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Considerable progress has been made in understanding the roles of Helicobacter pylori in
inflammation and gastric cancer; however, far less is known about the roles of enterohepatic
Helicobacter species (EHS) in carcinogenesis and their zoonotic or pathogenic potential. We
determined the prevalence of EHS infection in a cohort of geriatric rhesus monkeys in which
intestinal adenocarcinoma (IAC) is common and investigated the association between EHS
infection and IAC. The cohort consisted of 36 animals, 14 of which (age 26—35 years) had IAC.
Of the 36 rhesus, 35 (97 %) were positive for EHS using PCR or bacterial isolation from faeces,
colonic or tumour tissues. Only a single rhesus, which had IAC, was negative for EHS by all
detection methods. The EHS identified by 16S rRNA sequencing in this study were from three
Helicobacter taxa: Helicobacter macacae (previously rhesus monkey taxon 1), Helicobacter sp.
rhesus monkey taxon 2, previously described from strain MIT 99-5507, and Helicobacter sp.
rhesus monkey taxon 4, related to Helicobacter fennelliae. Thirteen of 14 monkeys with IAC were
positive for either H. macacae (7/183, 54 %), EHS rhesus monkey taxon 4 (4/13, 31 %) or a
mixture of the two EHS (2/13, 15 %). These results indicate that EHS are prevalent among aged
rhesus macaques with IAC. Using Helicobacter genus-specific florescent in situ hybridization,
EHS were detected on the surface of colonic epithelia of infected monkeys. All Helicobacter
isolates, including H. macacae, effectively adhered to, invaded, and significantly induced
proinflammatory genes, including /L-8, IL-6, TNF-a and iNOS, while downregulating genes
involved in the function of inflammasomes, particularly /L-7, CASPASE-1, NRLP3, NLRP6 and
NLRC4 in the human colonic T84 cell line (P<0.0001). These results suggest that EHS may
represent an aetiological agent mediating diarrhoea, chronic inflammation, and possibly intestinal
cancer in non-human primates, and may play a role in similar disease syndromes in humans.
Downregulation of inflammasome function may represent an EHS strategy for long-term
persistence in the host and play a role in inducing pathological changes in the host's lower bowel.

INTRODUCTION

Enterohepatic Helicobacter species (EHS) are Gram-nega-

tive, helical microaerophilic proteobacteria that have been

tPresent address: East Carolina University, Brody School of Medicine,
Department of Comparative Medicine 600 Moye Boulevard, LSB 217,
Greenville, NC 27834, USA.

Abbreviations: CDT, cytolethal distending toxin; EHS, enterohepatic
Helicobacter species; FISH, florescent in situ hybridization; IAC, intestinal
adenocarcinoma; IBD, inflammatory bowel disease; STLV, simian T-cell
leukaemia virus; SRV, simian retrovirus.

implicated in the development of gastrointestinal diseases
in humans and animals (Fox, 2002; Fox et al., 2002; Ceelen
et al., 2005; Goldman & Mitchell, 2010). Unlike the stomach-
colonizer Helicobacter pylori, which is a known aetiological
agent for gastritis and gastric adenocarcinoma in humans,
EHS reside in the host’s intestinal and hepatobiliary tracts,
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with the potential of eliciting pathological changes in
infected tissues (Goldman & Mitchell, 2010; Fox et al.,
2011).

In experimentally and naturally infected cases, several EHS
can cause inflammatory conditions and neoplasia in various
species of animals (Cimolai et al., 1987; Burnens et al., 1994;
Burman et al., 1995; Cahill et al, 1998; Foley et al., 1998,
1999; Avenaud et al., 2000; Ceelen et al., 2005; Thomson
et al., 2011). In susceptible mouse strains, chronic infec-
tion with Helicobacter hepaticus induces hepatitis, hepatic
adenoma and hepatocellular carcinoma (Fox et al., 1996b;
Garcia et al,, 2011). In immunocompromised mice, EHS
infection causes typhlocolitis, enterocolitis and neoplasia of
the lower bowel (Foltz et al., 1998; Chin et al., 2000; Erdman
et al., 2009; Mangerich et al., 2012).

Several EHS, including Helicobacter pullorum, H. cinaeds,
H. fennelliae, H. canadensis, H. bilis, H. winghamensis and
H. canis, have been isolated from the gastrointestinal tract
of human patients with ulcerative colitis, proctitis and
diarrhoea (Hung et al., 1997; Foley et al., 1999; Hsueh et al.,
1999; Fox et al., 2000; Melito et al., 2001; Hansen et al.,
2011). One of the EHS, H. cinaedi, has been shown to cause
bacteraemia, gastroenteritis, osteomyelitis and cellulitis in
immunocompetent and immunocompromised humans
and has recently been shown to persistently colonize the
intestinal tract of humans (Kitamura et al, 2007; Hansen
et al., 2011; Oyama et al., 2012). Importantly, experimental
inoculation of infant pigtail macaques with the human
isolates H. cinaedi or H. fennelliae resulted in colitis and
bacteraemia (Flores et al, 1990). These findings raise
the possibility that chronic EHS infection may lead to
development of inflammatory bowel disease (IBD) and
neoplasia in humans (Haggerty et al., 2005; Thomson et al.,
2011). Furthermore, it has been previously observed that
there is zoonotic transmission infection with EHS, parti-
cularly between humans and pets (Fox, 2002).

A novel EHS has been isolated from colitis-affected cotton-
top tamarins, which are predisposed to developing IBD
and colon cancer (Saunders et al., 1999). We previously
surveyed a cohort of rhesus and cynomolgus monkeys
in which idiopathic colitis was endemic, and found that
many of them were infected with multiple EHS, including
Helicobacter macacae (Fox et al., 2001b, 2007). Another
colony of rhesus, where colitis was not endemic, also had
Helicobacter spp. isolated from their faeces. Ten years after
this initial survey, one of the monkeys in the non-colitis
cohort, but persistently infected with H. macacae, developed
intestinal adenocarcinoma (IAC) (Marini et al, 2010),
the most common neoplasia in geriatric (>20 years of
age) rhesus macaques (Uno et al, 1998; Valverde et al.,
2000; Rodriguez et al., 2002). This observation led us to
hypothesize that chronic EHS infection produces colitis, but
also persistent EHS infection, similar to H. hepaticus-
infected Rag™ '~ mice, which develop colon carcinoma,
could play a role in the genesis of intestinal neoplasia
(Erdman et al., 2009; Mangerich et al., 2012). In this study,

we surveyed a cohort of ageing rhesus monkeys, in which
TIAC is common, to determine whether infection with EHS
is prevalent among these animals. Recognizing that rhesus
EHS were detected in a diarrhoeic child (Haggerty et al.,
2005) and that EHS isolated from humans can experiment-
ally cause disease in non-human primates, we also explored
the pathogenic potential of the rhesus EHS using in vitro
assays.

METHODS

Rhesus monkey population. The study population consisted of 36
geriatric rhesus macaques (7 males and 29 females) with ages ranging
from 26 to 35 years, 14 of which were diagnosed with IAC. Thirty
animals were positive for simian T-cell leukaemia virus (STLV) by
serology and one monkey was positive for both STLV and simian
retrovirus (SRV). All animals were negative for simian immunodefi-
ciency virus and B virus, as well as for enteric pathogenic bacteria,
Shigella spp. and Salmonella spp.

Bacteria isolation and culture. EHS isolation from faecal, colonic
and tumour samples was performed as previously described (Fox
et al., 2001b). Briefly, the faecal samples were suspended in Brucella
broth and the suspension was filtered through a 0.65 um Acrodisc
syringe filter (M.D. Laboratory Supplies) to enrich for EHS. The
filtrate was spotted on the surface of the blood agar plates (Remel).
Colon and tumour samples were homogenized in Brucella broth
and the mixtures were filtered as mentioned above and spotted on
blood agar media. After 7-10 days of incubation under microaerobic
conditions (10 % H,, 10 % CO,, 80 % N,) in a vented jar at 37 °C, the
plates were inspected for evidence of EHS growth. The bacteria were
collected with a sterilized cotton swab and resuspended in PBS. Their
genomic DNA was isolated using the High Pure PCR Template
Preparation kit (Roche Molecular Biochemicals) (Fox et al., 2007). All
Helicobacter isolates were preserved at —80 °C in Brucella broth
containing 20 % glycerol (v/v) for subsequent analyses.

Molecular techniques. Faecal samples were collected, and stored at
—80 °C until they were used for analysis. Faecal DNA was obtained
using the Qiagen DNA stool mini extraction kit according to the
manufacturer’s recommendations. Faecal PCR was performed using
Helicobacter genus 16S rRNA gene-specific primers (C05 and C97),
which amplify an ~1200 bp conserved region of the 16S rRNA, as
previously described (Fox et al., 2007). The identity of the 16S rRNA
PCR products was determined by a combination of RFLP analysis,
DNA sequencing and BLAST analysis of the DNA sequences against
the NCBI DNA sequence database. RFLP analyses were performed
using Alul and Hhal restriction endonucleases (New England Biolabs)
as previously described (Fox et al, 2007). DNA sequencing was
accomplished using the ABI prism Genetic Analyzer 3500 (Life
Technologies). Full 16S rRNA sequences were obtained, sequences
were aligned in our RNA database, and neighbour-joining trees were
created as previously described (Dewhirst et al., 2005). To determine
the presence of the cytolethal distending toxin (CDT) gene in the
genome of rhesus monkey EHS, a set of degenerate primers VAT2,
WMI1 and DHF1, previously used to identify CDT genes in other
Helicobacter species, were used (Chien et al., 2000).

In vitro cell culture, cell adhesion, gentamicin protection
assays. T84 human colonic cells were obtained from the American
Type Culture Collection (ATCC). A stock culture of T84 (a human
colonic epithelial cell line; ATCC, CCL 6) was maintained in a 1:1
mixture of Han’s F12 and Dulbecco’s modified Eagle’s medium
(DMEM :F12; ATCC) supplemented with 5% (v/v) fetal bovine
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serum, penicillin (100 U ml™") and streptomycin (100 pg ml™h)
according to ATCC’s recommendation. T84 cells (10° per well) were
seeded into 12-well cell culture plates and incubated at 37 °C in a
humidified incubator aerated with 5% CO, for 48 h. Adhesion
and gentamicin protection assays were performed according to a
previously published procedure (Lertpiriyapong et al, 2012) with
minor modifications. Briefly T84 cells were inoculated with EHS at
50 m.o.i. in 1 ml fresh culture medium. EHS were propagated on
blood agar under microaerobic conditions and collected at 48 h post-
incubation, which corresponds to the mid-exponential phase of
growth. Viable organisms were predominantly spiral in shape, and
contamination by other types of bacteria was not noted as visualized
by Gram staining. The plates were centrifuged at 200 g to facilitate
bacterial cell adhesion and incubated under microaerobic conditions.
EHS was subjected to heat treatment by boiling in water at 100 °C for
20 min. After 2 h of incubation for cell adhesion assays and 4 h of
incubation for the gentamicin protection assays, T84 cells were lysed
with 0.1 % saponin and the bacteria were enumerated by 10-fold
serial dilution and plating onto blood agar. The gentamicin
concentration used in the gentamicin protection assay was 250 pg
ml ™. An insignificant number of EHS (4 to 5 c.f.u. in 1 ml of media)
were recovered from the supernatant with this concentration of
gentamicin and 4 h duration of treatment.

CDT assay. In vitro assays for CDT activity and preparation of
cell sonicates of EHS were performed according to our previously
described method using HeLa cells (CCL-2, ATCC) (Young et al.,
2000b). Briefly, HeLa cells were cultured in Dulbecco’s modified
Eagle’s medium supplemented with glutamine and 10% fetal calf
serum. HeLa cells (10%) were seeded into each well of 24-well cell
culture plates. The cells were allowed to acclimate for 2 h. Ten
microlitres of filtered sterilized supernatant fractions of cell sonicate
of rhesus EHS containing approximately 5 ug ml~" of total protein,
as measured using a BCA protein assay kit (Thermo Scientific),
suspended in 1 x PBS was then added to each well. As negative and
positive controls, HeLa cells were also treated with 1x PBS and
filtered, sterilized supernatant fractions of cell sonicate of H.
hepaticus, previously shown to produce CDT using this in vitro
assay, at the same concentration of total protein, respectively. The
cells were inspected for CDT activity, indicated by evidence of cell
rounding and enlargement as well as the presence of multinucleated
giant cells at 48 h of incubation.

Histology. Tumour samples and colonic tissues were collected during
surgical resection, preserved in 109% neutral formalin buffer, and
sectioned as previously described (Marini et al., 2010). Tissue sections
were then evaluated by a board-certified veterinary pathologists
(plural) (T.W.M., S.M.).

Florescent in situ hybridization (FISH) for Helicobacter spp.
Fluorescent in situ hybridization assays were performed as previously
described, with modifications (Bridgeford er al., 2008). For whole cell
in situ hybridization, cells were fixed with 4% paraformaldehyde,
washed with PBS and air-dried. For paraffin-embedded tissue, the
sections were deparaffinized by passage through xylene (three
passages for 10 min each), 100 % ethanol (three passages for 2 min
each) and 95 % ethanol (three passages for 2 min each) and air-dried.
Two probes specific for the entire genus Helicobacter, HEL 274/HEL
717 (Chan et al., 2005) were used for the FISH assay. The probes were
labelled with cy3, reconstituted with sterile water, and diluted to
a working concentration of 10 ng pl~' with hybridization buffer
(20 mM Tris/HCI, 0.9 M NaCl, 0.1 % SDS, 30 % formamide, pH 7.2).
Fifty microlitres of hybridization buffer with probe was applied to
the slides. Sections were covered in Parafilm to minimize evaporation
and placed in a hybridization chamber at 48 °C overnight. Washing
buffers T (20 mM Tris/HCl, 0.9 M NaCl, 0.01% SDS) and II
(20 mM Tris/HCI, 0.9 M NaCl) were applied and incubated at

48 °C for 15 min each. Slides were rinsed in double-distilled water,
air-dried and mounted in Vectashield Hardmount with 4’,6-
diamidino-2-phenylindole (DAPI) (Vector Laboratories). Slides were
examined using a Zeiss Axioskop 2 fluorescence microscope. A slide
was designated positive if the distinctive spiral organisms fluoresced
under the Rhod filter.

Gene expression analysis in T84 cells. To study inflammatory
gene expression, T84 cells were seeded into a 12-well cell culture plate
at 10° cells per well and incubated for 48 h. T84 cells were washed
three times with 1 x PBS and then inoculated with EHS suspended
in DMEM : F12 medium free of antibiotics and fetal bovine serum at
an m.o.d. of 50. After 2 h of microaerobic culture, the cells were
suspended in 1 ml Trizol reagent (Invitrogen). RNA extraction with
Trizol was performed according to the manufacturer’s recommenda-
tions. cDNA was synthesized from 3 pg total RNA using the High
Capacity cDNA Archive kit (Applied Biosystems). mRNA levels were
quantified with TagMan gene expression assays (Applied Biosystems)
in an ABI Prism Sequence Detection System 7700. Expression
levels of inflammatory genes, interleukin-6 (IL-6; HS00985639_M1),
IL-8 (HS00174103_M1I), IL-18, tumour necrosis factor-o. (TNF-o;
HS99999043_MT1), CASPASE-1 (CASPI: HS00354836-M1I), inducible
nitric oxide synthase (iNOS; HS01075529_M1), IL-1p (HS01555410_
M1), nucleotide-binding oligomerization-domain protein-like recep-
tor proteins 3 (NLRP3; HS00918082_M1), NLRP6 (HS00373246_M1)
and NLR family, CARD domain-containing 4 (NLRC4; HS00892666_
M1), in T84 cells were evaluated using quantitative PCR. mRNA levels
of inflammatory mediators were normalized to the mRNA level of
endogenous control glyceraldehyde-3-phosphate dehydrogenase (GAPDH;
HS99999905_M1) using the standard AC; method (User Bulletin no.2,
Applied Biosystems). Samples were run in duplicate or triplicate in two
independent experiments.

Statistical analysis. A non-parametric two-tailed Mann U Whitney

was used for statistical analyses of mRNA expression levels using
GraphPad Prism 5.0 (GraphPad Software).

RESULTS

EHS are highly prevalent among a population of
geriatric rhesus monkeys with a high IAC
incidence

To investigate the association between EHS infection and
IAC, we surveyed a population of geriatric rhesus macaques
in which IAC is common, and determined EHS prevalence.
Initially, the infection status of a cohort of 36 rhesus
monkeys was evaluated by faecal PCR and bacterial
isolation. From 36 animals, 34 faecal samples were available
for the analysis. Thirty-two of 34 (94 %) faecal samples were
positive for Helicobacter spp. by faecal PCR (Table 1),
whereas only 27/34 (79 %) faecal samples were positive by
EHS culture. Two animals that were negative by faecal PCR
were also negative by faecal EHS isolation. Analyses using
a combination of RFLP, 16S rRNA gene sequencing, and
sequence analyses revealed that these isolates fall into four
taxa. Specific isolates were >99 % similar to H. macacae,
previously isolated from rhesus with idiopathic colitis,
normal rhesus and a rhesus with colonic adenocarcinoma
(Fox et al., 2001b, 2007; Marini et al., 2010) (previously
designated rhesus monkey taxon 1). Helicobacter sp. MIT
99-5507 rhesus monkey taxon 2 from a rhesus macaque
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Table 1. Helicobacter spp. isolation from rhesus monkeys

Sample no. Animal ID Bacterial isolate Faecal PCR  Bacterial isolation ID of EHS

ID from faeces
1 04-R118* MIT11-6586 + - NA¥
2 04-R122 MIT11-6587 + - NA¥
3 05-R538 MIT10-6478 + + Helicobacter spp. MIT 99-10781 monkey taxon 4
4 07-R110 MIT11-6588 + + H. macacae, taxon 1
5 07-R111 MIT11-6589 + - NA¥
6 07-R722* MIT11-6590 - - NA*
7 07-R924 MIT10-6480 + + Helicobacter spp. MIT 99-10781 monkey taxon 4
8 07-R928 MIT10-6479 + + Helicobacter spp. MIT 99-10781 monkey taxon 4
9 09-R908 MIT11-6591 + + Helicobacter spp. MIT 99-10781 monkey taxon 4
10 07-R740 MIT11-6592 + + Helicobacter spp. MIT 99-10781 monkey taxon 4
11 07-R736 MIT11-6593 + + H. macacae, taxon 1
12 07-R732 MIT11-6594 + + Helicobacter spp. MIT 99-10781 monkey taxon 4
13 07-R730* MIT11-6595 + + Helicobacter spp. MIT 99-10781 monkey taxon 4
14 09-R904 MIT11-6596 + - NA*
15 09-R905 MIT11-6597 + + Helicobacter spp. MIT 99-10781 monkey taxon 4
16 09-R903 MIT11-6598 + + Helicobacter spp. MIT 99-10781 monkey taxon 4
17 09-R902 MIT11-6599 + - NA*
18 09-R901 MIT11-6600 + + Helicobacter spp. MIT 99-10781 monkey taxon 4
19 04-R123 MIT11-6601 + + Helicobacter spp. MIT 99-10781 monkey taxon 4
20 07-R728* MIT11-6602 + + H. macacae, taxon 1
21 04-R128 MIT11-6603 + + Helicobacter spp. MIT 99-10781 monkey taxon 4
22 04-R126 MIT11-6604 + + H. macacae, taxon 1
23 04-R432% MIT11-6605 + + H. macacae, taxon 1
24 09-R906 MIT11-6606 + + Helicobacter spp. MIT 99-10781 monkey taxon 4
25 09-R907 MIT11-6607 + + Helicobacter spp. MIT 99-10781 monkey taxon 4
26 09-R927 MIT11-6608 + + Helicobacter spp. MIT 99-5507 monkey taxon 2
27 09-R929 MIT11-6609 + + H. macacae, taxon 1
28 04-R430 MIT11-6610 + + Helicobacter spp. MIT 99-10781 monkey taxon 4
29 07-R729* MIT11-6611 - - NA*
30 07-R727* MIT11-6612 + + Helicobacter spp. MIT 99-10781 monkey taxon 4
31 07-R108 MIT11-6613 + + Helicobacter spp. MIT 99-10781 monkey taxon 4
32 07-R129 MIT11-6614 + + Helicobacter spp. MIT 99-10781 monkey taxon 4
33 09-R910 MIT11-6615 + + Helicobacter spp. MIT 99-10781 monkey taxon 4

and H. macacae, taxon 1

34 09-R923 MIT11-6616 + + H. macacae, taxon 1
% Positive 94 % 79 %

*These animals had IAC.

with idiopathic colitis (Fox et al., 2001b), and Helicobacter
sp. rhesus monkey taxon 4, which is most closely related
to H. fennelliae (98 % similarity), were also identified. The
relationship between these three Helicobacter spp. isolates
based on their 16S rRNA sequences is depicted in Fig. 1.
Interestingly, one animal was confirmed positive for two
EHS, H. macacae and the H. fennelliae-like Helicobacter sp.
rhesus taxon 4, by faecal PCR, faecal bacterial isolation and
DNA sequencing, whereas the remainder of the monkeys
were positive for a single Helicobacter species. The RFLPs
generated by using Alul and Hhal restriction endonucleases
corresponding to each EHS are shown in Fig. 2 and were
consistent with our previous report (Marini et al., 2010).
Two RELP patterns represented the H. fennelliae-like EHS.

This was due to a single base pair substitution (T to C)
which created an additional Hhal site (Fig. 2).

EHS were detected in tumours of rhesus
macaques with IAC

Of the 36 animals evaluated, 14 (40 %) were diagnosed
with IAC by exploratory and histological evaluation. These
tumours were detected primarily in the ileo-caeco-colic
junction (Fig. 3). The age of the affected monkeys ranged
from 26 to 35 years, although 9/14 (64 %) animals were
30 years or older (Table 2). Twelve of the affected monkeys
were females and two were males; all of which were positive
for STLV, and one animal was positive for both STLV and
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" Helicobacter fennelliae CCUG 18820T {M88154.2} Human
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Helicobacter cinaedi CCUG 33804 (Mainz) {AF207739} Human

Helicobacter cinaedi CCUG 18818T {M88150} Human
Helicobacter aurati MIT 97-5075T {AF297868} Hamster
Helicobacter hepaticus ATCC 51448T {U07574.2} Mouse

Helicobacter muridarum ATCC 49282T {M80205.2} Mouse
Helicobacter trogontum ATCC 7001147 {U65103} Rat
 Helicobacter sp. MIT 99-5507 {A333340} Rhesus monkey taxon 2
L Helicobacter sp. MIT 11-6608 {KC894697} Rhesus monkey taxon 2 <——
r Helicobacter macacae MIT 11-6604 {KC894696} Rhesus monkey taxon 1 <——
He//cobacter macacae MIT 99-5501 {AF333338} Rhesus monkey taxon 1
Helicobacter sp. MIT 01-3238 {DQ8466778} Rhesus monkey taxon 3
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e

Helicobacter pylori ATCC 43504T {M88157} Human
[~ Helicobacter felis ATCC 491797 {M57398} Cat

Helicobacter bizzozeronii ATCC 70030T {Y09404} Dog

Fig. 1. Dendrogram depicting the relationship, based on the full-length sequences of 16S rRNA gene, between the three
rhesus Helicobacter isolates identified in this study and the most closely related named Helicobacter species. The scale bar

shows a 3% sequence difference.

SRV (Table 2). Surgical removal of the tumour was the
treatment of choice in all of the IAC-affected monkeys.
Resection of the colonic tumours extended life as long as
6 years (Table 2). To definitively determine whether EHS
were intimately associated with the tumour tissue, bacterial
isolation was performed from tumour tissue in 10 of 14
animals available for analysis. EHS were recovered from the
IAC of 9/10 of the affected monkeys. EHS were isolated

from the tumour tissue of an animal, 07-R722, which was
initially tested negative by both faecal PCR and faecal
bacterial isolation. However, EHS were not recovered from
one animal, 07-R729, the only other animal that initially
tested negative by both faecal PCR and faecal bacterial
isolation. Interestingly, by bacterial culture from tumour
tissue, two animals with IAC were found to be co-infected
with both H. macacae and H. fennelliae-like EHS (Table 1).

bp
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Helicobacter ~Helicobacter H. macacae  Helicobacter
sp. monkey  sp. monkey sp. monkey Fig. 2. RFLP patterns of Helicobacter sp.
taxon 4 taxon 4 taxon 2 monkey taxon 4, H. macacae and Helicobacter
pattern 1 pattern 2 sp. monkey taxon 2 generated by Alul and Hhal.
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(a) Ascending colon (b)
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Fig. 3. (a) Intact resected section of intestine,
including distal ileum, ileo-caeco-colic (ICC)
junction (caecum and proximal portion of
ascending colon). Beneath the anterior serosal
adipose pad noted over the ICC, there are
multifocal areas that are expanded by an
internal mass that includes the ICC, caecum,
ileum and colon. The tumour does not expand
lleum grossly past this anatomical area. (b) Anterior
AZ midline dissection of intestine, including distal
ileum, ICC junction, caecum and proximal
portion of ascending colon. Intestinal wall of
the ileum, ICC, caecum and ileo-caecal and
caeco-colic valve (sphincters) are thickened by
as much as 6—8 mm. Mucosa is eroded with
focal ulcers, with blood noted within the lumen
and lining the intestinal mucosa. Tumour is
circumferential and causes stenosis.

Caecum

Tumour characteristics

From the 14 monkeys previously diagnosed by biopsy as
having intestinal IACs, post-mortem specimens from 5
animals (04-R432, 07-R728, 07-R727, 09-R923 and 07-
R108) were available for examination as part of this study.
Of these, one animal had undergone prior resection of the
ileal-caeco-colic tumour and hence histological assessment
in this instance only included non-neoplastic colon. In cases
with obvious tumour, the masses were often localized to the
ileo-caecal junction or involved the caecum and colon to
varying degrees. Grossly, these were characterized either by
discrete nodular thickening at the ileo-caecal origin or by
variable degrees of thickening of the caeco-colonic mucosa
with associated mucosal ulceration, haemorrhage and/or
mucus-filled cysts in the mucosa extending to the serosa and
mesentery with variable serosal thickening and mesenteric
adhesions.

Histologically, the four grossly observed tumours had a
varying appearance and all were classified as intestinal
carcinomas. The tumour of 09-R923 was localized to the
caeco-colic junction with involvement of both the adjacent
caecum and ascending colon. This tumour was histolo-
gically classified as a well-differentiated mucinous cystic
adenocarcinoma. There were numerous variably distended
cystic mucus-filled neoplastic glands with partial cell
loss extending into the muscularis, serosa and adjacent
mesentery in association with a background of prominent
mucosal ulceration/necrosis/haemorrhage and a mixed
population of inflammatory cells as well as oedema and
fibrosis (Fig. 4a, b). The tumour of 07-R728 was classified
as tubular, moderately differentiated adenocarcinoma with
invasive spread into the muscularis, serosa and adjacent
mesentery (Fig. 4c, d). There was also mild to moderate
lympho-plasmacytic and histiocytic inflammation in the
non-neoplastic segments of the colon and caecum.

The tumour from 04-R432 involved the ileal-caeco-colic
junction and was classified histologically as signet ring cell

adenocarcinoma characterized by multifocal effacement of
the lamina propria by mucus-filled cells with marginated
nucleus thus imparting a signet ring cell appearance. The
neoplastic cells in this mass showed multifocal invasion
into the submucosa, muscularis and mesentery as well as
prominent intravascular neoplastic plugs in the affected
regions (Fig. 4e, f). Inflammatory aggregates were also
noted within the neoplastic foci. In addition, there was also
multifocal to coalescing moderate lympho-plasmacytic
ileitis and typhlocolitis admixed with variable numbers of
macrophages, neutrophils and eosinophils as well as
oedema and ulceration.

The tumour of 07-R727 was classified as a poorly differen-
tiated invasive carcinoma arising from the base of the
colonic glandular crypts with formation of neoplastic cords
and nests of cells extending into submucosa (not shown)
with associated mild diffuse lympho-histiocytic colitis. The
intestine of one animal, 07-R108, with a history of prior
surgical tumour resection did not have any discernible
mass at necropsy and on histological examination there
was moderate diffuse plasmacytic mucosal inflammation
involving the caecum and colon, with mild associated
epithelial hyperplasia (image not shown).

EHS are capable of adhering to and invading a
T84 colonic cell line

Previously, EHS from rhesus monkeys were identified in
the stools of diarrhoeic children (Haggerty et al., 2005),
suggesting that EHS could be of zoonotic importance.
To succeed as an enteric pathogen, EHS must be able to
establish colonization within its host, which may require the
ability to adhere to and/or invade host mucosal epithelia.
We investigated whether the three rhesus EHS were capable
of adhering to and invading human colonic epithelia. As
illustrated in Fig. 5, spiral organisms representing the three
EHS were detected by FISH on the surface of T84 cells after
2 h post-inoculation (Fig. 5a—c). FISH-positive bacteria
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Table 2. Prevalence of EHS in rhesus monkeys with IAC

Sample Animal Age at time IAC Survival after Status of EHS isolated Gender Helicobacter species
ID diagnosed/treated  surgical resection  from colonic/tumour/faecal
(years) IAC samples

1 02-R028 26 5 years + M H. macacae

2 04-R118 32 2 years + F H. macacae

3 04-R432 32 2 years + F H. macacae

4 04-R127 25 6 years + F Helicobacter sp. MIT 99-10781
monkey taxon 4

5 07-R722 31 4 months + F H. macacae

6 07-R727 30 4 months + F H. macacae

7 07-R730 27 5 months + F H. macacae and Helicobacter
sp. MIT 99-10781 monkey
taxon 4

8 07-R728 30 1 year + F H. macacae

9 07-R729 28 3 years - F NA

10 04-R128 31 4 years + F H. macacae and Helicobacter
sp. MIT 99-10781 monkey
taxon 4

11 09-R903 31 NA + F Helicobacter sp. MIT 99-10781
monkey taxon 4

12 09-R923 31 NA + M H. macacae

13 07-R108 29 3 years + F Helicobacter sp. MIT 99-10781
monkey taxon 4

14 04-R430 35 6 years + F Helicobacter sp. MIT 99-10781
monkey taxon 4

could not be detected on the T84 cell surface with heat-
treated EHS (Fig. 5d), indicating that cell adhesion requires
live bacteria. The highest efficacy of cell adhesion, assessed
by FISH, was observed for Helicobacter sp. monkey taxon 2.
To confirm the FISH results, cell adhesion assays were
conducted. Consistent with the FISH results, all EHS
isolates adhered to T84 cells. Helicobacter sp. monkey taxon
2 adhered most effectively to T84 cells, followed by Helico-
fobacter sp. monkey taxon 4 and H. macacae (Helicobacter
sp. monkey taxon 2, 2.3 % of the inoculum +0.17 SE versus
Helicobacter sp. monkey taxon 4, 0.3 % +0.02 %, and H.
macacae, 0.02 % +0.0003). Additionally, all of the rhesus
EHS invaded T84 cells, although at varying degrees of
effectiveness (Helicobacter sp. monkey taxon 2, 0.001 % =+
0.0002; Helicobacter sp. monkey taxon 4, 0.04 % +0.03; H.
macacae, 0.03 % +0.0007).

Spiral Helicobacter could also be observed adhering to the
surface of the colonic epithelia at high density in the region
of the tumour tissue (Fig. 5e), confirming the intimate
association of these EHS with the neoplastic tissues.

EHS induce a strong pro-inflammatory gene
expression in T84 cells

Chronic inflammation is a widely accepted mechanism
mediating many cancer types (Grivennikov et al., 2010;
Grivennikov & Karin, 2010; Eiré & Vizoso, 2012; Candido
& Hagemann, 2013). Importantly, there is strong evidence
that chronic H. pylori infection promotes gastric cancer

in humans by inducing host pro-inflammatory responses
(Bornschein et al, 2010). To determine whether the
three rhesus EHS were capable of inducing inflammatory
responses after establishing colonization, T84 cells were
inoculated with the rhesus EHS, and the mRNA levels of
pro-inflammatory genes, particularly IL-8, IL-6 and TNF-
o, were measured 2 h post-inoculation. Significant induc-
tions of IL-8, IL-6 and TNF-o were detected in EHS-treated
cells (P<<0.0001) compared with untreated cells (Fig. 6).
Similarly, iNOS expression levels were significantly elevated
in the T84 treated cells compared with the untreated
control. These results suggest that EHS colonization is
associated with transcriptional upregulation of pro-inflam-
matory genes as well as the nitric oxide synthase gene.

EHS downregulate genes involved in
inflammasome signalling in T84 cells

It has been shown that H. macacae can persistently infect
rhesus macaques for a decade after initial isolation of the
organism (Marini et al., 2010). Similar persistence of EHS
has also been reported for other EHS in other hosts (Fox
et al., 1996a; Garcia et al, 2011). Certain bacterial patho-
gens have the capability to interfere with inflammasome
function, thereby preventing the host from recognizing
and eliminating the bacterial pathogens (Rathinam et al,
2012). Inflammasomes, particularly NLRP3 and NLRP6,
expressed abundantly in intestinal epithelial cells, are
targeted by multiple pathogenic bacteria, and are crucial
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Fig. 4. Representative haematoxylin—eosin images of the various
types of caeco-colonic carcinomas observed in different maca-
ques. (a, b) Low- (a) and high- (b) magnification images of the
neoplastic caeco-colic junction (09-R923) diagnosed as muci-
nous cystic invasive adenocarcinoma. At low magnification (a)
there are numerous cystic mucus-filled invasive glands deep in the
submucosa (arrow) with associated mucosal necrosis/ulceration
(star), inflammation and fibrosis. The higher-magnification image
(b) shows invasive mucus-filled glands with partial cell loss (star),
rafts of neoplastic cells in lumen and encircling fibrous connective-
tissue and inflammatory aggregates. (c, d) Low- and high-
maghnification haematoxylin—eosin images of the colonic tumour
from a macaque (07-R726), showing the origin and borders
(arrows) of a moderately differentiated tubular adenocarcinoma
with submucosal invasion (arrows) and associated lymphoid
aggregates. (e, f) Low- and high-magnification haematoxylin—eosin
images of the neoplastic ileo-caecal junction of a macaque
(04-R432) classified as signet ring cell adenocarcinoma. The
low-magnification image (e) shows expansion of lamina propria of
the villi by clusters of neoplastic pale mucus-filled signet ring cells
(stars) whereas the high-magnification image (f) shows submuco-
sal intravascular plugs (arrows) of neoplastic signet ring cells.
Bars: (a) 400 um; (b) 80 um; (c) 800 pm; (d) 80 um; (e) 160 um;
() 40 pm.

for maintaining intestinal homeostasis and preventing the
development of colitis and tumorigenesis in mouse models
(Kempster et al., 2011; Huber et al., 2012). Recognizing the
importance of inflammasomes in pathogen elimination,
intestinal inflammation and tumorigenesis, we investigated
the impact of all three rhesus monkey EHS, H. macacae,
Helicobacter sp. monkey taxon 2 and Helicobacter sp.
monkey taxon 4, on known genes involved in inflamma-
some function, particularly NLRP3, NLRC4 and NLRP6.
We also analysed genes downstream of NLRP3, NLRC4

(a) (9))

Fig. 5. FISH staining showing the presence of rhesus Helicobacter
(pink fluorescent spots) adhering to the surface of T84 cells. (a) H.
macacae, (b) Helicobacter sp. MIT 10-6479 rhesus monkey taxon
4, (c) Helicobacter sp. MIT 10-6608 rhesus monkey taxon 2, (d)
heat-treated Helicobacter sp. MIT 10-6608 rhesus monkey taxon
2 with in vitro T84 cells, and in (e) intimate association with colonic
epithelium in the rhesus intestine.

and NLRP6, specifically CASPASE-1, IL-1f and IL-18.
At 2 h post-inoculation, CASPASE-1 and IL-1f were
moderately downregulated, while NLRP3, NLRP6 and
NLRC4 (P<0.0001) were strongly downregulated in EHS-
treated T84 cells compared with untreated controls. IL-18
expression was unchanged in the treated compared with
untreated T84 cells (Fig. 6). These results indicate that EHS
are capable of modulating inflammasome signalling in the
intestinal epithelial cells at the transcriptional level.

Rhesus EHS lack CDT activity in vitro

EHS species, such as H. hepaticus, H. cineadi, H. pullorum
and H. bilis, contain CDT, which has been demonstrated to
induce DNA damage and cell death (Sugai ef al, 1998;
Cortes-Bratti et al., 1999; Young et al., 2000a; Taylor et al.,
2003; Shen et al, 2009). To determine whether CDT
was present in the three EHS isolated from rhesus, PCR
amplifications of the cdt gene and in vitro assay for CDT
activity were performed. PCR failed to amplify cdt genes
from any of the EHS species investigated. Moreover, in
two independent assays performed, none of rhesus EHS
was capable of inducing cell rounding and enlargement,
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Fig. 6. Expression levels of pro-inflammatory and inflammasome genes in T84 colonic cell lines not incubated and co-incubated
with H. macacae, Helicobacter sp. monkey taxon 2, and Helicobacter sp. monkey taxon 4. Results are based on two
independent experiments. Two independent assays were performed in triplicate. P value: **<0.05, ***<0.001.
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indicating that the three rhesus EHS are unlikely to contain
CDT.

DISCUSSION

In this study, we demonstrated that EHS are prevalent
among geriatric rhesus monkeys with IAC. These animals
were infected with at least three distinct EHS. Moreover, in
some animals, two distinct EHS co-colonized individual
monkeys, consistent with our previous reports (Fox et al.,
2001a, b). The significance of EHS co-infection requires
further investigation. However, it is worth noting that in
mouse models of EHS-induced colon cancer, co-infection
with two or more species of EHS increased the prevalence
of colon cancer in experimentally infected IL-10-deficient
mice (Chichlowski et al., 2008).

We found that tumour or colonic tissue bacterial isolation
was sensitive in detecting EHS in rhesus monkeys. Using
this method, we were able to confirm an animal positive
for EHS when faecal PCR and faecal bacterial isolation were
both negative. However, faecal PCR appears to be sensitive
as an initial screen to identify Helicobacter-positive animals.
Additionally, we observed that surgical resection of IAC at
the early stage is associated with a favourable prognosis and
extended the life span of an affected monkey for as long as
6 years, which is consistent with a previous report (Valverde
et al., 2000).

Interestingly, all animals with IAC were positive for STLV.
Although STLV has been associated with lymphoma, it has
not been associated with intestinal neoplasia in rhesus
monkeys. The human counterpart of STLV, HTLV, has
only been shown to be the cause of adult T-cell leukaemia/
lymphoma and of tropical spastic paraparesis/HTLV-
1-associated myelopathy, as well as dermatitis, uveitis,
arthropathy and polymyositis (Proietti et al, 2005). No
evidence to date suggests that STLV is involved in the
pathogenesis of intestinal neoplasms; however, considering
that STLV has been associated with lymphoma in non-
human primates and humans, and their presence can
modulate lymphocytic function and cytokine profiles
(Lapin & Yakovleva, 2014), it is possible that STLV
could synergize with Helicobacter spp. to promote colonic
tumorigenesis. Further investigation is needed to delineate
this relationship.

The zoonotic potential of EHS has been reported (Fox,
2002). Thus far, several species of EHS isolated from animals
have the ability to infect humans (Fox, 2002). Intriguingly,
the rhesus EHS previously isolated by our laboratory,
Helicobacter sp. MIT 99-5507 rhesus monkey taxon 2, which
was also identified among rhesus monkeys in this study, was
detected in the stool of a child with diarrhoea (Haggerty
et al, 2005). Moreover, H. cinaedi and H. fennelliae,
which were shown to cause diarrhoea and bacteraemia
when inoculated into infant pig-tailed macaques, have been
isolated from humans with proctitis, proctocolitis and
enteritis (Russell et al., 1990). H. cinaedi is also isolated from

rhesus monkeys with and without clinical signs (Fox et al.,
2001a; Fernandez et al, 2002). However, rhesus without
diarrhoea did not have colonic biopsies to ascertain if
histological colitis was present, a common feature in rhesus
monkeys (Fernandez et al., 2002). H. cinaedi has also been
identified in the stools of symptomatic and asymptomic
patients (Oyama et al., 2012).

Little is known about the pathogenic mechanism of EHS in
non-human primates and humans; however, considerable
knowledge has been gained in the past decades from
studies involving mouse models of IBD and colon cancer
(Erdman et al., 2009; Fox et al,, 2011). Consistent with
previous reports, IAC is detected primarily in the ileo-
caeco-colic junction in the affected monkeys (Uno et al,
1998; Valverde et al., 2000; Rodriguez et al., 2002; Erdman
et al., 2003, 2009). This anatomical location of IAC is
consistent with EHS colonizing this site. In fact, EHS-
associated colon cancer in mice has a high propensity to
localize in the ileo-caeco-colic junction (Fox et al., 2011).
However, EHS also colonize other regions of the lower
bowel, as does H. macacae.

EHS have also been shown to have abilities to modulate
host adaptive and innate immune responses as well as
nitric oxide synthesis pathways, leading to inflammation
and the subsequent genetic mutations necessary for
carcinogenesis (Erdman et al., 2009). Furthermore, pro-
duction of cytotoxin, particularly CDT, exerts its effect by
arresting the target cell in the G1 and G2 phase of the cell
cycle, resulting in cell death. CDT has been demonstrated
in H. hepaticus, H. cinaedi, H. pullorum and other EHS in
vitro (Chien et al., 2000; Young ef al., 2000b). However,
unlike these EHS, all three rhesus EHS identified in this
study do not appear to produce secreted protein with CDT
activity in vitro. Nevertheless, our in vitro studies demon-
strated that the rhesus EHS have the ability to adhere to
and invade human T84 colonic epithelia, supporting the
view that these EHS are able to establish colonization
within the gastrointestinal tract. Aside from adherence and
invasion capability, we also found that upon adhesion
to the intestinal epithelia these EHS induce a significant
upregulation of pro-inflammatory genes including IL-6,
IL-8, TNF-o. and iNOS in T84 cells. IL-6, IL-8, TNF-« and
NO production have been shown to play pivotal roles
in inflammation-mediated carcinogenesis (Erdman et al,
2009; Grivennikov & Karin, 2010). Importantly, IL-6 and
TNF-u, by stimulating downstream ROS pathways and
pathways involved in recruiting immune cells and induc-
tion of nitric oxide production, are known to be potent
enhancers of cancer progression and cancer cell growth and
survival (Grivennikov & Karin, 2010). The upregulation of
iNOS expression detected in this study is also consistent
with the view that IL-6 and TNF-o induction promotes
nitric oxide production (Erdman et al., 2009; Grivennikov
et al., 2010; Mangerich et al, 2012). As many neoplastic
conditions in humans and animals have been linked to
bacterial infection and chronic inflammation, decades of
infection with EHS, which continuously stimulates mucosal
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inflammatory responses via upregulation of IL-6, IL-8,
TNF-o. and iNOS, may contribute to colitis-associated car-
cinogenesis in rhesus monkeys.

Remarkably, while pro-inflammatory genes were stimu-
lated by EHS in the colonic epithelial cells during the 2 h
post-infection, genes involved in inflammasome function,
including CASPASE-1, IL-1f3, NLRP3, NLRP6 and NLRC4,
were significantly downregulated during in vitro EHS
infection. Multiple EHS have the capability to persistently
colonize the host intestinal tract (Fox et al, 1996b;
Shen et al, 2009; Ge et al., 2011). H. macacae can also
persistently infect rhesus macaques (Marini et al., 2010).
However, the mechanism of chronic persistence of EHS
is unclear. Several bacterial pathogens, such as Legionella
pneumophila and Mycobacterium tuberculosis, develop
mechanisms to modulate inflammasome functions, thereby
preventing the host from effectively eliminating the
organism (Master et al., 2008; Lamkanfi & Dixit, 2011).
Inflammasomes are multiprotein oligomers known to be
crucial in the recognition and the destruction of pathogenic
bacteria by triggering an inflammation-induced cell death
called pyroptosis. Downregulation of key genes involved in
inflammasome function, including NLRP3, NLRCP4 and
NLRP6, and their downstream targets, CASPASE-1 and IL-
1, in EHS-treated T84 cell lines may represent a mechanism
mediating EHS persistence and sustained inflammation in
the host. Moreover, recent studies suggest that NLRP3
is crucial for establishment of intestinal homeostasis
and protection against colitis. NLRP3 deficiency leads to
loss of epithelial integrity, resulting in systemic dispersion
of commensal bacteria, massive leukocyte infiltration and
increased chemokine production in the colon (Zaki et al,
2010). An association of EHS infection and NLRP3 down-
regulation may in part explain why EHS infection can lead
to inflammatory bowel conditions in humans and animals.
Similar to NLRP3, NLRP6 also has recently been shown to
be a suppressor of colitis. In addition, NLRP6 appears to
function as a crucial regulator of colonic microbial ecology.
The lower bowel of mice deficient in NLRP6 showed an
increased representation of members of colitogenic bacteria
including Prevotellaceae as well as the uncultured candidate
division TM; (TM for Torf, mittlere Schicht=peat, middle
layer) and a reduction in members of the genus Lactobacillus
(Elinav et al, 2011). Also of interest was the observation
that the intestinal microbiome contained Helicobacter
sp. (Elinav et al, 2011). It is appreciated that several EHS
can be responsible for chronic inflammation in the colon of
immunodysregulated mice (Fox et al., 1999; Maggio-Price
et al., 2006; Whary et al., 2006; Shen et al., 2009; Ranatunga
et al, 2012). Both Prevotellaceae and TM, have been
implicated in periodontal disease and the latter in inflam-
matory bowel diseases in humans. Further investigations
using animal models should reveal whether EHS-mediated
transcriptional downregulation of NLRP3 and NLRP6 can
alter intestinal microbiota composition, modulate the intes-
tinal microbiome and promote intestinal inflammation and
carcinogenesis. Similarly, NLRC4 has been shown to play a

crucial role in protecting the gut as mice deficient in NLRC4
displayed more severe disease upon treatment with dextran
sulphate, sodium and when challenged with Salmonella
infection (Carvalho et al.,, 2012). Moreover, NLRC4-deficient
mice had an increased bacterial burden after pulmonary
infection with L. pneumophila, suggesting the importance
of NLRC4 in limiting bacterial colonization (Pereira et al.,
2011). Thus, in addition to the negative effect of NLRP3
and NLRP6 downregulation, suppressive effects of EHS on
NLRC4 could further exacerbate inflammation and promote
tumorigenesis. Considering the emerging evidence that EHS
play a role in inflammatory conditions and cancer, our
findings support the hypothesis that chronic EHS infections
may participate in the development of gastrointestinal cancer
in animals and humans (Thomson et al., 2011).
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