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Infectious diarrhoeas and glycosylated dendrimers
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nanobiotechnology

designed to eliminate dangerous bacteria, to disrupt epithelial gut wall integrity
and promote their tissue invasion. We sought to develop a non-antibiotic-based
approach to prevent this injury. Molecular docking studies suggested that
glycosylated dendrimers block the TLR4-MD-2-LPS complex, and a 13.6 kDa
polyamidoamine (PAMAM) dendrimer glucosamine (DG) reduced the induction
of human monocyte interleukin (IL)-6 by Gram-negative bacteria. In a rabbit
model of shigellosis, PAMAM-DG prevented epithelial gut wall damage and
intestinal villous destruction, reduced local IL-6 and IL-8 expression, and mini-
mized bacterial invasion. Computational modelling studies identified a 3.3 kDa
polypropyletherimine (PETIM)-DG as the smallest likely bioactive molecule. In
human monocytes, high purity PETIM-DG potently inhibited Shigella Lipid A-
induced IL-6 expression. In rabbits, PETIM-DG prevented Shigella-induced epi-
thelial gut wall damage, reduced local IL-6 and IL-8 expression, and minimized
bacterial invasion. There was no change in B-defensin, IL-10, interferon-B,
transforming growth factor-g, CD3 or FoxP3 expression. Small and orally deliv-
ered DG could be useful for preventing gut wall tissue damage in a wide spectrum
of infectious diarrhoeal diseases.
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INTRODUCTION

Infection with just 100 Shigella bacilli is sufficient to cause a
severe inflammatory bloody diarrhoea that affects 165 million
people worldwide and leads to >1 million deaths annually
(Kosek et al, 2010). Vaccine development is impaired by the
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antigenic diversity of the O-antigen of Shigella lipopolysacchar-
ide (LPS), and antibiotics do not prevent the pathogen-induced
and cytokine-mediated tissue injury. This has led to increasing
interest in modulating the host’s intestinal immune response
to enteric pathogens (Arpia et al, 2011; Bruckner & Finlay,
2011), which is characterized by an early cytokine-mediated
inflammatory response (Abreu, 2010; Ashida et al, 2011). The
pathogen-induced tissue injury is mediated, in part, by the
TLR4-MD-2-LPS complex (Ohto et al, 2007, 2012; Park et al,
2009), and shigellosis provides a well-defined in vivo model for
studying such damage (Perdomo et al, 1994; Raqib et al, 1995;
Schnupf & Sansonetti, 2012; Singer & Sansonetti, 2004). Both
Shigella and Salmonella can also activate Type III secretory
systems (TTSS) to enhance their gut wall invasion (Konradt
et al, 2011). A prompt macrophage TLR4-MD-2-LPS complex-
mediated cytokine response destroys pathogenic bacteria even if
the bystander cost is severe host organ tissue damage.

© 2012 The Authors. Published by John Wiley and Sons, Ltd on behalf of EMBO. This is an open access article under
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Dendrimer nanotechnologies use highly controlled and
sequential processes to make branched symmetrical molecules
(Hourani & Kakkar, 2010; Menjoge et al, 2010). Anionic
dendrimers have physico-chemical properties that are similar to
small molecule drugs, exist at physiological pH as zwitterions,
are not toxic or immunogenic, and preferentially accumulate in
tissues containing inflammatory cells (Kannan et al, 2012; Malik
et al, 2000). Previous studies showed that a combination of
dendrimer glucosamine (DG) and dendrimer glucosamine 6-
sulphate prevented scar tissue formation (Shaunak et al, 2004).
Molecular modelling studies also suggested that partial surface
glycosylation of divergently synthesized anionic dendrimers
confers physico-chemical properties that enable co-operative
electrostatic interactions with MD-2 in the TLR4-MD-2-LPS
complex (Barata et al, 2011a,b).

The additional finding that azabisphosphonate-capped den-
drimers selectively target monocytes and can also suppress pro-
inflammatory cytokines in mice with inflammatory arthritis
(Hayder et al, 2011) led us to translate our mechanistic
observations into a new dendrimer-based molecule. Our aim
was to create chemically well-defined molecules that would be
highly bioactive against the cytokine-mediated epithelial gut
wall damage that occurs in a wide spectrum of inflammatory
intestinal pathogen-mediated diarrhoeas (Vaisman et al, 2003).
Our plan for achieving this aim was to: (i) obtain in vitro and
in vivo biological proof-of-principle data with a large and
commercially available polyamidoamine (PAMAM) dendrimer
that we could glycosylate; (ii) identify and make a novel, much
smaller and simpler glycosylated dendrimer that had better in
vitro and in vivo bioactivity over a longer period of time.

RESULTS

In vitro studies of PAMAM-DG with LPS and E. coli
We started with an UPLC (ultraperformance liquid chromato-
graphy)-purified 11.5kDa diaminobutane core PAMAM dendri-
mer (PAMAM-D) with 64 peripheral carboxylic acids to which
nine surface glucosamine molecules were covalently conjugated
(Shaunak et al, 2004 and Supporting Information Fig S1A and B).
PAMAM-DG had no antibacterial activity at 5 mg/ml against the
Gram-negative Enterobacteriaceae Escherichia coli (Supporting
Information Fig S2). We used E. coli for some of the initial
experiments because Shigella belongs to the E. coli species, and its
Lipid A (a 1,4’-bis-phosphorylated diglucosamine backbone to
which variable lengths and numbers of acyl chains are covalently
linked that anchors LPS to the outer membrane of Gram-negative
bacteria) is identical to that of Shigella (Lindberg et al, 1991).
When endotoxin free [<0.06 endotoxin units (EU)/ml, which is
the EU standard for water for injection] PAMAM-DG was added to
primary human monocytes before adding E. coli at a multiplicity of
infection of 5, there was a 1923-fold reduction in interleukin (IL)-6
messenger RNA (mRNA) expression with a mean reduction of
103 £ 32-fold in IL-8 (CXCL-8), tumour-necrosis factor (TNF)-a,
IL-1B, chemokine (C-C motif) ligand 3 (CCL3) (MIP-la) and
chemokine (C-C motif) ligand 4 (CCL4) (MIP-18) mRNA
expression (Fig 1A). The mRNA EDsq (PAMAM-DG concentration
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that reduced mRNA expression by 50% compared to the
bacterial positive control) was 200+ 15 pg/ml (15wM) and
the protein EDsy was 20+ 2 pg/ml (1.5 uM). When bacteria
were added to primary human monocytes 30 min before the
PAMAM-DG, a 325-fold reduction in IL-6 expression with a
mean reduction of 27 & 6-fold in IL-8, TNF-a, IL-18, CCL3 and
CCL4 expression was still seen (Fig 1B). These results show that
PAMAM-DG inhibited E. coli-induced cytokine responses in
human monocytes.

Polyamidoamine-dendrimer glucosamine competed partially
with an anti-TLR4 antibody (HTA125) on human monocytes
(Fig 1C). We had previously shown that there was reversibility
of the antagonist activity of PAMAM-DG on the induction of
human monocyte cytokines by LPS and that glucosamine and
the PAMAM dendrimer, when used alone, had no effect on
LPS-induced cytokine responses (Shaunak et al, 2004). PAMAM
dendrimer glucosamine 6-sulphate and PAMAM dendrimer
glucosamine 6-phosphate were also synthesized by conjugating
glucosamine 6-sulphate and glucosamine 6-phosphate, respec-
tively, to the PAMAM dendrimer using N-(3-dimethylamino-
propyl)-N'-ethylcarbodiimide hydrochloride (EDCI) and the
conjugation chemistry previously described (Shaunak et al, 2004;
Sam et al, 2010). Neither the sulphated nor the phosphorylated
PAMAM-DG had any effect on LPS-induced cytokine responses
in human monocytes (Supporting Information Fig S3).

In vitro studies of PAMAM-DG with LPS and Shigella
Polyamidoamine-dendrimer glucosamine had no antibacterial
activity against the Gram-negative Enterobacteriaceae Shigella
flexneri at 7 mg/ml (Supporting Information Fig S4). The relative
contribution of the O-antigen and Lipid A to PAMAM-DG’s
bioactivity was determined by constructing genetically engi-
neered strains of S. flexneri that express structurally defined
modifications of LPS; gtrA has shorter O-chains and waaL
expresses an endotoxin component of LPS that binds only to
MD-2 (Molinaro et al, 2008; Rallabhandi et al, 2008; West et al,
2005). Endotoxin-free PAMAM-DG inhibited the induction of
IL-6, IL-8 and TNF-a in human monocytes by: (i) ultrapure
Shigella LPS and by wild type S. flexneri (M90T strain at a
multiplicity of infection of 10; Fig 1D); (ii) ultrapure LPS-gtrA
and the genetically engineered strain gtrA (Fig 1E); (iii)
ultrapure LPS-waaL and the genetically engineered strain waaL
(Fig 1F). The percentage inhibition of LPS-induced IL-6, IL-8 and
TNF-a in human monocytes by PAMAM-DG ranged from 80-
99.8% and it was greatest for IL-6 at 97.5-99.8%. Taken
together, these results suggested that DG was competing with
the Lipid A moiety of LPS for MD-2 rather than with the
oligosaccharides of LPS.

Reductionist molecular modelling studies

The large size (13.6kDa) of the divergently synthesized and
glycosylated PAMAM dendrimer made it difficult to affordably
scale-up its synthesis and development. A search was therefore
undertaken for a next generation and divergently synthesized
dendrimer that was a smaller and simpler dendritic structure
using a molecular modelling-based approach and our recently
described design principles (Barata et al, 2011c). A combination

© 2012 The Authors. Published by John Wiley and Sons, Ltd on behalf of EMBO.
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Figure 1. In vitro cellular bioactivity of PAMAM-DG.

A.  IL-6, IL-8 (CXCL-8), TNF-q, IL-1B, CCL3 (MIP-1a) and CCL4 (MIP-18) mRNA levels were reduced (p < 0.0001) when PAMAM-DG (200 pg/ml) was added to

human monocytes 30 min before E. coli. Pooled data (n=9) shown as mean + sem.

B. IL-6, IL-8, TNF-a, IL-183, CCL3 and CCL4 mRNA levels were reduced (p < 0.0001) when E. coli were added to human monocytes 30 min before PAMAM-DG

(200 pg/ml). Pooled data (n=9) shown as mean = sem.

C.  Preincubation of human monocytes with PAMAM-DG (200 pg/ml) for 1 h reduced anti-TLR4 antibody binding by 35+ 7%. Pooled data: n=8.

. Preincubation of human monocytes with PAMAM-DG (200 p.g/ml) for 1 h inhibited the induction of IL-6, IL-8 and TNF-« in human monocytes by: (i) ultrapure
Shigella LPS and wild type S. flexneri (Sf; M9OT strain) (D); (ii) ultrapure LPS-gtrA (shorter O-chains) and the genetically engineered strain gtrA (E); (iii)
ultrapure LPS-waal (endotoxin component of LPS that binds only to MD-2) and the genetically engineered strain waal (F). A=1.66 +0.55%. Pooled data
(n=13) shown as mean + sem. p < 0.0001; p values determined using a two-tailed Mann-Whitney test.

of modelling and experimental studies suggested that PAMAM-
DG’s flexibility, surface glucosamine cluster density, electro-
static charge and hydrophilicity could be reproduced in an
anionic PETIM dendrimer (Fig 2A) with just 12 peripheral
carboxylic acids and four surface glucosamine molecules (MWt
3311Da; Fig 2B). Molecular dynamics simulations demon-
strated that this PETIM-DG exhibited the same flexibility as
PAMAM-DG with root mean square deviations for atomic
positions of 10 and 11 A, respectively. Its hydrophilic surface
(Fig 2C) and interpolated surface charges [neutral with areas of
well separated negative charges (Fig 2D)] closely resembled
PAMAM-DG.

Moreover, (i) the human MD-2 binding sites of PAMAM-DG
and PETIM-DG shared a common three residue interface
(Human/rabbit MD-2: R96K;Y102Y;S118P), and (ii) both
PAMAM-DG and PETIM-DG interfered with: (i) the primary
electrostatic binding of the 4’-phosphate on the diglucosamine of
the Lipid A of LPS to Ser''® on MD-2, and (ii) with the secondary
binding of TLR4 to Tyr'®® on MD-2 (Barata et al, 2011b). These
molecular modelling observations provided an explanation for
the bioactivity of DG. They were also consistent with the recent
finding that re-orientation of the aromatic side chain of Phe'*® in

© 2012 The Authors. Published by John Wiley and Sons, Ltd on behalf of EMBO.

MD-2 is initiated by the binding of the fatty acyl chains of the
Lipid A of LPS to MD-2’s hydrophobic cavity, and that this is
followed by the binding of the MD-2-LPS complex to TLR4 and
TLR4-MD-2-LPS receptor complex formation (Yu et al, 2012).

PETIM dendrimer synthetic studies
Polypropyletherimine-(COOH);s dendrimer containing ether
linkages, tertiary amine branching sites and n-propyl spacer
groups was chemically synthesized at the 15g scale with
divergent dendrimer growth occurring through iterative Michael
additions and functional group reductions (Jayamurugan &
Jayaraman, 2006; Krishna and Jayaraman, 2003). The purity of
the reagents used and of the alcohol, nitrile, amine and ester
intermediates formed was >95% as determined by high
performance liquid chromatography-charged aerosol detection
(HPLC-CAD). PETIM-(COOH);s dendritic identity was con-
firmed by matrix-assisted laser desorption/ionization-time-of-
flight mass spectrometry (MALDI-TOF-MS; MWt =2665Da;
Fig 3A) and NMR (nuclear magnetic resonance) spectroscopy
(Fig 3B). Purity by HPLC-CAD was 97% (Fig 3C). PETIM-
(COOH) ¢ dendrimer has been shown previously not to be toxic
in vivo (Jain et al, 2010).

EMBO Mol Med (2012) 4, 866-881
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Figure 2. Structures for PETIM-(COOH),s and PETIM-DG.

A. Anionic PETIM-(COOH), dendrimer.

PETIM-DG.

Hydrophilic (pale blue) and hydrophobic (brown) surfaces of PETIM-DG.

oow

The high purity PETIM-(COOH),s dendrimer was then partially
glycosylated with p-(+)-glucosamine using EDCI, and complemen-
tary analytical techniques used to define its skeletal, generational
and substitutional components as previously described (Barata
et al, 2011c; Lalwani et al, 2009a,b; Sam et al, 2010; Shaunak et al,
2004). A structural and quantitative NMR analysis showed 4 amide
bond-conjugated surface glucosamines per dendrimer (Fig 3D-F
and Supporting Information Fig S5). Purity by HPLC-CAD and
HPLC-UV (Fig 3G and Supporting Information Figs S6-S8) and
capillary electrophoresis (CE; Fig 3H) was 97.2%.

Stability studies showed that PETIM-DG dissolved in water
was chemically stable with no loss of bioactivity after storage at
4°C for 9 months, 37°C/100% humidity for 42 days, and heating
to 70°C for 1 h (Supporting Information Fig S9). In addition, no
in vivo toxicity was seen in CD-1 mice that were clinically

EMBO Mol Med (2012) 4, 866-881
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. Charge surfaces for PETIM-DG with four surface glucosamines; red is negative surface charge and blue is positive surface charge.

observed for 24 h after a single oral dosing of PETIM-DG by
gastric lavage (n=16) or a single intraperitoneal dosing (n = 16)
over the dose range 35-175 mg/kg (unpublished observation).

In vitro studies of PETIM-DG with LPS

In vitro, PETIM-(COOH) ;¢ dendrimer did not block LPS-induced
cytokine responses (Supporting Information Fig S9A). Endo-
toxin-free (<0.06 EU/ml) PETIM-DG at 600 pg/ml was not toxic
to cells in whole human blood when cultured at 37°C for 48h
and then analyzed by Coulter flow cytometry for erythrocytes,
neutrophils, lymphocytes, monocytes, eosinophils, basophils
and platelets (Supporting Information Fig S10). TNF-« release
from purified human CD3" T-lymphocytes was <10 pg/ml (EIA
limit of assay detection) and did not change when PETIM-DG
was added (unpublished observation).

© 2012 The Authors. Published by John Wiley and Sons, Ltd on behalf of EMBO.
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Figure 3. MS, NMR, HPLC and CE chemical analytics for PETIM-(COOH),¢ and PETIM-DG.

A. MALDI-TOF-MS of PETIM-(COOH),¢ dendrimer (M 4 H)" = 2666 Da.
. 1D *H NMR (100% D,0) of PETIM-(COOH),¢ dendrimer.
. HPLC-CAD of PETIM-(COOH);¢ dendrimer.

mooOow

. 1D *H NMR (100% D,0) of PETIM-DG. *Residual N-acylurea and N-(3-dimethylaminopropyl)-N'-ethylurea (EDU). See also Supporting Information Fig S5.
. Amide region from 2D *H-"H ROESY (rotating-frame Overhauser effect spectroscopy; 90:10 H,0:D,0) of PETIM-DG showing intermolecular ROE peaks from

amide proton to anomeric proton, proximal sugar ring protons, and across the peptide bond (NH-CO-CH,).
F. «and B anomeric protons of the C1 carbon of glucosamine from 2D *H-"3C HSQC (heteronuclear single quantum correlation) NMR (100% D 0). Integrals are

relative to resolved peaks for 52 CH,~CH,—CH, protons.
G. HPLC-UV of PETIM-DG. See also Supporting Information Figs S6-S8.

H. CE (capillary electrophoresis) at pH 8.55 of PETIM-DG, and of 3 of 11 fractions collected and analyzed from the HPLC peak shown in (G). The main PETIM-DG
peak and the main peak in all of the three fractions shown in (G) (fractions B, C and D) are aligned at 2.00 min; the water peak in each sample was used to align

all four CE chromatograms.

Endotoxin-free (<0.06 EU/ml) PETIM-DG was a dose-depen-
dent antagonist of both ultra-pure Salmonella minnesota LPS
(Fig 4A—left hand of panel) and of synthetic Lipid A (Fig 4A—
right hand of panel) in HEK293 TLR4-MD-2-CD14-transfected
cells with an mRNA EDs, (PETIM-DG concentration that
reduced the S. minnesota LPS and synthetic Lipid A positive

© 2012 The Authors. Published by John Wiley and Sons, Ltd on behalf of EMBO.

controls by 50%) of 60+ 5 pwg/ml (4.5 uM). PETIM-DG had no
effect on the IL-8 response in HEK293 TLR3-transfected cells
using poly(I:C) as the agonist (Fig 4B).

In TLR4-MD-2-CD14-transfected HEK293 cells, ultrapure
S. minnesota LPS (25ng/ml) is an MD-2 agonist, and LPS-RS
(2500 ng/ml), which is the diphosphoryl Lipid A of Rhodobacter

EMBO Mol Med (2012) 4, 866-881
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Figure 4. In vitro cellular bioactivity of PETIM-DG.

A.  PETIM-DG inhibited S. minnesota LPS- and synthetic Lipid A-induced IL-8 mRNA expression in HEK293 TLR4-MD-2-CD14-transfected cells with an mRNA
EDs5o =60+ 5 pg/ml (4.5 wM). Pooled data (n=6) shown as mean +sem on a log;o scale. p Values determined using a two-tailed Mann-Whitney test.
B.  PETIM-DG had no effect on poly(l:C)-induced IL-8 mRNA and protein in HEK293 TLR3-transfected cells at 24 h. Pooled data (n = 3) shown as mean +semon a

logo scale. p Values determined using a two-tailed Mann-Whitney test.

C.  Human monocytes were cultured with (i) ultrapure S. minnesota LPS (25 ng/ml), (ii) LPS-RS which is the diphosphoryl Lipid A of R. sphaeroides (2.5 wg/ml), (iii)
LPS-RS (2.5 pg/ml for 1 h) followed by LPS (25 ng/ml), (iv) PAMAM-DG (200 pg/ml for 1 h) followed by LPS (25 ng/ml) and (v) PETIM-DG (200 pg/ml for 1 h)
followed by LPS (25 ng/ml). Three hours later, the cells were harvested and RNA extracted. LPS-RS was an antagonist for TNF-a and IL-6 but an agonist for
IL-8 mRNA expression. PAMAM-DG and PETIM-DG were antagonists for TNF-a, IL-6 and IL-8. Pooled data (n = 3) shown as percentage mean + sem of the
ultrapure S. minnesota LPS response which was defined as 100% for each cytokine.

D-F. Preincubation of human monocytes with PETIM-DG (100 pg/ml) for 1 h inhibited the induction of IL-6, IL-8 and TNF-a in human monocytes by: (i) ultrapure
Shigella LPS and wild type S. flexneri (Sf; M9OT strain) (D); (ii) ultrapure LPS-gtrA (shorter O-chains) and the genetically engineered strain gtrA (E);

(iii) ultrapure LPS-waal (endotoxin component of LPS that binds only to MD-2) and the genetically engineered strain waal (F). A=0.029 +0.007%.
Pooled data (n=3) shown as mean +sem. p < 0.0001; p values determined using a two-tailed Mann—-Whitney test.

sphaeroides, has been reported to be an MD-2 antagonist
(Kutuzova et al, 2001; Takayama et al, 1989). We compared the
bioactivity of LPS-RS with that of LPS in human monocytes.
LPS-RS (used at a 100-fold excess as recommended by the
supplier Invivogen) reduced LPS-induced TNF-a expression
(92+3% of the LPS-induced control) and IL-6 expression
(82+2% of the LPS-induced control; Fig 4C). Surprisingly,
in the case of IL-8, LPS-RS acted as an agonist (Fig 4C). This was
in contrast to both endotoxin-free PAMAM-DG (200 pg/ml)
and PETIM-DG (100 pg/ml), which consistently reduced
LPS-induced TNF-a, IL-6 and IL-8 expression (Fig 4C). Taken
together, these results showed that PAMAM-DG and PETIM-DG
were better antagonists of MD-2 for TNF-q, IL-6 and IL-8 than
LPS-RS in primary human monocytes.

When intestinal epithelial Caco-2 cells were used [function-
ally intact for both TLR4 and intracellular LPS signalling, but
without MD-2 (Abreu et al, 2001)], neither LPS nor endotoxin-

EMBO Mol Med (2012) 4, 866-881

free PETIM-DG had an effect on cytokine responses (Supporting
Information Fig S11). Shigella is inefficient at entering gut
columnar epithelial cells and does not activate cytosolic sensors
and Nod-mediated signalling (Coron et al, 2009). Thus, the
absence of enterocyte cell surface MD-2 explained the lack of
effect of both LPS and DG. These in vitro biological studies
showed that DG was an antagonist of MD-2-Lipid A mediated
cytokine responses in human monocytes.

In vitro studies of PETIM-DG with bacteria

Polypropyletherimine-DG had no antibacterial activity at
Smg/ml against E. coli (Supporting Information Fig S12). It
inhibited the induction of IL-6, IL-8 and TNF-a in human
monocytes by: (i) ultrapure Shigella LPS and wild-type
S. flexneri (M90T strain at a multiplicity of infection of 10;
Fig 4D); (ii) ultrapure LPS-gtrA and the genetically engineered
strain gtrA (Fig 4E); (iii) ultrapure LPS-waaL and the genetically

© 2012 The Authors. Published by John Wiley and Sons, Ltd on behalf of EMBO.
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engineered strain waalL (Fig 4F). The percentage inhibition of
LPS-induced IL-6, IL-8 and TNF-a expression by endotoxin-free
PETIM-DG in human monocytes ranged from 85-99.97% and it
was greatest for IL-6 at 97.5-99.97 % . The mRNA EDs, (PETIM-
DG concentration that reduced the bacterial positive control by
50%) was 100 + 7 n.g/ml and the protein EDso was 10 + 1 pg/ml
(3.3 wM). Notably, PETIM-DG was 57-fold more potent at
suppressing Shigella waaL mutant LPS (i.e. Lipid A— endotoxin
component of LPS that binds only to MD-2)-induced human
monocyte IL-6 than PAMAM-DG (Figs 1F and 4F). Taken
together, these results suggest that DG is competing with
the Lipid A moiety of LPS for MD-2 rather than with the
oligosaccharides of LPS, and that, in vitro, PETIM-DG is a better
antagonist than PAMAM-DG of the MD-2-Lipid A interaction in
human monocytes.

Intestinal villi

>
w

Infection + saline control

@)

Infection + PAMAM-DG

m

Infection + PETIM-DG

© 2012 The Authors. Published by John Wiley and Sons, Ltd on behalf of EMBO.

Peyer's patches

Rabbit model of shigellosis and quantitative RT-PCR
transcriptional gene analysis

As the human MD-2 amino acid residues binding LPS and the
proposed binding sites for PAMAM-DG (Barata et al, 2011b)
in small animals are most conserved in rabbit (Human/rabbit
MD-2:  K91K;R96K;S98S;Y102Y;R106R;K109K;T112T;N114N;
T116T;S118P), a rabbit intestinal loop model of shigellosis
was used to determine the bioactivity of PAMAM-DG
(Perdomo et al, 1994; Raqib et al, 1995; Singer & Sansonetti,
2004). Rabbits are phylogenetically, anatomically and physio-
logically more closely related to primates than rodents, and,
in many cases, lead to better modelling of human disease states.
In the context of shigellosis, the well-defined histopathology
of this animal model (Fig S5A and B) mirrors the clinical
observation that the IL-6- and IL-8-mediated inflammatory

Figure 5. Histology of PAMAM-DG’s and
PETIM-DG’s in vivo bioactivity in the rabbit
model of shigellosis. Sections stained with H&E.
Scale bars =50 wm.

A. Gut intestinal villi after infection with 107 wild
type S. flexneri and treatment with intraluminal
saline control. There was complete loss of surface
columnar epithelium and intestinal villous
destruction (de) with crypt goblet cell depletion.
Sub-mucosal edema and blood vessel thrombosis
(t) were associated with a marked neutrophil,
lymphocyte and monocyte infiltrate in the gut
lamina propria (c). Result from 1 of 4 experiments
shown.

B. Peyer’s patches after infection with 107 wild type
S. flexneri and treatment with intraluminal saline
control. The Peyer’s patches (p) were preserved
but their specialized epithelium was lost (de).
Result from 1 of 4 experiments shown.

C. Gut intestinal villi after infection with S. flexneri
and treatment with PAMAM-DG. Mucus (m) was
present, and the columnar epithelium (e) and
intestinal villi (v) were both intact. This protected
the lamina propria (a) from any damage. Result
from 1 of 6 experiments shown.

D. Peyer’s patches after infection with S. flexneri and
treatment with PAMAM-DG. The columnar epi-
thelium (e) and intestinal villi (v) were both
intact. This protected the Peyer’s patches (p) from
any damage. Result from 1 of 6 experiments
shown.

E. Gut intestinal villi after infection with S. flexneri
and treatment with PETIM-DG. Mucus (m) was
present, and the columnar epithelium (e) and
intestinal villi (v) were both intact. This protected
the lamina propria (a) from any damage. Result
from 1 of 6 experiments shown.

F. Peyer’s patches after infection with S. flexneri and
treatment with PETIM-DG. The columnar epi-
thelium (e) and intestinal villi (v) were both
intact. This protected the Peyer’s patches (p) from
any damage. Result from 1 of 6 experiments
shown.

EMBO Mol Med (2012) 4, 866-881
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response in shigellosis is localized to the gut (Coron et al, 2009;
Islam et al, 1994; Schnupf & Sansonetti, 2012; Sperandio et al,
2008).

However, the limited availability of enzyme immuno-assay
reagents for rabbit cytokines and chemokines and for the
immuno-histochemistry of both cells and tissue sections means
that conventional histological examination remains the gold
standard for analyzing the rabbit’s immune response. Also
rabbit microarrays are not available. It is in this context that we
have used quantitative polymerase chain reaction (after reverse
transcription) (RT-PCR) as a sensitive and rapid means by which
to monitor the spectrum of the host immune response. While
quantitative PCR lacks the large-scale throughput of micro-
arrays, it is considered to be the gold standard for gene
expression analysis because of its ease of use, high detection
sensitivity and wide linear dynamic range. The rabbit ileal loop
model of shigellosis is accurate both morphologically and with
respect to transcriptional gene activation during the course of an
infection (Schnupf & Sansonetti, 2012).

For our RT-PCR assays, we designed and created human and
rabbit multi-gene quantification plasmids as standards and used
SYBR Green hot-start PCR-based amplification rather than a
fluorescent probe-based detection system because the cost
differential for multiple gene analysis in many samples can be
considerable. Hypoxanthine phosphoribosyltransferase (HPRT)
was chosen as the reference ‘housekeeping’ gene because it is a
reliable medium-to-low abundance mRNA transcript as pre-
viously described (Corware et al, 2011; Shaunak et al, 2004).
The principle advantage of using a multi-gene plasmid-based
quantification standard rather than a comparative ACt or a
A-ACt method was that our approach did not depend upon equal
amplification efficiencies for both the target and the ‘house-
keeping” HPRT reference gene. In addition, the assay reliably
and reproducibly generates real mRNA copy numbers that can
be directly correlated with the amount of starting RNA or cell
number. This enables a considerably more accurate cross
comparison of the mRNA levels of different chemokines and
cytokines across multiple experiments.

Bioactivity of a large PAMAM-DG molecule in shigellosis

The in vivo studies started with the intraperitoneal administra-
tion of 10 mg/ml of endotoxin-free (<0.06 EU/ml) PAMAM-DG
(20 mg/kg) dissolved in isotonic saline to rabbits during the
surgical procedure to create and infect the ligated ileal loops
with S. flexneri. This initial experiment showed that 20 mg/kg of
intraperitoneal PAMAM-DG was bioactive in reducing gut wall
tissue injury and in reducing IL-6 expression in Peyer’s patches
(Supporting Information Fig S13). The intraperitoneal route of
administration was not studied further because one of our key
aims was to make an orally bioavailable and bioactive molecule.
Studies in rats have previously shown that 96% of an orally
administered tritiated dendrimer with 16 peripheral groups and
a diameter of 2.5nm was retained in the gut (Florence et al,
2000). The peak level of tritiated dendrimer in the small and
large bowel was seen at 6h with <1% remaining in the gut at
24h (Sakthivel et al, 1999). These observations led us to
conclude that in our rabbit model of shigellosis, administration
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of DG into the ligated ileal loops would mean that most of it
would remain in the gut lumen.

Wild-type S. flexneri (M90T strain, 107 bacteria/loop) and
endotoxin-free PAMAM-DG were administered into ligated ileal
loops with Peyer’s patches; i.e. aggregated lymphoid follicles
that are separated from the gut lumen by a specialized follicle-
associated epithelium. In the mouse Peyer’s patch, 60% of
the cells are B-cells (B220™), 25% are T-cells (CD3%), 10% are
dendritric cells (CD11c"), 4.5% are macrophages (F4/80") and
neutrophils (Ly-6G™), and 0.5% are CD3*CD4*FoxP3" T
regulatory (Trg) cells (Barreau et al, 2007). Typically, four
ligated loops with Peyer’s patches were created in each rabbit.
Our studies were focused on Peyer’s patches because of the
intimate association of their overlying epithelium with patho-
genic bacteria in the earliest stages of an infectious diarrhoeal
disease (Inman and Cantey, 1984; Takeuchi, 1967; Takeuchi
et al, 1968, 1978). The animal infection experiments with
PAMAM-DG were undertaken for a 12 h period.

In rabbits receiving 5 mg/loop of endotoxin-free (<0.06 EU/ml)
PAMAM-DG, there was minimal damage to surface epithelium
and intestinal villi at 12 h, and crypt goblet cells were preserved
(Fig 5C and D). This PAMAM-DG-mediated protection of
columnar epithelium was associated with a 282-fold reduction
in IL-6 (Fig 6A) and a 14-fold reduction in IL-8 expression in
Peyer’s patches (Fig 6B). At 12h, TNF-a expression did not
change when compared to both healthy rabbits and infected
untreated rabbits (Fig 6C). IL-10 (anti-inflammatory cytokine)
did not change when compared to infected untreated rabbits
at 12h (Fig 6D). Interferon-B (TRIF-dependent mediator of
dendritic cell maturation) expression did not change signifi-
cantly in infected treated rabbits (5430 + 760 mRNA/ 10° HPRT)
compared to infected untreated rabbits (3700 + 810 mRNA/10°
HPRT; n=3; p=0.06). B-defensin (an epithelial cell anti-
microbial peptide) expression also did not change in infected
treated rabbits (35704100 mRNA/10° HPRT) compared to
infected untreated rabbits (3940 + 1040 mRNA/10° HPRT; n=3;
p=0.7). CD3" mRNA expression increased threefold in infected
and PAMAM-DG-treated rabbits (1.53 £ 0.11 x 10° copies of CD3
mRNA/10° HPRT) over infected untreated control rabbits [0.50 +
0.03 x 10° copies of CD3 mRNA/10° HPRT (n=3; p=0.01)].

No clinical toxicity, or macroscopic or microscopic organ
based tissue toxicity was seen in the rabbits (unpublished
observation). Although intestinal bacterial counts increased
from 107 to 5 x 10® colony forming units because PAMAM-DG
has no anti-bacterial activity (Supporting Information Figs S2
and S14), Peyer’s patch Shigella IcsA expression (an indicator of
bacterial gut wall invasion) fell by 82 +8% in PAMAM-DG-
treated rabbits (5mg/loop) compared to infected untreated
animals (Supporting Information Fig S15). Gut tissue immuno-
histochemistry for Shigella LPS confirmed this large reduction in
bacterial gut wall invasion in rabbits treated with PAMAM-DG
(Supporting Information Fig S16).

Bioactivity of a small PETIM-DG molecule in shigellosis

The time period of animal infection with S. flexneri was
extended to 18 h in the PETIM-DG studies. These in vivo rabbit
studies showed that endotoxin-free (<0.06 EU/ml) PETIM-DG

© 2012 The Authors. Published by John Wiley and Sons, Ltd on behalf of EMBO.
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Figure 6. PAMAM-DG and PETIM-DG reduced IL-6 and IL-8 expression but not TNF-« or IL-10 expression in Peyer’s patches upon S. flexneri infection.

A. IL-6 mRNA levels increased during the course of a wild type S. flexneri (Sf) infection. This cytokine increase was reduced by 5 mg/loop of PAMAM-DG at 12 h and
by 0.5 mg/loop of PETIM-DG at 18 h. PAMAM-dendrimer (PAMAM-D) had no effect.

B. IL-8 mRNA levels increased during the course of a wild type S. flexneri (Sf) infection. This cytokine increase was reduced by 5 mg/loop of PAMAM-DG at 12 h and
by 0.5 mg/loop of PETIM-DG at 18 h. PAMAM-dendrimer (PAMAM-D) had no effect.

C. TNF-a mRNA levels increased 3.2-fold at 18 h during the course of a wild-type S. flexneri infection. PAMAM-dendrimer, PAMAM-DG and PETIM-DG had no effect

on TNF-a mRNA levels compared to healthy control rabbits.

D. The infection-associated increase in IL-10 mRNA levels at 12 h was not reduced by PAMAM-DG. At 18 h, IL-10 mRNA had fallen to the healthy control
level in all groups. Pooled data (n =4) shown as mean 4 sem on a log;, scale. K=thousand, M = million. p Values determined using a two-tailed

Mann-Whitney test.

was bioactive against S. flexneri at 0.5mg/loop (600 png/kg)
with complete protection of gut surface columnar epithelial cells
and intestinal villi. Crypt goblet cell preservation suggested that
there was no loss of mucins (Fig SE and F). In addition, there
was a 1653-fold reduction in IL-6 (Fig 6A) and a 238-fold
reduction in IL-8 expression (Fig 6B) in Peyer’s patches
compared to the untreated control. At 18 h, TNF-a expression
did not change when compared to healthy rabbits and was lower
than in infected untreated rabbits (Fig 6C). IL-10 expression did
not change when compared to both healthy rabbits and infected
untreated rabbits at 18h (Fig 6C). Interferon-g expression
did not change significantly in infected treated rabbits
(7400 £ 3560 mRNA/10° HPRT) compared to healthy control

© 2012 The Authors. Published by John Wiley and Sons, Ltd on behalf of EMBO.

rabbits (3570 +860 mRNA/10° HPRT; n=3; p=0.4), and
B-defensin expression also did not change significantly in
infected treated rabbits (18,000+ 1100 mRNA/10° HPRT)
compared to healthy control rabbits (12,400 860 mRNA/10°
HPRT; n=3; p=0.3). The result for B-defensin is notable because
the antibacterial peptides LL-37 and human B-defensin-1 are
reduced in human shigellosis and it can take 60 days for them to
be restored in surface epithelial cells (Islam et al, 2001). Taken
together, these results suggest that PETIM-DG was still bioactive
18 h after the onset of infection at a 2.5-fold (molar basis —
0.15 pM/loop) to 10-fold (weight basis — 0.5 mg/loop) lower
concentration than PAMAM-DG (molar basis — 0.38 wM/loop;
weight basis — 5mg/loop). No clinical, or macroscopic or

EMBO Mol Med (2012) 4, 866-881
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Figure 7. CD3, Fox P3, TGF- and caspase-3 expression in Peyer’s patches.
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A. CD3" mRNA levels increased upon S. flexneri (Sf) infection at 18 h post-infection, and increased further upon infection and PETIM-DG treatment.

B. There was no change in FoxP3™ mRNA levels (an indicator of T cells) upon infection or with PETIM-DG treatment.

C. The 2.3-fold infection-associated increase in TGF-B mRNA levels was not affected by PETIM-DG.

D. Caspase-3 mRNA levels (an indicator of apoptosis) increased 3.7-fold with wild type S. flexneri (Sf) infection at 18 h. This increase was prevented by 0.5 mg/loop
of PETIM-DG. Pooled data (n = 3) shown as mean +sem on a log,, scale. M =million. p Values determined using a two-tailed Mann-Whitney test.

microscopic organ based tissue toxicity was seen in PETIM-DG
treated rabbits (unpublished observation).

CD3" mRNA expression increased significantly in infected
and PETIM-DG-treated rabbits over uninfected control rabbits
(13-fold), and slightly over infected untreated control rabbits
(2.7-fold; Fig 7A). Forkhead box P3 (FoxP3) expression was not
altered by either S. flexneri infection or by PETIM-DG treatment
(Fig 7B) while transforming growth factor-g (TGF-B) expression
increased 2.3-fold upon infection and was not altered by PETIM-
DG treatment (Fig 7C). Infiltration of the surface epithelium and
lamina propria by y8* CD4" and CD8™" T-cells occurs in human
shigellosis (Islam & Christensson, 2000; Raqgib et al, 1994)
with CD3*CD4*FoxP3" T regulatory (T,eg) cells maintaining
gut tolerance by suppressing local antigen specific immune
responses to commensal bacteria (Sellge et al, 2010). In the

EMBO Mol Med (2012) 4, 866-881

steady state, Trg cells are dependent upon local dendritic cell-
and TGF-B-induced signals (Izcue et al, 2009), but when
proinflammatory cytokines increase, they switch to become
dependent upon monocyte/macrophage-derived IL-10 (Murai
et al, 2009; Unutmaz & Pulendran, 2009). Our results suggest
that DG alters the recently recognized balance between
cytokine-mediated tissue injury and T cell-mediated tolerance
in the gut (Ismail et al, 2009, 2011) so that epithelial gut wall
integrity is preserved and bacterial gut wall invasion is
minimized. This conclusion is also supported by the observation
that shigellosis-induced apoptosis of gut lamina propria CD3™"
T-cells, CD15" granulocytes and CD56" macrophages (Lembo-
Fazio et al, 2011; Raqib et al, 2002; Zychlinsky et al, 1996) was
prevented by PETIM-DG as measured by caspase-3 mRNA
expression (Fig 7D).

© 2012 The Authors. Published by John Wiley and Sons, Ltd on behalf of EMBO.
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Figure 8. Spleen cytokines. IL-6, IL-8, TNF-a, CCL4 and IL-10 mRNA
expression was lower in spleen than in Peyer’s patches at 18 h. The levels were

not affected by local administration of PETIM-DG into the ileal loops.
S. flexneri (Sf). Pooled data (n=3) shown as mean +sem on a log;, scale.

Finally, there was no change in IL-6, IL-8, TNF-a, CCL4 or
IL-10 expression in the spleen (Fig 8). This confirmed the gut
localization of the host cytokine response to shigellosis.

DISCUSSION

Our integration of modelling studies with biological experiments
led to a 75% reduction in the molecular weight of the DG
from 13.6 to 3.3kDa and an increase in its purity to 97%. This
synthetic baby-bio (SBB; Barata et al, 2011b,c) prevented
the pathogen-induced and cytokine-mediated injury to gut
columnar epithelium and intestinal villi that is associated with
increased IL-6 and IL-8 expression in shigellosis. Complete
protection of the epithelial gut wall in rabbits by PETIM-DG at a
dose 0.5mg/loop (600 pwg/kg) prevented crypt goblet cell
depletion and submucosal edema, and also minimized bacterial
gut wall invasion. An illustration of the proposed mechanism
for epithelial gut wall damage in shigellosis and the protective
effect of DG is shown in Fig 9. In addition, PETIM-DG
did not interfere with endogenous anti-microbial peptides,
TRIF-dependent dendritic cell maturation or CD3 and FoxP3
expression. The shigellosis-induced increase in caspase-3 was
also prevented. This suggests that the key functions of IL-10 and
TGF-B in controlling TLR-mediated activation of antigen
presenting cells in the gut were not disrupted by PETIM-DG.
These animal model-based results are consistent with two
important clinical observations for intestinal diarrhoeal dis-
eases. The first is that severe shigellosis (i.e. hemolytic uremic
syndrome, thrombocytopenia and severe colitis >1 week) is
associated with elevated IL-6 rather than TNF-a (Harendra de
Silva et al, 1993). The second is that only acute invasive
bacterial enteritis in humans, such as that due to Shigella spp.,
enterohemorrhagic E. coli, Salmonella spp. and Campylobacter

© 2012 The Authors. Published by John Wiley and Sons, Ltd on behalf of EMBO.

spp. have been shown to be associated with increased IL-6 and,
to a lesser degree, IL-8 expression (Vaisman et al, 2003). In this
context, it is interesting to note that gut pathogens are often
found in very close proximity to the gut surface epithelium, a
position from which they can stimulate local pro-inflammatory
cytokine responses. Electron microscopy studies of the earliest
stages of S. flexneri, enterohemorrhagic E. coli and Salmonella
typhimurium infections have demonstrated the intimate nature
of this association between pathogenic bacteria and the
specialized epithelium overlying Peyer’s patches (Inman and
Cantey, 1984; Takeuchi, 1967; Takeuchi et al, 1968, 1978).

Our molecular modelling studies suggested that PETIM-DG’s
antagonist activity depended upon the formation of co-operative
electrostatic interactions with two key residues that line the
entrance to MD-2’s hydrophobic pocket; the first is Ser''® to
which the 4’-phosphate on the diglucosamine of Lipid A binds,
and the second is Tyr'® to which TLR4 binds. The binding of
PETIM-DG to MD-2 blocks the entry of the acyl chains of the
Lipid A of LPS into MD-2’s hydrophobic pocket. This prevents
the formation of the primary MD-2-LPS complex and the
secondary TLR4-MD-2-LPS receptor complex. The B cup
topology of the lipid binding pocket of MD-2 reflects its need
to accommodate large and structurally diverse ligands. Such
promiscuity is an important evolutionary feature and reflects the
need for MD-2 to be able to recognize all of the diverse LPS
structures synthesized by individual species of Gram-negative
bacteria, and also the binding of those endogenous host derived
ligands that act as alert signals for tissue injury including enzyme
derived fragments of hyaluronan from injured extracellular matrix
(Atala et al, 2010; O’Neill, 2005). In this context, we believe that
our studies have defined the first non-lipid based synthetic
antagonist of MD-2 using both molecular modelling studies and
animal model based studies of cytokine responses. Using a similar
approach, it should now be possible to computationally design
additional dendrimer based antagonists for other Toll-like
receptors. This could provide new opportunities for treating a
range of infectious, inflammatory and malignant diseases in
whose pathogenesis Toll-like receptors play an important role.

If our results are reproduced in non-human primates (the only
other natural host for shigellosis), small, well defined, cost-
effective and orally delivered glycosylated dendrimers could
become a useful new therapeutic addition for a spectrum of
other cytokine-mediated inflammatory diarrhoeas including
infection with enterohemorrhagic E. coli (Buchholz et al, 2011),
Salmonella sp. (Arpia et al, 2011), Campylobacter sp. (Rathinam
et al, 2009) and potentially even Clostridium difficile, which has
recently been shown to also engage TLR4 (Ryan et al, 2011).
Furthermore, this non-antibiotic-based approach to treating
infectious diarrhoeas is one to which pathogen resistance will
likely not arise. It also supports the growing recognition from
both human and animal studies that it is the pathogen-triggered
and IL-6-mediated gut cytokine storm that destroys epithelial
gut wall integrity, promotes bacterial tissue invasion, and leads
to severity of clinical disease seen. Our results suggest that
small and orally delivered glycosylated dendrimers could be
therapeutically useful for preventing gut wall tissue damage in a
wide spectrum of infectious diarrhoeal diseases.

EMBO Mol Med (2012) 4, 866-881
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Figure 9. lllustration of the proposed mechanism for epithelial gut wall damage in shigellosis and the protective effect of DG.
In the normal and healthy state, local cytokine production in response to commensal gut bacteria protects epithelial cells and macrophages from apoptosis.
The initial host response to S. flexneri infection is increased local IL-6 and IL-8 with minimal bystander damage to epithelial gut wall integrity. This is a

A.
B

physiologically appropriate response.
C.

follows with apoptosis of epithelial cells, neutrophils, lymphocytes, monocytes and tissue macrophages.

and bacterial gut wall invasion is minimized.
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Severe infection leads to an excessive pathogen-triggered IL-6 and IL-8 gut cytokine storm that destroys the epithelial gut wall’s integrity. Bacterial invasion

. Treatment with DG alters the balance between cytokine mediated tissue injury and T-cell mediated tolerance so that epithelial gut wall integrity is preserved

© 2012 The Authors. Published by John Wiley and Sons, Ltd on behalf of EMBO.
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The paper explained

PROBLEM:

Intestinal pathogens cause life threatening diarrhoeas in
hundreds of millions of people worldwide. They use the host’s gut
cytokine storm and the associated tissue injury to promote their
tissue invasion. IL-6 and IL-8 are primarily responsible for the
severity of epithelial gut wall damage seen in both humans and
animals. This tissue injury is not prevented by antibiotic
treatment. We therefore sought a new molecule and approach by
which to prevent this acute cytokine-mediated damage to gut
epithelium.

RESULTS:

The TLR4-MD-2-LPS complex is involved in mediating this

pathogen-induced tissue damage, and shigellosis is a well-

defined disease model for its study. Chemically defined and high
purity DG-based molecules were synthesized and tested in vitro
and in vivo. A large (13.6 kDa) and small (3.3 kDa) DG molecule
prevented both epithelial gut wall damage and intestinal villous
destruction when given locally into the gut. This protection was
associated with reduced IL-6 and IL-8 in the Peyer’s patches; i.e.
gut associated lymphoid tissues. Taken together, this suggests

MATERIALS AND METHODS

Molecular modelling, chemical synthesis and analytical
studies

Longer molecular dynamics with explicit solvent and molecular docking
were performed as previously described (Barata et al, 2011a,b,c). The
anionic G3.5 PAMAM dendrimer (diaminobutane core) was synthesized
by Dendritic Nanotechnologies Michigan. PAMAM-(COONa)g,4 dendrimer:
TH NMR (500 MHz, D,0, 303K): § 3.55 — 3.50 (br m, 65H), 3.38 — 3.34
(br m, 56H), 318 —3.10 (br m, 120H), 3.05—3.00 (br m, 62H),
291—286 (brm, 123H), 2.72 — 2.67 (br m, 64H), 2.57 —2.47 (br m,
244H), 1.56 (br s, 4H). »3C NMR (125 MHz, D,0, 303K): § 179.5, 175.2,
174.6, 51.3, 50.3, 48.9, 48.8, 36.7, 35.6, 32.5.

The anionic G3 PETIM dendrimer was synthesized as previously
described with minor modifications (Jain et al, 2010; Jayamurugan &
Jayaraman, 2006; Krishna and Jayaraman, 2003). PETIM-
(COOH)1¢-14HCI dendrimer: *H NMR (500 MHz, D,0, 303K): &
3.71—3.64 (m, 52H), 3.59 —3.55 (m, 32H), 3.43 —3.39 (m, 16H),
3.35—3.30 (M, 36H), 3.03 — 2.99 (m, 32H), 2.16 — 2.04 (m, 52H). *3C
NMR (125 MHz, D,0, 303K): § 174.1, 68.0, 67.7, 67.5, 52.3, 50.8,
50.7, 49.5, 284, 23.6, 23.5, 23.3.

p-(+)-glucosamine (purity 99%) was conjugated to both the PAMAM
dendrimer’s carboxylic acid groups and the PETIM dendrimer’s
carboxylic acid groups using EDCI as previously described (Sam et al,
2010; Shaunak et al, 2004). PAMAM-DG: H NMR (500 MHz, D,0,
303K): § 5.25 (d, J=3.5 Hz, 5H), 3.96 — 2.99 (m, 555H), 2.93 — 2.61
(m, 235H),2.11 — 2.02 (m, 10H), 1.84 (brs, 4H), 1.24 — 1.19 (m, 15H).
PETIM-DG: *H NMR (500 MHz, D,0, 303K): § 5.26 —5.23 (m, 3H),
3.96 —3.04 (m, 218H), 2.93 — 2.88 (m, 30H), 2.69 — 2.66 (m, 14H),

© 2012 The Authors. Published by John Wiley and Sons, Ltd on behalf of EMBO.

that treatment with DG alters the balance between cytokine
mediated tissue injury and T-cell mediated tolerance to preserve
epithelial gut wall integrity and minimize bacterial gut wall
invasion.

IMPACT:

With rapidly increasing bacterial virulence and antibiotic
resistance worldwide, small, well defined, cost-effective and
orally delivered glycosylated dendrimers could become a useful
new therapeutic addition for a wide spectrum of cytokine
mediated inflammatory diarrhoeas. They include infections with
Shigella spp., enterohemorrhagic E. coli, Salmonella sp., Campy-
lobacter sp., and potentially C. difficile. The non-antibiotic based
approach described here for treating infectious diarrhoeas
supports the recent and growing recognition that the pathogen-
triggered and local IL-6 cytokine storm destroys epithelial gut
wall integrity, promotes bacterial gut wall invasion, and leads to
severity of clinical disease seen. Small and orally delivered DG
could be therapeutically useful for preventing this tissue damage
in a wide spectrum of infectious diarrhoeal diseases.

2.18 —1.90 (m, 64H), 1.27 — 1.19 (m, 8H), 1.11 (t, j = 7.4 Hz, 2H). *3C
NMR (125 MHz, D,0, 303K): § 177.9, 177.7, 177.5, 174.2, 173.4,
172.5, 172.2, 172.0, 94.8, 90.8, 76.0, 73.9, 73.8, 71.7, 70.8, 70.2,
70.0, 67.7, 67.6, 67.4, 60.8, 60.7, 57.0, 56.7, 55.4, 55.0, 54.2, 54.1,
50.9, 50.8, 50.6, 49.7, 49.5, 49.4, 49.3, 42.9, 42.8, 41.7, 40.2, 37.3,
36.5, 35.9, 35.0, 30.7, 30.2, 30.1, 30.0, 29.5, 29.2, 25.0, 24.3, 23.6,
14.5, 13.6, 13.4.

The NMR-based analytical methods used for compound identity
included 1D *H NMR in 100% D,0 and 90:10 H,0:D,0, 2D *H-*3C
HSQC NMR and 2D *H-'H ROESY NMR spectra (500/600/800 MHz
Bruker). The MS based analytical methods used for compound identity
included MALDI-TOF-MS, trimethylsilyl gas chromatography—mass
spectrometry (TMS GC-MS), and esterification (methanolic-hydro-
chloric acid) of the peripheral carboxylic acids. HPLC with CAD and UV
detection at 214 nm, as well as CE (pH 8.55-9.51) were used to
determine compound purity as previously described (Barata et al,
2011c; Lalwani et al, 2009a,b; Shaunak et al, 2004).

In vitro biology

Human monocytes (10%/ml) were prepared and used as previously
described (Corware et al, 2011; Sabroe et al, 2002; Shaunak et al,
2004) with: (i) ultrapure S. minnesota LPS (25 ng/ml, Invivogen)—
which is an MD-2 agonist; (i) ultrapure Shigella LPS and Lipid A
(25 ng/ml)—which are both MD-2 agonists; (iii) synthetic Lipid A
(100 ng/ml, Peptides International)—which is an MD-2 agonist and
(iv) LPS-RS (2.5 wg/ml, Invivogen {i.e. 100-fold of the LPS concentration
used}) which is the diphosphoryl Lipid A from R. sphaeroides, and
which has been reported to be an MD-2 antagonist in TLR4-
transfected cells (Kutuzova et al, 2001).
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Genetically engineered strains of the S. flexneri organisms gtrA and waal
were constructed and cultured as previously described (West et al,
2005), and ultrapure LPS was also prepared from each strain. The
bacteria were cultured with human monocytes at a multiplicity of
infection of 10 for 1h followed by gentamicin for 2h. Anti-TLR4
antibody (HTA125) and protein EIAs were from eBioscience.

in vivo biology

Animal studies were performed under a French Ministry of Agriculture
licence for animal experimentation no 75-305. They took account of
the 3Rs of replacement, reduction and refinement, and were
performed in accordance with EU laws and regulations.

Ligated ileal loop segments of 5c¢m with a Peyer's patch were
surgically created in 1 h in New Zealand White rabbits (Oryctolagus
cuniculus) weighing 2.4-2.7 kg as previously described (Perdomo et al,
1994; Schnupf & Sansonetti, 2012). Typically, four ligated loops with
Peyer’s patches could be created in each rabbit. Wild-type S. flexneri
(M90T) in exponential phase growth (107 bacteria) were used to infect
each loop, endotoxin free (<0.06 EU/ml) DG added, and the abdomen
closed. The DG dose range was 0.1-50 mg/loop in 1 ml normal saline.
Rabbits were culled at 12 h for the PAMAM-DG experiments and at
18 h for the PETIM-DG experiments. Tissues were harvested for
histology [haematoxylin—eosin (H&E) and immuno-histochemistry],
and RNA using TriReagent. Loop fluid bacterial titres were determined
using Congo red plates.

The specialized epithelial cells overlying the lymphoid follicles called
Peyer’s patches are the first to be damaged in an infectious diarrhoea.
Mild gut wall damage was histologically defined as an intact epithelial
lining, minimal goblet cell depletion and a slight increase in the
number of neutrophils and lymphocytes in the surface epithelium and
lamina propria. Severe gut wall damage was histologically defined as a
destroyed surface epithelium, severe goblet cell depletion and a
marked increase in the number of neutrophils and lymphocytes in the
crypt epithelium and lamina propria (Islam et al, 1994; Islam &
Christensson, 2000; Islam et al, 2001; Ragib et al, 1994; Schnupf &
Sansonetti, 2012).

Design and construction of human and rabbit multi-gene
quantification plasmids for RT-PCR

messenger RNA gquantification was performed by real-time PCR using
custom made human and rabbit quantification multi-gene plasmid
standards based upon methods and primer pairs as previously
described (Corware et al, 2011; Schnupf & Sansonetti, 2012; Shaunak
et al, 2004). Using this approach to quantitative RT-PCR, it was
possible to reliably and reproducibly identify twofold changes in
absolute mRNA copy number.

For the human multi-gene quantification plasmid, cDNA was made from
human monocytes treated with LPS (25 ng/ml) for 3 h. This induced
expression of otherwise low copy number chemokine and cytokine
mMRNA transcripts. The cDNA was amplified by PCR using the human
primer pairs shown in Supplementary Table S1. A single human multi-
gene plasmid was made by sequential ligation and cloning of the
authenticated (by sequencing) PCR amplified products of B-actin, HPRT,
interferon-1B, interferon-v, IL-2, IL-6, IL-8, MIF, MIP-2a, MIP-1a (CCL3),
MIP-1B (CCL4), chemokine (C-C motif) ligand 5 (CCL5) and TNF-a into a
pGEM-TA (Promega) vector. The plasmid was sequenced to confirm its
identity and linearized with Sacll.
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For the rabbit multi-gene quantification plasmids, cDNA was made
from the Peyer’s patches of Shigella infected rabbits. This induced
expression of otherwise low copy number chemokine and cytokine
mRNA transcripts. The cDNA was amplified by PCR using the rabbit
primer pairs shown in Supplementary Table S1. Two multi-gene
plasmid standards were constructed by ligation of the amplified and
authenticated (by sequencing) PCR products as described above. The
first plasmid contained GAPDH, IL-6, IL-8, MIP-1B (CCL4) and TNF-«
cloned into a TOPO4 (Invitrogen) vector that was linearized with Notl.
The second multi-gene plasmid contained HPRT, interferon-1,
interferon-vy, I1L-12 p35, IL-12 p40 and IL-10 cloned into a pGEM-TA
vector and linearized with Notl. All other genes studied were cloned as
individual plasmids into cloning vectors pGEM TA, TOPO4 or pDrive
(Qiagen) and the amplified target gene number normalized using the
‘housekeeping’ HPRT reference gene.

Sample extraction and quantitative RT-PCR for mRNA expression
All samples were lysed with Tri-Reagent (Sigma) for RNA extraction.
For the rabbit tissue based samples, 1 ml aliquots of Tri-Reagent
lysates were centrifuged in 2ml Max Tract tubes (Qiagen) at
12,000g for 10min, the aqueous phase above the wax barrier
removed, and the RNA precipitated as per the manufacturer’s
instructions. For tissue culture derived samples, the Max Tract tube
step was omitted. Eight hundred ng of purified RNA was then
reverse transcribed with a QuantiTect RT kit (Qiagen) which
incorporated a DNAse digestion step. The cDNAs were then diluted
1:4 with RNAse free water.

Standard curves were generated by serial 10-fold dilutions of 10 to
107 copies of the relevant plasmid in water containing 5 ng/ul
Lambda DNA. Triplicate 2l aliquots of sample cDNA and 2 pl
aliquots of each of the standard curve dilutions were amplified with
each gene specific primer pair in Jumpstart Sybr Green mix (Sigma) in
the same PCR run in a Corbett Research Rotor-Gene 3000 machine.
The fluorescence acquisition temperature was set at 5-7°C below
the melting temperature of each amplified product in order to
eliminate any signal from primer-dimers. The authenticity of each
amplified product was confirmed by performing a melt curve
analysis at the end of each PCR run.

The absolute target copy number for each gene studied was then
normalized using the HPRT gene as the reference ‘housekeeping’ gene,
and the result expressed as the absolute copy number of target gene
MRNA per 10° absolute HPRT copy number. When the result was
expressed as a percentage change against control, the absolute target
gene number for both genes was first normalized using the HPRT
reference gene copy number and the percentage change then calculated.

Statistics
Graphpad Prism software and a two-tailed Mann-Whitney test were
used for data analysis.

Author contributions

SS and IT conceived and designed studies, synthesized
compounds, performed biological studies and wrote the paper.
TSB and MZ performed modelling studies. TB, KAJ, PMR and
SMT synthesized and analyzed dendrimers. PeS and SM
analyzed PETIM-DG by NMR. BM, AP, PJS and CT made

© 2012 The Authors. Published by John Wiley and Sons, Ltd on behalf of EMBO.

879



880

Research Article

www.embomolmed.org

Infectious diarrhoeas and glycosylated dendrimers

Shigella mutants and performed animal studies. IT and PaS
designed RT-PCR primer pairs, and IT designed and constructed
quantification plasmids and performed RT-PCR studies. All
authors revised and approved the manuscript.

Acknowledgements

This research was supported by US National Institutes of
Health (NIH) UO01 5U01AI075351-02, Williams Trust Fund,
and Hammersmith’s Biomedical Research Centre grants
to S.S., a European Research Council (ERC) Advanced
Investigator grant (HOMEOEPITH) to P.J.S. & B.M., a
European Molecular Biology Organization (EMBO) long term
Fellowship and Marie Curie Intra-European Fellowship to
PaS, and a Marie Curie Action Fellowship to A.P. We
thank Danny Altmann, David Brown, Robert Edwards,
Robert Hall, Narayanaswamy Jayaraman & Guy Krippner
for discussions.

Supporting Information is available at EMBO Molecular
Medicine Online.

The authors declare that they have no conflict of interest.

References

Abreu MT (2010) Toll-like receptor signalling in the intestinal epithelium: how
bacterial recognition shapes intestinal function. Nat Rev Immunol 10: 131-
144

Abreu MT, Vora P, Faure E, Thomas LS, Arnold ET, Arditi M (2001) Decreased
expression of TLR4 and MD-2 correlates with intestinal epithelial cell
protection against dysregulated proinflammatory gene expression in
response to bacterial LPS. | Immunol 167: 1609-1616

Arpia N, Godec J, Lau L, Sivick KE, McLaughlin LM, Jones MB, Dracheva T,
Peterson SN, Monack DM, Barton GM (2011) TLR signaling is required for
Salmonella typhimurium virulence. Cell 144: 675-688

Ashida H, Ogawa M, Kim M, Mimuro H, Sasakawa C (2011) Bacteria and host
interactions in the gut epithelial barrier. Nat Chem Biol 15: 36-45

Atala A, Irvine DJ, Moses M, Shaunak S (2010) Wound healing versus
regeneration—role of the tissue environment in regenerative medicine.
Mat Res Soc Bull 35: 597-606

Barata TS, Shaunak S, Teo I, Zloh M, Brocchini S (2011a) Structural studies of
biologically active glycosylated PAMAM dendrimers. ] Mol Model 17: 2051-
2060

Barata TS, Teo |, Brocchini S, Zloh M, Shaunak S (2011b) Partially glycosylated
dendrimers block MD-2 and prevent TLR4-MD-2-LPS complex mediated
cytokine responses. PLoS Comput Biol 7: 1002095

Barata T, Teo |, Lalwani S, Simanek E, Zloh M, Shaunak S (2011c)
Computational design principles for bioactive dendrimer based constructs
as antagonists of the TLR4-MD-2-LPS complex. Biomaterials 32: 8702-8711

Barreau F, Meinzer U, Chareyre F, Berrebi D, Niwa-Kawakita M, Dussaillant M,
Foligne B, Ollendorff V, Heyman M, Bonacorsi S, et al (2007) CARD15/NOD2
is required for Peyer’s patches homeostasis in mice. PLoS One 2: e523

Bruckner MMC, Finlay BB (2011) Innate immunity cues virulence. Nature 472:
179-180

Buchholz U, Bernard H, Werber D, B6hmer M, Remschmidt C, Wilking H, Deleré
Y, an der Heiden M, Adlhoch C, Dreesman | et al (2011) German outbreak of
Escherichia coli 0104: H4 associated with sprouts. NEJM 365: 1763-1770

Coron E, Flamant M, Aubert P, Wedel T, Pedron T, Letessier E, Galmiche P,
Sansonetti PJ, Neunlist M (2009) Characterisation of early mucosal and

© 2012 The Authors. Published by John Wiley and Sons, Ltd on behalf of EMBO.

neuronal lesions following Shigella flexneri infection in human colon. PLoS
One 4: e4713

Corware K, Harris D, Teo I, Rogers M, Naresh K, Mdiller I, Shaunak S (2011)
Accelerated healing of cutaneous leishmaniasis in non-healing BALB/c mice
using water soluble amphotericin B-polymethacrylic acid. Biomaterials 32:
8029-8039

Florence AT, Sakthivel T, Toth I (2000) Oral uptake and translocation of
a polylysine dendrimer with a lipid surface. | Controlled Release 65: 253-
259

Harendra de Silva DG, Mendis LN, Sheron N, Alexander GJ, Candy DC, Chart H,
Rowe B (1993) Concentrations of IL-6 and TNF in serum and stools of
children with Shigella dysenteriae 1 infection. Gut 34: 194-198

Hayder M, Poupot M, Baron M, Nigon D, Turrin CO, Caminade AM, Majoral JP,
Eisenberg RA, Fournié ||, Cantagrel A, et al (2011) A phosphorus-based
dendrimer targets inflammation and osteoclastogenesis in experimental
arthritis. Sci Transl Med 3: 1-11

Hourani R, Kakkar A (2010) Advances in the elegance of chemistry in designing
dendrimers. Macromol Rapid Commun 31: 947-974

Inman LR, Cantey JR (1984) Peyer’s patch lymphoid follicle epithelial
adherence of a rabbit enteropathogenic Escherichia coli. ] Clin Invest 74:
90-95

Islam D, Christensson B (2000) Disease-dependent changes in T-cell
populations in patients with Shigellosis. APMIS 108: 251-260

Islam MM, Azad AK, Bardhan PK, Ragib R, Islam D (1994) Pathology of
shigellosis and its complications. Histopathology 24: 65-71

Islam D, Bandholtz L, Nilsson |, Wigzell H, Christensson B, Agerberth B,
Gudmundsson G (2001) Downregulation of bactericidal peptides in enteric
infections: a novel immune escape mechanism with bacterial DNA as a
potential regulator. Nat Med 7: 180-185

Ismail AS, Behrendt CL, Hooper LV (2009) Reciprocal interactions between
commensal bacteria and yd intraepithelial lymphocytes during mucosal
injury. ) Immunol 182: 3047-3054

Ismail AS, Severson KM, Vaishnava S, Behrendt CL, Yu X, Benjamin JL, Ruhn KA,
Hou B, DeFranco AL, Yarovinsky F, et al (2011) 3 intraepithelial
lymphocytes are essential mediators of host-microbial homeostasis at the
intestinal mucosal surface. Proc Natl Acad Sci USA 108: 8743-8748

Izcue A, Coombes JL, Powrie F (2009) Regulatory lymphocytes and intestinal
inflammation. Ann Rev Immunol 27: 313-338

Jain S, Kaur A, Puri R, Utreja P, Jain A, Bhide M, Ratnam R, Singh V, Patil AS,
Jayaraman N, et al (2010) PETIM dendrimer: a novel non-toxic dendrimer
for sustained drug delivery. Eur | Med Chem 45: 4997-5005

Jayamurugan G, Jayaraman N (2006) Synthesis of large generation PETIM
dendrimers. Tetrahedron 62: 9582-9588

Kannan S, Dai H, Navath RS, Balakrishnan B, Jyoti A, Janisse ), Romero R,
Kannan RM (2012) Dendrimer-based postnatal therapy for
neuroinflammation and cerebral palsy in a rabbit model. Sci Transl Med 4:
1-11

Konradt C, Frigimelica E, Nothelfer K, Puhar A, Salgado-Pabon W, di Bartolo V,
Scott-Algara D, Rodrigues CD, Sansonetti PJ, Phalipon A (2011) The Shigella
flexneri type 11l secretion system effector IpgD inhibits T cell migration by
manipulating host phosphoinositide metabolism. Cell Host Microbe 9: 263-
272

Kosek M, Yori PP, Olortegui MP (2010) Shigellosis update: advancing antibiotic
resistance, investment empowered vaccine development, and green
bananas. Curr Opin Infect Dis 23: 475-480

Krishna TR, Jayaraman N (2003) Synthesis of PETIM dendrimers and
evaluation of their cytotoxic properties. ] Org Chem 68: 9694-9704

Kutuzova GD, Albrecht RM, Erickson CM, Qureshi N (2001) Diphosphoryl lipid
A from Rhodobacter sphaeroides blocks the binding and internalization of
LPS in RAW 264.7. ) Immunol 167: 482-489

Lalwani S, Chouai A, Perez LM, Santiago V, Shaunak S, Simanek EE (2009a)
Mimicking PAMAM dendrimers with ampholytic, hybrid triazine
dendrimers: a comparison of dispersity and stability. Macromolecules 42:
6723-6732

EMBO Mol Med (2012) 4, 866-881



www.embomolmed.org

Research Article

Lalwani S, Venditto V), Chouai A, Rivera GE, Shaunak S, Simanek EE (2009b)
Electrophoretic behaviour of anionic triazine & PAMAM dendrimers:
methods for improving resolution & assessing purity using capillary
electrophoresis. Macromolecules 42: 3152-3161

Lembo-Fazio L, Nigro G, Noél G, Rossi G, Chiara F, Tsilingiri K, Rescigno M,
Rasola A, Bernardini ML (2011) Gadd45« activity is the principal effector of
Shigella mitochondria-dependent epithelial cell death in vitro and ex vivo.
Cell Death Dis 2: €122. DOI:10.1038/cddis.2011.4

Lindberg AA, Karnell A, Weintraub A (1991) The LPS of Shigella bacteria as a
virulence factor. Rev Infect Dis 13: $279-5284

Malik N, Wiwattanapatapee R, Klopsch R, Lorenz K, Frey H, Weener JW, Meijer
EW, Paulus W, Duncan R (2000) Dendrimers: relationship between structure
and biocompatibility in vitro, and preliminary studies on the biodistribution
of *2°I-labelled PAMAM dendrimers in vivo. | Controlled Release 65: 133-
148

Menjoge AR, Kannan RM, Tomalia DA (2010) Dendrimer-based drug and
imaging conjugates: design considerations for nanomedical applications.
Drug Discovery Today 15: 171-185

Molinaro A, Silipo A, Castro CD, Sturiale L, Nigro G, Garozzo D, Bernardini ML,
Lanzetta R, Parrilli M (2008) Full structural characterization of Shigella
flexneri M9OT serotype 5 wild-type R-LPS and its dgalU mutant: glycine
residue location in the inner core of the LPS. Glycobiology 18: 260-269

Murai M, Turovskaya O, Kim G, Madan R, Karp CL, Cheroutre H, Kronenberg M
(2009) IL-10 acts on regulatory T cells to maintain expression of the
transcription factor Foxp3 and suppressive function in mice with colitis. Nat
Immunol 10: 1178-1184

Ohto U, Fukase K, Miyake K, Satow Y (2007) Crystal structures of human MD-2
and its complex with antiendotoxic Lipid IVa. Science 316: 1632-1634

Ohto U, Fukase K, Miyake K, Shimizu T (2012) Structural basis of species-
specific endotoxin sensing by innate immune receptor TLR4/MD-2. Proc
Natl Acad Sci USA 109: 7421-7426

O’Neill LAJ (2005) TLRs play good cop, bad cop in the lung. Nat Med 11: 1161-
1162

Park BS, Song DH, Kim HM, Choi BS, Lee H, Lee JO (2009) The structural basis of
LPS recognition by the TLR4-MD-2 complex. Nature 458: 1191-1195

Perdomo OJ, Cavaillon |, Huerre M, Gounon P, Sansonetti PJ (1994) Acute
inflammation causes epithelial invasion and mucosal destruction in
experimental Shigellosis. ] Exp Med 180: 1307-1319

Rallabhandi P, Awomoyi A, Thomas KE, Phalipon A, Fujimoto Y, Fukase K,
Kusumoto S, Qureshi N, Sztein M, Vogel S (2008) Differential activation of
human TLR4 by Escherichia coli and Shigella flexneri 2a LPS: combined
effects of Lipid A acylation state and TLR4 polymorphisms on signalling. |
Immunol 180: 1139-1147

Ragib R, Reinholt FP, Bardhan PK, Karnell A, Lindberg AA (1994)
Immunopathological patterns in the rectal mucosa of patients with
shigellosis: expression of HLA-DR antigens and T lymphocyte subsets. APMIS
102: 371-380

Ragib R, Lindberg AA, Wretlind B, Bardhan PK, Andersson U, Andersson ] (1995)
Persistence of local cytokine production in Shigellosis in acute and
convalescent stages. Infect Immun 63: 289-296

Ragib R, Ekberg C, Sharkar P, Bardhan PK, Zychlinsky A, Sansonetti PJ,
Andersson ] (2002) Apoptosis in acute shigellosis is associated with
increased production of Fas/Fas ligand, perforin, caspase-1, and caspase-3
but reduced production of Bcl-2 and IL-2. Infect Immun 70: 3199-3207

Rathinam VA, Appledorn DM, Hoag KA, Amalfitano A, Mansfield LS (2009)
Campylobacter jejuni induced activation of dendritic cells involves
cooperative signaling through TLR4-MyD88 and TLR4-TRIF axes. Infect
Immun 77: 2499-2507

EMBO Mol Med (2012) 4, 866-881

lan Teo et al.

Ryan A, Lynch M, Smith SM, Amu S, Nel HJ, McCoy CE, Dowling JK, Draper E,
O’Reilly V, McCarthy C et al (2011) A role for TLR4 in Clostridium difficile
infection and the recognition of surface layer proteins. PLoS Pathog 7:
€1002076

Sabroe |, Jones EC, Usher LR, Whyte MK, Dower SK (2002) TLR2 and TLR4 in
human peripheral blood granulocytes: a critical role for monocytes in
leukocyte LPS responses. ] Immunol 168: 4701-4710

Sakthivel T, Toth I, Florence AT (1999) Distribution of a lipidic 2.5 nm
diameter dendrimer carrier after oral administration. Int ] Pharm 183:
51-55

Sam S, Touahir L, Andresa JS, Allongue P, Chazalviel JN, Gouget-Laemmel AC,
de Villeneuve CH, Moraillon A, Ozanam F, Gabouze N, et al (2010)
Semiquantitative study of the EDC/NHS activation of acid terminal groups
at modified porous silicon surfaces. Langmuir 26: 809-814

Schnupf P, Sansonetti P (2012) Quantitative RT-PCR profiling of the rabbit
immune response: assessment of acute Shigella flexneri infection. PLoS One
7: e36446. DOI:10.1371/journal.pone.0036446

Sellge G, Magalhaes G, Konradt C, Fritz JH, Salgado-Pabon W, Eberl G,
Bandeira A, Di Santo )P, Sansonetti PJ, Phalipon A (2010) Th17 cells are the
dominant T cell subtype primed by Shigella flexneri mediating protective
immunity. ) Immunol 184: 2076-2085

Shaunak S, Thomas S, Gianasi E, Godwin A, Jones E, Teo |, Mireskandari K,
Luthert P, Duncan R, Patterson S, et al (2004) Polyvalent dendrimer
glucosamine conjugates prevent scar tissue formation. Nat Biotechnol 22:
977-985

Singer M, Sansonetti P) (2004) IL-8 is a key chemokine regulating neutrophils
recruitment in a new mouse model of Shigella-induced colitis. ] Immunol
173: 4197-4206

Sperandio B, Regnaul B, Guo J, Zhang Z, Stanley SL, Jr, Sansonetti P), Pédron T
(2008) Virulent Shigella flexneri subverts the host innate immune response
through manipulation of antimicrobial peptide gene expression. | Exp Med
205:1121-1132

Takayama K, Qureshi N, Beutler B, Kirkland TN (1989) Diphosphoryl Lipid A
from Rhodopseudomonas sphaeroides ATCC 17023 blocks induction of
cachectin in macrophages by LPS. Infect Immun 57: 1336-1338

Takeuchi A (1967) Electron microscope studies of experimental Salmonella
infection. Am ] Pathol 50: 109-136

Takeuchi A, Formal SB, Sprinz H (1968) Experimental acute colitis in the
Rhesus monkey following peroral infection with Shigella flexneri. Am |
Pathol 52: 503-529

Takeuchi A, Inman LR, O’Hanley PD, Cantey JR, Lushbaugh WB (1978)
Scanning and transmission electron microscopic study of Escherichia coli
015 (RDEC-1) enteric infection in rabbits. Infect Immun 19: 686-694

Unutmaz D, Pulendran B (2009) The gut feeling of Treg cells: IL-10 is the silver
lining during colitis. Nat Immunol 10: 1141-1143

Vaisman N, Leibovitz E, Dagan R, Barak V (2003) The involvement of IL-6
and IL-8 in acute invasive gastroenteritis of children. Cytokine 22: 194-
197

West NP, Sansonetti P, Mounier |, Exley RM, Parsot C, Guadagnini S, Prevost
MC, Prochnicka-Chalufour A, Delepierre M, Tanguy M, et al (2005)
Optimization of virulence functions through glucosylation of Shigella LPS.
Science 307: 1313-1317

Yu L, Phillips RL, Zhang D, Teghanemt A, Weiss P, Gioannini TL (2012) Studies
of hexaacylated endotoxin bound to wild-type and F126A mutant MD-2 and
MD-2-TLR4 ectodomain complexes. | Biol Chem 287: 16346-16355

Zychlinsky A, Thirumalai K, Arondel J, Cantey JR, Aliprantis AO, Sansonetti P)
(1996) in vivo apoptosis in Shigella flexneri infections. Infect Immun 64:
5357-5365

© 2012 The Authors. Published by John Wiley and Sons, Ltd on behalf of EMBO.



