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Summary

Shigella dysenteriae causes the most severe of all infectious diarrheas and colitis. We
infected rhesus macaques orally and also treated them orally with a small and non-absorbable
polypropyletherimine dendrimer glucosamine (DG) that is a Toll Like Receptor-4 antagonist.
Antibiotics were not given for this life threatening infection. Six days later, the clinical score
for diarrhea, mucus and blood was 54% lower, colon IL-8 and IL-6 were both 77% lower,
and colon neutrophil infiltration was 75% less. Strikingly, vasculitis did not occur and tissue
fibrin thrombi were reduced by 67%. There was no clinical toxicity or adverse effect of DG
on systemic immunity. This is the first report in nonhuman primates of the therapeutic
efficacy of a small and orally bioavailable TLR antagonist in severe infection. Our results
show that an oral TLR4 antagonist can enable controlled resolution of the infection-related-
inflammatory response and can also prevent neutrophil-mediated gut wall necrosis in severe

infectious diarrheas.

Introduction

Global antimicrobial resistance means that alternatives to antibiotics are urgently needed.
Invasive gut Gram negative bacteria (e.g. Enteropathogenic/Enterohemorrhagic Escherichia
coli, non-typhoidal Salmonella, Shigella)'® and necrotizing enterocolitis in infants**® cause
life threatening disease by stimulating intense TLR4-MD-2-LPS cytokine-induced and
neutrophil-mediated gut wall damage®. This provides pathogens with a substantial growth
advantage and enhances their tissue invasion by destabilising tight junctions, destroying gut

mucosa, and allowing transepithelial neutrophil migration into the gut lumen’.



Clinical trials targeting infection-related-inflammation fail because of inadequate mouse
disease models for testing drugs®. This is because mice are 6 log orders of magnitude more
resistant to lipopolysaccharide-induced septic shock than humans®. In severe Shigellosis
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however, human disease pathogenesis has been well define and we and others have

recently described clinically validated NHP models for vaccine and drug testing™***.
Cytokine-mediated-inflammation leads to excessive neutrophil infiltration and vasculitis of
the colon®******_Clinically, this presents as bloody diarrhea. Lack of effective vaccines for

these severe infective diarrheas and the accelerating global antimicrobial resistance crises

make this a military and WHO public health priority area.

This led us to propose that blocking the MY D88 pathway of the TLR4-MD-2-LPS-mediated
cytokine storm without interfering with the TRIF/TRAM pathway should prevent gut wall
damage'®#. We have previously modelled and synthesised and tested a 13.6 kDa
polyamidoamine (PAMAM) dendrimer glucosamine and a 75% smaller 3.3 kDa
polypropyletherimine (PETIM) dendrimer glucosamine in a rabbit closed intestinal loop
model of Shigella flexneri infection. No antibiotics were given. For these in vivo studies, the
abdominal wall was opened and 5 cm intestinal loops of gut created into which Shigella
flexneri bacteria and DG were injected. The abdomen was then closed and the rabbits fasted
and monitored for 18 hours before autopsy. We showed a large reduction in colon IL-6 and

IL-8 and in Shigella invasion of tissues, with complete gut wall protection®*?*,

Small dendrimer drugs are showing increasing promise as new polyvalent medicines in
several animal models of infection and inflammation®. PETIM-DG (DG) is a cGMP
21-23

synthesised and analytically characterised generation 3 partially glycosylated dendrimer

It blocks the production of pro-inflammatory cytokines by interfering with the electrostatic



binding of: (i) the 4’phosphate on the di-glucosamine of LPS to Ser118 on MD-2; (ii) LPS to
Lys91 on MD-2; (iii) the subsequent binding of TLR4 to Tyr102 on MD-2%. Importantly, the
human MD-2 residues 118, 91 & 102 are conserved in rhesus macaque and this means that
NHPs are as sensitive as humans to LPS??®. DG is not toxic when given orally,

intraperitoneally or intravenously to mice and rabbits in the dose range 0.1-175 mg/kg?.

We now describe the results of a cGMP and GLP prospectively randomised study that fulfils
FDA requirements for testing DG in rhesus macaques infected with 2 x 10° CFUs of toxin
producing Shigella dysenteriae Type 1. This bacterial pathogen causes the most severe of all
infection and toxin-related diarrhea and colitis. Antibiotics were not used. DG has no

antibacterial activity against either Gram negative or Gram positive bacteria.

Materials and Methods

Pharmaceutical grade synthesis of cGMP grade DG and its detailed analytical chemistry were
performed at GlycoSyn New Zealand”. The GLP NHP study and tissue analysis was
performed at AFRIMS, Bangkok, Thailand"?. NHP sample size was based upon our previous

studies!®%,

Nonhuman primates

Adult rhesus macaques (Macaca mulatta; male & female, 5-15 years, weight 6.5-12 kg) of

Indian origin were used. Animals were born and housed at AFRIMS and maintained

according to the Guide for the Care and Use of Laboratory Animals, NRC, 2011. They were



fed monkey feed (083G, Perfect Companion Co Thailand), 15-20 biscuits daily and 1-2 treat

tablets weekly. Fresh fruits and vegetables and hyper-chlorinated water were also provided.

Study ethics

The NHP studies were performed under Institutional Animal Care and Use Committee
(IACUC) protocol #PN 13-05 “Defining the therapeutic efficacy of polypropyletherimine
dendrimer glucosamine, a non-antibiotic based drug, in rhesus monkeys after Shigella
dysenteriae infection” which was reviewed and approved by the AFRIMS IACUC &
Biosafety Review Committee. The AFRIMS-Primate Research Committee is fully accredited
by the Association for Assessment & Accreditation of Laboratory Animal Care International.
Studies were conducted in compliance with the Animal Welfare Act and all other US federal

statutes and regulations.

NHP pre-study screening

All NHPs had negative serologic test results for SIV, SRV, STLV-1 and were also negative
for tuberculosis. On day -35 before Shigella dysenteriae Type 1 infection, 40 NHPs were
moved to a separate wing and treated with azithromycin for 5 days as a prophylactic measure.
Rectal swabs and stool swabs were taken to confirm the absence of enteric pathogens. On day
-14, the AFRIMS biostatistician randomized a subgroup of 18 NHPs using the nQuery
Advisor v. 6.01 procedure (i.e. random subset of cases and basic randomization list), and they
were moved to an Animal Biological Safety Level 3 suite in individual cages. Prior to day 1
(defined as the day of infection), any NHP that did not meet all of the inclusion criteria was

replaced. On day -40 and again on day -14, NHPs were screened by physical exam, complete



blood count and chemistry, and stool culture with a rectal swab, and gingival swab for enteric
pathogens including Shigella, Salmonella & Campylobacter spp., and plasma anti-S.
dysenteriae Type 1 lipopolysaccharide specific antibody (IgA, IgG & IgM) titers. Although it
is common for NHPs to have subclinical Campylobacter spp. in their gut, only those NHPs
that were free of diarrhea and Campylobacter spp. on day -14 were allowed to progress; 14

NHPs finally entered the infection/treatment part of the study.

Study design

The characteristics of the master cell bank of the S. dysenteriae Type 1 1617 strain® used were
confirmed by (1) slide agglutination test to show it agglutinated with S. dysenteriae Type 1
specific sera; (2) plaque assay to show that it invaded intracellularly by forming hollow
plagues in LLC-MK2 cells; (3) stability assay to show that it was stable by having >80% of
single well isolated virulent colonies present after 3 consecutive sub-cultures on congo red agar
plates. Our previous studies have determined that the optimal challenge dose for an 80% attack
rate of Shigellosis is 2 x 10° CFUs'?. On day 1, NHPs were challenged with S. dysenteriae at 4
hours after the first dose of DG. The bacterial suspension was given directly into the stomach
using a pediatric nasogastric tube in a dose of 2 x 10° CFU in 20 ml sterile PBS and after 20
ml bicarbonate buffer to neutralise stomach acid. DG was given (dissolved in sterile water at
6 mg/kg) once daily, and into the stomach using a nasogastric tube after 20 ml bicarbonate
buffer on days 1, 2, 3, 4 & 5. Control NHPs received 20 ml sterile water into the stomach via
a nasogastric tube and after 20 ml bicarbonate buffer. After each dose of DG, NHPs were
monitored for 1 hour for any adverse events. Stool was collected twice daily for culture &

PCR. Isolation of the S. dysenteriae Type 1 1617 challenge strain from stool was confirmed



by slide agglutination and real-time PCR for ipaH. Stool S. dysenteriae CFU was not

quantified.

The primers and probes used were:-

(1) ipaH-U1 ()CCTTTTCCGCGTTCCTTGA

& ipaH-L1 (r)CGGAATCCGGAGGTATTGC.

ipaH-P1 probe VIC-CGCCTTTCCGATACCGTCTCTGCA-TAMRA.

(2) OOK1 (HAGGAATCCATTTGTGTACCAAATGA

& OOK2 (NAACATGAGCACATTGGAATTTTAGC.

PGAL-P probe VIC-TGAAAGTGGGAAATGTGTACTAGATCCAAAACAAGA-TAMRA

(internal control).

The vet (RI) was allowed to rehydrate NHPs by subcutaneous infusion with water, sodium &
potassium if they became clinically dehydrated. No antibiotics were given after infection with
S. dysenteriae. Neither Shigella infected nor DG treated NHPs lost >5% body weight. On day

6, NHPs had a whole body autopsy with all tissue samples collected within 30 min of death.

NHP monitoring

They were scored daily for presence {1} or absence {0} of each of diarrhea, mucus and blood
in stool to define the % clinical score. Hemoglobin, white blood cell count, cell type
differential, platelets, urea, creatinine, aloumin, bilirubin, alanine aminotransferase and y-

glutamyltransferase were monitored daily.



Oral dosing of DG

Studies have shown a gut transit time of ~16 h so a once daily oral dosing regimen was used.
Three of the NHPs treated had a low body weight of 7.13 £ 0.39 kg/NHP; they received a
total study DG dose of 214 + 12 mg/NHP. They are referred to as the DG (214 mg) group.
Three of the NHPs treated had a high body weight of 11.13 + 0.72 kg/NHP; they received a

total study DG dose of 334 £ 21 mg/NHP. They are referred to as the DG (334 mg) group.

Quantitative mMRNA RT-PCR

Dissected tissue was collected in RNALater and disrupted with a bead beater. RNA was
extracted using an RNeasy mini kit (Qiagen). Quantitative one step real-time RT-PCR*"%
was performed for IL-1B, IL-6, IL-8, IL-10, TNF-0, IFN-y, FoxP3 & TGF-p using the primer
pairs and probes shown below. GAPDH was used as the housekeeping gene®. Positive
control recombinant plasmids were provided by Francois Villinger (Emory University).
Probes were 5’-labelled with FAM (6-carboxyfluorescein) and 3’-labelled with Black Hole
Quencher except for GADPH which was 5'-labelled with Cal Flour Orange 560 and 3'-

labelled with Black Hole Quencher. Each tissue sample was analysed twice.

Primer pairs & probes (5’ to 3”) used for qRT-PCR:

IL-1B: (NGAGCAACAAGTGGTGTTCTCCA & () TCTTTCAACACGCAGGACAGG.
Probe CAAAATACCTGTGGCCTTGGGCCTCAA.
IL-6: (NTGGCTGAAAAAGATGGATGCT & () TTGCTCCTCACTACTCTCAAACCT.

Probe TGATTTTCACCAGGCAAGTGTCCTCATTG?,



IL-8 [CXCL8}: (HTGGCTCTCTTGGCAGCCT & (NTTGGGGTGGAAAGGTTTGGA.
Probe TCTGTGAAGGTGCAGTTTTGCCAAGG™.

IL-10: (fGAGAACCACGACCCAGACAT & (ATTCTTCACCTGCTCCACGGC.

Probe CCTGAGGGTCTTCAGATTCTCCCCCAG™,

TNF-a: (fGGCTCAGGCAGTCAGATCATC & (GCTTGAGGGTTTGCTACAACATG.
Probe TCGAACCCCAAGTGACAAGCCTGTAGC?,

IFN-y: (P GAAAAGCTGACCAATTATTCGGTAA &
(NAGCCATCACTTGGATGAGTTCA.

Probe TGACTCGAATGTCCAACGCAAAGCAGTAZ,

FoxP3: (\CACCTGGCTGGGAAAATGG & (NGCAGGAGCCCTTGTCAGATG.

Probe CACTGACCAAGGCTTCATCTGTGGCAT®,

TGF-B: (NGTATATTGACTTCCGCAAGGACCT & ()TGTCCAGGCTCCAAATGTAGG.
Probe AGGGCTACCATGCCAACTTCTGCCTG.

GAPDH: (filGCACCACCAACTGCTTAGCAC & () TCTTCTGGGTGGCAGTGATG.

Probe TCGTGGAAGGACTCATGACCACAGTCC?,

Histology

Tissue samples were collected in 10% neutral buffered formalin, processed routinely, and
stained with H&E. All slides were coded and interpreted and scored blind by EL [a Board
certified Diplomate of the American College of Veterinary Pathologists] for:- (A) Tissue
inflammation® {within normal limits = 0; minimal = 1; mild = 2; moderate = 3; marked = 4;
severe = 5}. (B) Cell type infiltrate [i.e. neutrophil, lymphocyte, plasma cells, monocyte,
eosinophil]** absent {= 0} or present {= 1}. (C) Vasculitis absent {= 0} or present {= 1}. (D)

Fibrin thrombi® absent {= 0} or present {= 1}.
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Flow cytometry

Blood was collected into BD Vacutainer CPT cell preparation tubes with sodium citrate and
into BD Vacutainer Na-heparin tubes. Plasma and buffy coat layers were harvested and
frozen. Surface staining was performed for CD3 (APC mouse anti-human CD3 [clone SP34-
2] #557597); CD4 (FITC mouse anti-human CD4 [clone M-T477] #556615); CD8 (PerCP
mouse anti-human CD8 [clone SK1] #347314); CD14 (FITC mouse anti-human CD14 [clone
M5E2] #557153); Ki67 (FITC mouse anti-human Ki-67 [clone B56] #561283) (BD

Pharmingen).

Intracellular staining was performed for TNF-o. (PE mouse anti-human TNF-a [clone
MADb11] #557068); IL-1B (PE mouse anti-human IL-1p [clone AS10] #340516); IL-6 (PE rat
anti-human IL-6 [clone MQ2-6A3] #551473); IL-8 (PE mouse anti-human IL-8 [clone G256-
8] #554720, BD Pharmingen) before and after stimulation with PMA (50 ng/ml), ionomycin

(5 pg/ml) and GolgiPlug containing Brefeldin-A (10 pg/ml).

Chopped tissue from each of ascending colon, transverse colon and descending colon, and
from rectum and mesenteric lymph nodes was treated with EDTA-DTT, digested with
collagenase, and the cell suspension collected enriched for lymphocytes. Surface staining was
performed for CD3, CD4, CD8, Ki67 and TCR-y/6 (FITC mouse anti-human TCR-y/3 [clone
B1] #559878, BD Pharmingen). A flow cytometer-FACSCalibur (Becton-Dickinson)
equipped with automated FACS Loader & CellQuest Software was used for data acquisition

and analysis as previously described®.
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Data and statistical analyses

Data was analysed using Graphad Prism 6 software and a 2-tailed non-parametric Mann-

Whitney test. Results are shown as mean £ SEM with * P<0.05, ** P<0.01, ***P<0.001.

Of the 6 rhesus macaques infected and treated with placebo, one was excluded because it was
not infected:- (1) never required rehydration; (2) after 5 days was still eating biscuits {i.e. no
anorexia}; (3) stool normal in form and consistency; (4) neither blood nor mucus present in
stool; and at autopsy, (4) entire gastrointestinal tract normal; (5) background inflammation
only on histology of jejunum, ileum, colon & rectum; (6) IL-8, IL-6 and IL-1p in ascending,

transverse and descending colon, and rectum, were the same as in normal NHPs.

Death from fulminant dysentery (i.e. bloody diarrhea) is well recognised in the rhesus
macaque model of Shigella infection®®**". One of the NHPs infected and treated with DG
was excluded because:- (1) developed severe septic shock soon after infection; (2) required
early and considerable subcutaneous fluid rehydration; (3) autopsy was one day early because
of clinical deterioration and distress; and at autopsy, (4) a Waterhouse-Friderichsen syndrome
was suggested by the histology in association with an enlarged, cavitating & necrotising
adrenal gland®®=%; (v) severe and segmental necro-hemorrhagic jejunitis, ileitis and typhlitis;
(vi) diffuse, severe, neutrophilic colitis with focal necrotizing vasculitis; (vii) massive colon
cytokine storm with IL-8 of 1,200% higher and IL-6 of 1,120% higher and IL-1 of 300%

higher than in Shigella infection control.
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Results

Clinical outcome & score

In two NHPs, all of the procedures were performed and they were treated with water for
injection only; they are the normal group. Six NHPs were infected with S. dysenteriae and
they were treated with water for injection only; they are the Shigella group. Six NHPs were
infected with S. dysenteriae and they were treated with oral DG once daily for 5 days; they
are the DG group. Autopsy was on day 6. The total study dose of DG was either 214 + 12

mg/NHP (n =3) or 334 £ 21 mg/NHP (n = 3) (P=0.02).

Time to positive Shigella stool culture/PCR was 1.6 + 0.2 days for all three groups. Infection
led to a white cell count of 11.6 + 1.2 compared to 7.9 + 1.0 x 10%/ul (P=0.04) in the normal
group. Blood albumin fell from 4.36 £ 0.07 (normal group) to 2.76 + 0.3 g/dl (Shigella
group) (P=0.002) because primates develop a protein losing enteropathy“°. No clinical
toxicity of DG was seen, and DG had no effect on any hematological or biochemical

parameter (data not shown).

Colon histopathology score

Treatment with DG (334 mg) for 5 days reduced the clinical score for diarrhea, mucus and
blood on day 6 by 54% (Figure 1a). At the time of autopsy, the colon was macroscopically
assessed for evidence of acute gut wall tissue injury; representative examples are shown in
Figure 2. All histological tissue sections were scored blind by EL (a Board certified

Diplomate of the American College of Veterinary Pathologists). DG reduced the colon
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inflammation score by 71% (Figure 1b). This was due to a 75% reduction in gut wall
infiltration by neutrophils with no significant change in either monocyte or lymphocyte
infiltration (Figure 1c & 3). The notable absence of tissue necrosis with DG treatment
suggests that Shigella’s reprogramming of neutrophils to die by necrosis (with inflammation)
instead of apoptosis (without inflammation) did not occur. This enabled controlled resolution

of the infection-related-inflammatory response®*+44,

Fibrin thrombi and vasculitis represent progressively more severe degrees of blood vessel-

associated tissue injury from infection-related-inflammation*>*®

(Supplementary Figure 1).
Strikingly, vasculitis did not occur with DG treatment (Figure 1d & 3) and fibrin thrombi
were reduced by 67%:; they occurred rarely and with less severity in ileum only*>. In addition,
Peyer’s patches in the ileum remained intact with no damage to their surface mucosa with

DG treatment (Figure 1-d & Supplementary Figure 2).

Colon cytokines & tissue mediators

Quantitative mMRNA RT-PCR of ascending, transverse and descending colon (pooled data)
showed that DG (334 mg) reduced IL-8 by 77%, IL-6 by 77% and IL-1p by 61%. IFN-y fell
by 47.5% but did not reach statistical significance (P=0.06). TNF-a (inflammatory), IL-10
(anti-inflammatory), FoxP3 and TGF-f (Treq cells?®) did not change with infection or DG
treatment (Figure 4 & Supplementary Table 1). IL-4 was usually below the limit of

detection®’ (data not shown).
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Rectum cytokines & tissue mediators

In rectum, DG (334 mg) reduced IL-8 by 90%, IL-1B by 60% and IFN-y by 52%. IL-6 did
not change with either infection or DG treatment. TNF-a (inflammatory), IL-10 (anti-
inflammatory), FoxP3 and TGF-P (T, cells®®) did not change with either infection or DG

treatment (Figure 5 & Supplementary Table 2).

The diarrheal content of stool cytokines peaks on day 5 after infection and was measured for
IL-8, IL-1B, IL-6, TNF-a and INF-y proteins using the FlowMetrixTM System (Luminex
Corp., Texas) as described™. IL-8 and IL-1B proteins were significantly increased in the
diarrheal content after infection, and they were also significantly reduced by DG (334 mg)
treatment. There was no change in IL-6, TNF-a or INF-y proteins in the diarrheal content

with either infection or after DG treatment.

Colon FACS analysis

FACS analysis showed that DG (334 mg) did not change either the % CD3+CD4+

lymphocytes or the % CD3+CD8+ lymphocytes in colon (Figure 6A).

The rhesus macague is also a reliable human correlate for studying colon intraepithelial
lymphocytes; i.e. v& T-cell receptor (TCR) cells®. They play an important role in: (i)
responding to bacteria and intestinal injury; and (ii) promoting epithelial healing and
restoration of gut barrier function*®*®. FACS analysis showed that the % y5 TCR cells in

colon did not change from normal (9.0 + 0.77 %) with either Shigella infection (11.77 £ 1.41
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%) or DG (334 mg) treatment (6.75 £ 1.0 %); this range is consistent with a report for colon

v& TCR cells in normal rhesus macaques™.

Expression of the Ki-67 nucleoprotein occurs only during the G1/S/G2/M phase of the cell
cycle and is strictly associated with cell proliferation®. Importantly, DG (334 mg) treatment
reduced the Ki67 activation of both CD3+CD4+ lymphocytes and CD3+CD8+ lymphocytes
in colon. For CD3+CD4+ lymphocytes, Ki67 activation fell by 52% from 2.23 + 0.3%
(Shigella group) to 1.08 £ 0.04% (DG group) (P=0.03). For CD3+CD8+ lymphocytes, Ki67
activation fell by 67% from 1.44 + 0.29% (Shigella group) to 0.47 + 0.06% (DG group)

(P=0.03) (Figure 6a).

Blood FACS analysis

DG (334 mg) had no effect on blood lymphocyte TNF-a production (Figure 6b). DG (334
mg) also had no effect on blood monocyte TNF-a, IL-1p, IL-6, IL-8 production after in vitro
stimulation with PMA/ionomycin/Brefeldin-A (Figure 6¢). DG (214 mg) had no effect on

any of the above (data not shown).

Mesenteric lymph node cytokines & tissue mediators

Gut mesenteric lymph nodes in NHPs are very similar to human®. Neither infection nor DG
altered cytokines and tissue mediators in gut mesenteric lymph nodes. This confirmed: (i) the
colon and rectum localization of the infection-related cytokine storm in NHPs; and (ii) the gut
wall limited activity of DG (Supplementary Table 3). DG (214 mg) had no effect on any

chemokine/cytokine/tissue mediator at any site (data not shown).
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Mesenteric lymph node FACS analysis

Neither infection nor DG (i.e. 214 mg and 334 mg dosing) changed the % CD3+CD4+

lymphocytes or the % CD3+CD8+ lymphocytes in lymph nodes (Figure 7a). After in vitro
stimulation with PMA/ionomycin/Brefeldin-A, neither Shigella infection nor DG treatment
changed the % TNF-a producing CD3+CD4+ lymphocytes or the CD3+CD8+ lymphocytes

in lymph nodes (Figure 7b).

Discussion

Here we show that in the most severe form of Gram negative bacterial diarrhea and colitis,
the oral TLR-4 antagonist DG protected the rhesus macaque colon and rectum from pro-
inflammatory cytokine-induced and neutrophil-mediated vasculitis and gut wall necrosis.
Colon CD4+ and CD8+ lymphocyte activation was also reduced by DG. Importantly, the
systemic innate immune cytokine response in both gut lymph nodes and blood remained

intact and undisturbed.

By performing stool cultures twice daily after the administration of 2 x 10° CFUs of Shigella
dysenteriae Type 1 1617 into the stomach, we were able to show that the time to the first
positive stool for Shigella was 1.6 £ 0.2 days for all three groups studied. This infectious
diarrhea was then allowed to progress for another 4 days. The only medical intervention was
to ensure adequate hydration with subcutaneous infusion of water, sodium and potassium if
the NHPs stopped drinking; anorexia is common in severe sepsis. This study is likely to be

the closest to a study in humans of an oral TLR4 immuno-modulator in severe sepsis that
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could be performed because a human clinical trials ethics committee would not allow the

exclusion of antibiotics.

During the first two days of any severe bacterial infection, the immediate innate immune
response tries to eradicate bacteria from the gut at the cost of mucosal destruction. All
pathogenic Gram negative bacteria stimulate local tissue macrophages to produce 1L-6 and
IL-1p via TLR-4"%; the gut associated lymphoid tissue contains the largest body pool of
macrophages™*. This leads to the recruitment of IL-8 and IL-1p producing blood monocytes
into the gut by day 2-3, and of IL-8 producing blood neutrophils by day 3 after infection®.
Monocytes and neutrophils have their own independent programs for recruitment into

tissues™.

Our new finding of a large reduction of IL-8, IL-6, IL-1p and IFN-y in the colon and rectum
of NHPs (Figures 4-5) is consistent with DG blocking the cell surface TLR4-MYD88 early
cytokine pathway of the TLR4-MD-2-LPS receptor complex while sparing the endosomal
TLR4-TRIF/TRAM late cytokine and p-interferon/CD86 pathway®?!. Maintaining TRIF
signalling ensures an adequate gut pro-inflammatory cytokine response for recruiting the
neutrophils required to prevent the spread of pathogenic bacteria into tissues and blood. It is
important to remember that activation of the TRIF pathway of TLR4 results in a mild rather
than a severe pro-inflammatory cytokine response®®. TRIF signalling also ensures that
mucosal antimicrobial peptide production (i.e. natural antibiotics) continues with these
peptides acting to control local bacterial growth and replication®**. Furthermore,
stimulation of TRIF leads to sequential expression of IFN-B and IL-27p28 in macrophages (in
response to gut commensal bacteria) with STAT1 activation also ensuring maintenance of gut

wall Th17 cells®®.
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Vasculitis reflects the severity of neutrophil and Shiga toxin induced injury to the colon after
infection, and is associated with high patient mortality®****>*’_ The relative contribution of
neutrophil lysosomal enzymes versus Shiga toxin to this tissue damage has been difficult to
define precisely. However two published observations are noteworthy: (a) Fulminant and
lethal bloody diarrhea can occur even when a Toxin negative mutant of S. dysenteriae Type 1
causes infection'*; (b) In a rat model of mercuric chloride induced vasculitis of the colon,
neutrophils were necessary for induction of vasculitis with the degree of vasculitis correlating
with the number of neutrophils present’. In our study, the absence of tissue vasculitis
combined with a 67% reduction in tissue fibrin thrombi with DG treatment (Figures 1d & 3)
indicated a substantial reduction in infection-related blood vessel damage, and correlated with
a 75% reduction in colon neutrophil infiltration. This absence of tissue vasculitis with DG
treatment was a surprising and unexpected result. Taken together, our observations suggest
that the pro-inflammatory cytokine storm is primarily responsible for initiating the

neutrophil-mediated pathology that leads to tissue vasculitis.

DG treatment did not alter the % CD3+CD4+ lymphocytes, CD3+CD8+ lymphocytes or yd
TCR cells in colon (Figure 7a). Ki-67+ proliferation of lymphocytes in the rectum of patients

d*+*° and was also seen in the colon of our infected NHPs.

with Shigellosis has been describe
Notably, DG treatment reduced Ki67 activation of CD4+ and CD8+ lymphocytes in colon by
52% and 67% respectively (Figure 7a). These results show that infection-induced and

lymphocyte-associated inflammation of the colon was reduced by DG treatment.

The broad implication of our new findings with an oral TLR4 antagonist given once daily for

just 5 days is to define an alternative strategy for protecting the gut epithelial barrier from
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bacteria-induced and cytokine and neutrophil -mediated tissue damage. Such gut wall barrier
breakdown is increasingly recognised as a major driving force in precipitating systemic
sepsis-induced multi-organ failure®®. Our results further support this growing recognition and
also show that, in NHPs, IL-8 is as important as IL-6 in destroying the epithelial gut wall’s
integrity, promoting bacterial tissue invasion, and leading to severity of clinical disease seen.
Our observations are also consistent with the dramatic increase in IL-8 that occurs in human
shigellosis and point to this chemokine being the major orchestrator of gut mucosal
inflammation in severe infectious diarrheal diseases®”; this is consistent with the neutrophil

recruiting and activating role of IL-8 in acutely infected tissues.

Taken together, this leads us to propose that non-absorbable oral TLR4 antagonists could be
started at the same time as antibiotics in patients with symptoms and signs of infection to
protect and preserve the gut wall barrier. The importance of maintaining the competence of a
crucial body barrier (i.e. the gut wall) is that it minimizes the likelihood of bacterial tissue
invasion. Strategies for orally based delivery of drugs to the colon are already well
established using hard hypromellose capsules with pH sensitive methacrylic acid copolymer

coatings (Eudragit)®.

A direct consequence of the approach proposed would be significantly reduced systemic
bacterial disease severity. This therapeutic approach should also mean much shorter courses
of antibiotics; e.g. 3 days versus 14 days. This would impact immediately on the global

antimicrobial crises, and without further increasing bacterial resistance.
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Figure Legends

Figure 1

Clinical score & colon histology score.

(A) DG (334 mg) reduced the total clinical score for diarrhea, mucus & blood/NHP by 54%.
(B) The right side Y-axis shows the % inflammation score/NHP after correcting for the %
inflammation score/NHP being 52% in normal NHPs as shown on the left side Y-axis. DG
(334 mg) reduced the colon inflammation score/NHP by 71%.

(C) The right side Y-axis shows the % neutrophil infiltrate/NHP after excluding the
lymphocytes and monocytes that are shown on the left side Y-axis. DG (334 mg) reduced
the colon neutrophil infiltrate score/NHP by 75%. There was no change in the lymphocyte or
monocyte infiltrate with either infection or after DG treatment.

(D) DG prevented vasculitis as shown on the left side Y-axis. The right side Y-axis shows the
% fibrin thrombi score/NHP which was reduced by 67%.

Mean + SEM with 2-tailed Mann-Whitney test (*P<0.05). AC ascending colon; TC

transverse colon; DC descending colon.

Figure 2

Macroscopic pathology of colon.
(A) Mucosal surface of normal rhesus macaque colon.
(B) Mucosal surface of Shigella dysenteriae Type 1 infected colon at day 6 showing severe

hemorrhagic gut wall damage.
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(C) Mucosal surface of Shigella dysenteriae infected colon at day 6 after DG (334 mg)

treatment showing minimal damage.

Figure 3

Microscopic histopathology of colon.

(A) Normal rhesus macaque colon with mild background lymphoplasmacytic infiltrate in the
lamina propria. M = mucosa.

(B) Shigella dystenteriae Type 1 infected colon. Mucosa has herniated into sub-epithelial
connective tissue and muscularis mucosae (arrow) and is infiltrated by many neutrophils. The
herniated glands are abscessed (circles).

(C) Shigella (Sh) infected colon. Severe neutrophil infiltration of eroded and ulcerated
mucosa (UM) with inflammatory infiltrate extending beyond the lamina propria and into the
sub-epithelial connective tissue and muscularis mucosae. Medium sized arteries in the sub-
mucosa have neutrophils infiltrating and disrupting the full thickness of their vessel walls;
this is diagnostic of vasculitis (dotted oval).

(D) Sh infected colon + DG 334 mg treatment. There is mild infiltration only of the mucosa
(M) by lymphocytes, monocytes and neutrophils.

H&E (x 200).
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Figure 4

Cytokines in colon.

(A-D) DG (334 mg) reduced IL-8 by 77%, IL-6 by 77%, IL-1pB by 61% and IFN-y by 48%
(P=0.06) compared to Shigella control on day 6. DG (214 mg) had no effect. Pooled results
for the ascending colon, transverse colon and descending colon are shown.

Normal (m); Shigella (e); DG 214 mg (V); DG 334 mg (A). Scatter plot with mean = SEM

with 2-tailed Mann-Whitney test (*P<0.05, **P<0.01, ***P<0.001).

Figure 5

Cytokines in rectum.

DG (334 mg) reduced IL-8 by 90%, IL-1p by 60%, and IFN-y by 52% when compared to
Shigella infection control. DG (214 mg) had no effect.

Normal rhesus macaque (m); Shigella infection control (e); DG 334 mg (A). Scatter plot

with mean £ SEM with 2-tailed Mann-Whitney test (*P<0.05, **P<0.01).

Figure 6

Lymphocyte & monocyte function in colon & blood.

(A) DG (334 mg) did not change the % CD3+CD4+ lymphocytes or % CD3+CD8+
lymphocytes in colon but reduced their Ki67 activation on day 6.

(B-C) DG (334 mg) had no effect on the % TNF-a producing CD3+CD4+ lymphocytes and
CD3+CD8+ lymphocytes or on the % TNF-a, IL-1p, IL-6, IL-8 producing CD14+ monocytes

in blood after in vitro stimulation with PMA/ionomycin/Brefeldin-A [days 0 & 6].
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Normal (m/0); Shigella (e/0); DG 214 mg (V); DG 334 mg( A/A). Mean = SEM with 2-

tailed Mann-Whitney test (*P<0.05).

Figure 7

Gut mesenteric lymph nodes.

(A) FACS analysis of CD3+CD4+ lymphocytes and CD3+CD8+ lymphocytes in gut
mesenteric lymph nodes on day 6. Neither infection nor DG changed the % CD3+CD4+
lymphocytes or the % CD3+CD8+ lymphocytes in lymph nodes.

(B) FACS analysis of CD3+CD4+ lymphocytes and CD3+CD8+ lymphocytes in gut

mesenteric lymph nodes after in vitro stimulation with PMA/ionomycin/Brefeldin-A. Neither

infection nor DG treatment changed the % TNF-a producing CD3+CD4+ lymphocytes or

CD3+CD8+ lymphocytes in lymph nodes.

Normal rhesus macaque (0/m); Shigella infection control (o/e); DG 214 mg ('V); DG 334 mg

(A/A). Mean £ SEM with 2-tailed Mann-Whitney test (*P<0.05).
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Sh + DG 334 mg

Shigella dysenteriae (Sh) Type 1 infection
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Figure 5
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Figure 6
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Figure 7
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