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New World Monkey Aotus nancymae as a Model for Campylobacter
jejuni Infection and Immunity
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Three groups of six monkeys (4dofus nancymae) each were inoculated intragastrically with increasing doses
of Campylobacter jejuni. Infection resulted in fecal colonization (100% of monkeys), dose-related diarrhea, and
robust immune responses. Colonization duration and diarrhea rate were reduced upon secondary challenge.
A. nancymae may be useful for studying anti-Campylobacter vaccine efficacy.

Campylobacter jejuni is among the leading causes of bacterial
diarrhea in the United States and second only to enterotoxi-
genic Escherichia coli as a cause of traveler’s diarrhea through-
out the world (9, 12, 19). In developing countries, Campy-
lobacter enteritis incidence rates as high as 0.4 episode per
child per year have been reported (8, 9, 19, 30). C. jejuni or
Campylobacter coli organisms were isolated from approxi-
mately 50% of stool samples obtained from military personnel
exhibiting diarrhea while deployed in Thailand (16, 18, 20).

A major impediment to the preclinical evaluation of candi-
date Campylobacter vaccines is the absence of a suitable animal
diarrheal disease model. Different animal models have been
used for Campylobacter research, including mice (3, 6, 29, 31),
rabbits (7), ferrets (4, 11), hamsters (14), chicks (26), piglets
(1), dogs (21), and Old World monkeys (i.e., Macaca nemest-
rina, Macaca mulatta, and Macaca fascicularis) (10, 24, 25).
Animal models in which Campylobacter spp. produce diarrhea
are limited by availability (10, 24, 25), the need for surgical or
chemical manipulations (7, 29), the lack of immunologic re-
agents (4, 11), and the young age of the animals (1, 26).

Old World monkeys exhibit limited Campylobacter-related
clinical signs and pathology, potentially due to previous
Campylobacter exposure (10, 24, 25). New World monkeys are
at lower risk of spreading pathogens throughout their colony
than Old World monkeys due to differences in housing prac-
tices (indoor versus outdoor breeding) (22, 23, 28). For this
reason, we sought to develop an animal model for Campy-
lobacter disease using the New World monkey Aotus nancymae.

A. nancymae primates (of the captive-born IVITA/PAHO
strain) were purchased from the Instituto Veterinario de In-
vestigaciones Tropicales y de Altura (IVITA), University of
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San Marcos, Peru. Monkeys (25 male, 13 female; average age,
43 = 19 months; weight, 1 to 1.5 kg) were randomly selected
from the primate pool at the Naval Medical Research Center
Detachment, Lima, Peru. The experimental monkeys had
never been used for Campylobacter research, were stool culture
negative for Campylobacter (before initial inoculation and sub-
sequent challenge), and had a baseline immunoglobulin G
(IgG) or IgA titer of less than 200 or 20, respectively, against
a glycine extract (GE) (3 wg/ml) of whole Campylobacter or-
ganisms, as measured by enzyme-linked immunosorbent assay
(ELISA) (2, 17).

C. jejuni strain 81-176 (5, 15) was used, and inocula were
prepared as described by Black et al. (5) except that Mueller-
Hinton soft agar was used to obtain highly motile C. jejuni
organisms that were pooled and plated on brucella agar (BA).
The bacterial lawn was harvested from each BA plate in ice-
cold phosphate-buffered saline (PBS), and the concentration
of organisms was adjusted photometrically with PBS to the
target dose in 5 ml. The actual dose was determined by serial
dilution and plating on BA.

To buffer gastric contents, the monkeys were injected intra-
muscularly with ranitidine (1.5 mg/kg of body weight; Zantac;
GlaxoSmithKline) 90 min prior to C. jejuni inoculation. Thirty
minutes prior to C. jejuni inoculation, the monkeys were anes-
thetized with ketamine hydrochloride (4 to 5 mg/kg; Ketalar;
Park-Davis) plus diazepam (0.2 mg/kg; Valium; Roche) and
then administered 5.0 ml CeraVacx I (CeraProducts, Jessup,
MD) intragastrically (i.g.). CeraVacx and C. jejuni prepara-
tions were administered through a 5 French/Charriere (1.7-
mm), 16-in. (41-cm) feeding tube inserted orally.

The veterinarian examined the monkeys twice daily for 21
days after inoculation for physical signs of disease. Weight and
temperature were measured during anesthesia for blood
draws. A technician examined the cage pans twice daily for 7
days prior to and 21 days after inoculation for the presence of
diarrheal stools. To prevent cross-contamination, the PBS con-
trol monkeys were separated from the infected monkeys in
cages on opposite sides of the room. It was therefore not
possible for the technicians scoring the diarrhea to be blinded.
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TABLE 1. Diarrhea rates, diarrhea duration, and C. jejuni excretion in A. nancymae monkeys inoculated with escalating doses of C. jejuni
strain 81-176 and then challenged with 7 X 10'! CFU of the homologous strain

Inoculation with C. jejuni

Challenge with 7 X 10" CFU of C. jejuni

. No. of No. (%) of No. (%) of
Experimental group monkeys Dose (CFU) monkeys with a Meafn dno. (rgtr}llge) Mean no. (range) monkeys with a Meafn dno. (r‘fltr}zge) Mean no. (range)
diarrhea N di ays Wl,, of excretion days® diarrhea ot days wi of excretion days
. “ iarrhea’ . diarrhea

episode episode

Low dose 6 8 X 108 1(17) 5.0 13.8 (7-18) NDf

Medium dose 6 6 < 10 4(67) 4.5 (3-7) 10.5 (4-19) 2(33) 3.5(2-5) 4.3 (4-5)

High dose 6 5% 10" 5(83) 6.8 (2-14) 12.7 (2-19) 2(33) 12.5 (12-13) 4.0 (1-6)

Challenge controls? 12 NA® 8 (67) 4.4 (2-8) 15.8 (6-20)

“ An episode of diarrhea was defined as passing at least one loose-to-watery stool on at least two consecutive days during the observation period.
> The duration of diarrhea was defined as the number of days between the first day of a diarrhea episode and the last day of diarrhea, followed by two consecutive

diarrhea-free days.

¢ “Excretion days”indicates the number of days between the first day of colonization and the last day that C. jejuni was isolated from the stool.
@ Naive animals inoculated in parallel with challenge animals in the medium- and high-dose groups.

¢ NA, not applicable.
/ND, not done.

The stools were cultured daily for 21 days to assess C. jejuni
excretion and were examined for 7 days for fecal leukocytes
and occult blood. The experimental animals did not exhibit
more physical signs of disease, fecal leukocytes, or occult blood
than at baseline. SAS v8.2 software (The SAS Institute, Cary,
NC) was used for statistical analyses, and tests were inter-
preted in a two-tailed fashion, with P values of <0.05 being
significant.

Dose-escalating study. Three groups of six monkeys each
were inoculated i.g. with escalating doses of C. jejuni (Table 1).
In addition, three procedural controls per experimental group
were given PBS i.g. to ensure that the procedures did not cause
stress on the monkeys and artificially increase diarrhea rates.
One (11.1%) of nine controls in the dose-escalating study had
diarrhea but for only 2 days. None of the 12 total controls had
a serum IgG or IgA response, whereas two (16.7%) had a
transient fecal IgA response, with a mean peak increase (n-
fold) in titer of 9.2 = 0.8 at day 14 that returned to baseline at
day 21. In a previous study, 10° to 10'" CFU of the nonpatho-
genic E. coli strain HS did not cause diarrhea in this model
(13).

All animals in all three experimental groups were colonized
with C. jejuni and excreted organisms for an average of 12.3
days; no significant difference was observed between groups
(Table 1). Colonization was defined as at least two consecutive
days of Campylobacter being isolated from the stool, beginning
on or after the second day following inoculation; as such, the

fecal shedding of the challenge inoculum that was likely on day
1 was excluded from the analysis.

The diarrhea rate, but not the duration, was dose dependent,
being higher in the medium- and high-dose groups (which had
similar diarrhea rates) than in the low-dose group (Table 1)
(risk ratio, 4.50; P = 0.043, Fisher’s exact test). One log fewer
C. jejuni organisms was required to cause diarrhea in A. nan-
cymae than was reported for M. nemestrina, where 3 X 10!
CFU were required, although a dose-ranging study was not
performed (24). In the human challenge model, doses of 10° to
10° CFU of C. jejuni resulted in diarrhea in 41% to 60% of
volunteers, but no dose effect was observed (5). Our findings
are similar to what occurs during C. jejuni infection in humans,
who experience diarrhea symptoms for 3 to 5 days and can be
colonized for several weeks (27).

The majority of monkeys inoculated with C. jejuni (including
the challenge-positive control group [see below]) had anti-GE
serum IgG (25 of 30 monkeys; 83.3%), serum IgA (26 of 30;
89.7%), and fecal IgA (26 of 29; 89.7%) responses, as mea-
sured by ELISA. The magnitude (mean peak increases [n-
fold]) of the immune response to Campylobacter inoculation
was robust (Table 2). Groups were not statistically different
with regard to the numbers of responders or the mean peak
increases (n-fold). There was, however, a significant correla-
tion between peak serum IgG and IgA titers and between peak
serum IgG or IgA and fecal IgA titers (P < 0.0001; Wilcoxon
rank sum).

TABLE 2. Immune responses of naive A. nancymae monkeys to inoculation with escalating doses of C. jejuni 81-176

No. (%) with  Mean peak fold No. (%) with a Mean peak fold . Mean peak fold
Group NO'kOf Dose (CFU) ar(1 I;G incrgase in seSurrz IgA incrgase in NO'I(ZZ)) with a fecal increasré in fecal
monkeys response® IgG? response serum IgA &4 response IgA
Low dose 6 8 % 10® 4(66.7) 53 £56 5(83) 62 = 61 4¢(80) 54 =91
Medium dose 6 6 x 10'° 5(83) 64 = 108 5(83) 3528 6 (100) 37 = 46
High dose 6 5% 102 6 (100) 29 * 48 6 (100) 26 =22 6 (100) 53 £ 36
Challenge controls? 12 7 x 10" 10 (83) 109 = 161 10 (83) 49 * 36 10 (83) 85 £ 115

“ Response is defined as a fourfold or greater increase in titer from baseline against Campylobacter glycine extract antigen.
> Mean peak increases (n-fold) calculated from responders only = standard deviations.

¢ Only five low-dose animals were evaluable for fecal IgA due to insufficient stool for performing baseline analysis.

4 Naive A. nancymae monkeys inoculated in parallel with challenge animals in medium- and high-dose groups.
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FIG. 1. Kinetics of the serum IgG (A) and IgA (B) and fecal IgA
(C) responses against Campylobacter GE antigen in A. nancymae mon-
keys inoculated with escalating doses of C. jejuni and then challenged
56 days later with 7 X 10" CFU of the homologous strain. Peak
immune responses were observed on day 14 in the majority of animals.
Arrow indicates dates of challenge of the medium- and high-dose
groups, as well as of the naive positive-control group.

The kinetics of the serum IgG, serum IgA, and fecal IgA
responses is shown in Fig. 1. There was no association between
the kinetics of the immune response and the inoculation dose
or between the magnitude of immune responses and the rates
of colonization or diarrhea or the duration of excretion. Al-
though serum IgG (Fig. 1A) and IgA (Fig. 1B) titers declined
steadily after day 14, they did not return to baseline levels for
any group of monkeys up to day 28. Before returning to the
pool, all monkeys were treated orally with erythromycin (20
mg/kg) (Eritromicina Genfar, Colombia) twice a day for 10 days
to ensure that the monkeys were no longer carrying C. jejuni.

Challenge study. Repeated Campylobacter infections in hu-
mans are believed to result in immunity over time (5, 12).
Fifty-six days after initial inoculation, monkeys in the medium-
and high-dose groups were challenged with 7 X 10** CFU of
C. jejuni to determine whether prior exposure would protect
the animals from infection or disease. Two groups of six naive
monkeys (challenge controls; n = 12) were inoculated as pos-
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itive controls. Although all animals were colonized with C. je-
juni, the duration of excretion was significantly shortened in
animals that had been previously exposed to C. jejuni (Table 1)
(P = 0.007, Wilcoxon signed-rank sum).

Since the diarrhea rates following initial inoculation be-
tween the medium- and high-dose groups were not statistically
different, the two groups were combined for analysis. When
this was done, 9 (75%) of 12 monkeys had diarrhea following
the initial inoculation, compared with 4 (33%) of 12 following
challenge (Table 1); this difference was significant (risk ratio,
0.44; P = 0.05, Fisher’s exact test). Challenged monkeys had a
lower rate of diarrhea than naive controls (33% versus 66%)
(Table 1), but this difference was not significant. Two monkeys
from the high-dose group that had diarrhea upon challenge
appeared to have a longer course of diarrhea than other
groups; their diarrhea lasted for a longer period than they shed
bacteria. Due to the small number of animals, it is difficult to
speculate why this occurred. Future studies using more animals
should help to address this issue. The finding that previous
C. jejuni infection partially protected A. nancymae from ho-
mologous challenge is consistent with what occurs during nat-
ural human infection and with findings using other animal
models, including humans (5) and M. nemestrina (24).

Surprisingly, the magnitudes of the immune response fol-
lowing initial inoculation did not correlate with the reduction
of diarrhea or the duration of excretion observed after chal-
lenge, potentially due to the small number of animals used.
Titers in the medium- and high-dose groups were still slightly
above baseline values when measured on day 56. Challenges of
both groups resulted in a large boost in immune responses
(Fig. 1). Serum and fecal immune responses were not signifi-
cantly different between the medium- and high-dose groups
following challenge. Twenty-eight days after challenge (day
84), anti-GE IgG titers remained high (Fig. 1A), while IgA
titers returned to day 56 levels (Fig. 1B and C).

The results presented herein show that A. nancymae can be
reproducibly infected with C. jejuni and that colonization and
diarrhea rates from infection are similar to those reported in
the human challenge model. Aofus monkeys born in captivity
with a known clinical history and no previous exposure to
Campylobacter are available. They are safer to handle (no
herpes B virus or filoviruses), are smaller and thus require less
space, and are not as expensive to acquire and maintain as Old
World monkeys. Given the availability of A. nancymae mon-
keys that have a low incidence of gastrointestinal disease but
are susceptible to diarrhea as adults without significant manip-
ulation, this model may prove excellent for studies of the pro-
tective efficacy of Campylobacter vaccine candidates.

This work was funded by the Military Infectious Diseases Research
Program under work unit 6000 RAD1 DA3 A0308.

The opinions and assertions expressed herein are those of the au-
thors and do not necessarily reflect the official policy or position of the
U.S. Departments of the Navy or Army, the U.S. Department of
Defense, the U.S. Government, or any other organization listed.

The experiments reported herein were conducted in compliance
with the Animal Welfare Act and according to the principles set forth
in the Guide for the Care and Use of Laboratory Animals (18a) (protocol
NRD-297).
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