic effect of TG did not
require the presence of T lymphocytes or B lymphocytes.
Moreover, while overall leucocyte counts in peripheral blood
and BM compartments were decreased by TG therapy in (the
Hprt-intact) WT and Winnie mice, it was myeloid/dendritic cell
counts that were proportionately more diminished in the BM,
spleen and MLN compartments in WT mice (see online supple-
mentary figures S3 and S4).

The action of TG to ameliorate colitis was rapid. This is
qualitatively consistent with the clinical impressions with oral
immediate release TG, that TG has a faster action than conven-
tional oral thiopurines,” ° * but the degree of rapidity of action
in our experiments was unexpected. The pharmacodynamic
effect of oral and intrarectal TG treatment in the Winnie mice

Figure 7 Cartoon illustrating
(1) systemic and (2) local effects of .
conversion of thioguanine (TG)

pro-drug to thioguanine nucleotides

Systemic TG in WT mice
Liver / leukocyte .
metabolism

was <2 weeks as manifested by the improved colonic histology
with TG 1 or 2.5 mg/kg/day (figure 1), the fast symptomatic
improvement in the DSS-induced colitis in WT and Hprt ™~
mice treated with low-dose TG (figure 3, see online
supplementary figure S3) and the rapid symptomatic and histo-
logical improvement in Winnie mice with low-dose intrarectal
TG (figure 5A-C, see online supplementary figure S7). TG was
also strikingly associated with restoration of mucin production
by goblet cells as evidenced by the H&E histology, increased
expression of Muc2 (figure 1) and of the mucin-specific Agr2
chaperone (see online supplementary figure S2). In contrast to
direct effects of dexamethasone' or IL-10°% on goblet cells
where reduced ER stress and unfolded protein response leads to
restitution of goblet cell mucin, we believe that restitution of
goblet cell mucin with TG is due to a reduction in the inflam-
matory cytokine milieu (figure 1) rather than due to any direct
effects of TG on epithelial cell ER stress and unfolded protein
response (unpublished data).

The rapidity of the pharmacodynamic effect of TG but not
MP in our murine colitis experiments is not completely
explained by pharmacokinetic differences, since intravenous
loading of azathioprine in IBD does not affect the time to onset
of its therapeutic action,** and TGN in peripheral blood reaches
a steady state with oral MP treatment by 4 weeks, which is well
before its pharmacodynamic action. However, TG effects a
TGN steady state more rapidly,**~* which is likely because the
conversion of TG to active drug is not rate limited by inosine
monophosphate dehydrogenase (IMPDH).*?

We propose that the rapidity of the pharmacodynamic effect
of gavaged TG in our murine models is due to local actions of
TG that due to limited intestinal absorption reaches the
inflamed distal intestine in the murine models to enhance
mucosal barrier function, as well as to enhance innate immune
function. (The peak gastric-anus transit time in mice is reported
to be <7 hours and we demonstrated TGN in faeces with high-
dose gavaged TG and rapid local improvement in distal colitis
with intrarectal TG, figure 5.) We also demonstrated previously
unappreciated effects of TG on epithelial cells: (i) TG treatment
restored goblet cell morphology (figures 1B, 2E and 3D)' 32
and (ii) in vitro, TG also improved bulk autophagy and intracel-
lular handling of bacteria (figure 6). Thiopurines have previ-
ously been reported to induce autophagy after prolonged
exposure through the mismatch repair pathway, presumably

Local TG metabolism
By commensal bacteria in Hprt”
and WT mice

o + TGN targets activated T » By mucosal cells in WT mice
(TGN) drug. WT, wild-type. cells & induces apoptosis « Epithelial TGN induces autophagy
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due to incorporation into DNA synthesis.*® However, we
demonstrated that TG induces autophagic flux relatively rapidly
in both epithelial and macrophages cell lines as well as primary
fibroblasts and organoids and that there is an augmented restric-
tion of intracellular bacterial replication through an increase in
antibacterial autophagy. The effect appeared to be TGN
dependent (or a related metabolite) dependent because this
effect was abolished in Hprt™~ fibroblasts (figure 6). These data
—the TG-enhanced bactericidal function, the effect of TG on
leucocyte subsets and the improvement in RaW murine colitis
with TG—are consistent with the recent report which showed
that RAC1 inhibition could boost innate immunity.*” Thus,
compared with the slow pharmacodynamics action effected by
loading of circulating effector lymphocytes, TG treatment of
IBD could occur more rapidly through the local conversion of
TG to thioGTP by mucosal or microbial HPRT.

Our current model of TG action in murine colitis is sum-
marised in figure 7. In WT mice, TG entering the portal circula-
tion undergoes first-pass portal metabolism to TGN, which has
myelosuppressive effects resulting in decreased activated circu-
lating T lymphocyte numbers. On the other hand, TG reaching
the colonic lumen has a mild biotic effect on mucosal bacteria
and is converted by the microbiota and by the colonic mucosa
in Hprt-intact mice to TGN. The microbiome metabolism of
drugs is relatively unexplored and it is thought that its capacity
to metabolise drugs to inactive or toxic products equals that of
the liver.*® While there are well-known examples in IBD of bac-
terial enzymes releasing a drug from an inert carrier, we believe
that this is the first demonstration of the microbiome converting
a pro-drug to an active drug metabolite. Mucosa-associated bac-
teria are increased at sites of inflammation in IBD,** and there is
diminished mucosal barrier integrity which facilitates increased
translocation of bacteria. Therefore, TGN could accumulate in
the inflamed distal intestinal mucosa via local luminal or
mucosal metabolism of TG or via autophagy of TGN-laden bac-
teria. TGN-augmented autophagy would result in rapid
improvement of bacterial handling, decreased immune activa-
tion, decreased intestinal inflammation and potentially improved
secretory function with restoration of the mucus layer. Unlike
MP or azathioprine, TG conversion to active drug by the host
or bacteria is not rate limited by IMPDH. Thus, local delivery
of TG to sites of intestinal inflammation in IBD would have
clinically significant advantages over current oral immunomodu-
lating therapies. In particular, a local delivery of TG could
permit a more rapid therapeutic action in IBD, which would
also avoid unwanted adverse effects on liver or haematopoiesis.
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