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pylori in children (5, 7, 23, 24, 33, 42). However, neither has
been thoroughly validated for infants, and some studies suggest
that both methods may be less accurate in children less than 6
years of age (4, 21, 23).
The rhesus monkey model provides an opportunity to examine natural acquisition of H. pylori using an experimental system that closely resembles human infection. Captive rhesus
monkeys are commonly infected with H. pylori that is indistinguishable from that which infects humans (8). Seroprevalence
studies suggest that, as in some human populations, infection is
acquired at an early age and is nearly universal in adult animals
(11, 12, 35). Once acquired, infection is associated with chronic
gastritis that resembles that seen in humans. Neither the humoral nor the cellular immune response is sufficient to clear
the infection. Some animals may go on to develop atrophic
gastritis, the histologic precursor to gastric adenocarcinoma
(10). The similarities between H. pylori infection in rhesus
monkeys and humans and the opportunity to perform repeat
endoscopic biopsies beginning soon after birth provide a
unique opportunity to study early events in the natural acquisition of H. pylori. We therefore sought to use this model to
examine natural acquisition and loss of H. pylori infection in
newborn rhesus monkeys by using serial cultures of gastric
biopsies. Identification of H. pylori by culture, rather than serology or urea breath test, also afforded us the opportunity to
examine the dynamics of H. pylori strain diversity early in
natural infection.

Helicobacter pylori is a gram-negative bacterium that infects
the stomachs of approximately half of all adults in developed
countries and up to 90% of the population in developing countries. Infection causes chronic histologic gastritis that is usually
asymptomatic. However, approximately 15% of infected individuals will at some time develop peptic ulcer disease or gastric
adenocarcinoma, which is the second-most-common cause of
cancer death worldwide (13).
Better understanding of natural acquisition of H. pylori infection is important because it may permit a more rational
focus of efforts to prevent transmission. The incidence of H.
pylori infection is greatest in childhood, particularly in developing countries where prevalence of seropositivity can be as
high as 50% by age 5 years (3). However, precise estimates of
the age of acquisition are difficult to obtain. Since acute H.
pylori infection rarely comes to clinical attention, most estimates of the age of acquisition come from retrospective crosssectional studies or birth cohort serosurveys (3, 14, 27, 28, 30).
These analyses, as well as some more recent prospective studies (15, 32), have by necessity relied on noninvasive methods
for H. pylori detection, which in many cases have not been well
validated in young children. Detection of anti-H. pylori immunoglobulin G (IgG) antibodies in serum has been most commonly used to document acquisition (and loss) of infection.
However, the sensitivity of serodiagnosis of H. pylori in children is unacceptably low, particularly among very young children and infants (23, 29, 31), which is the very group that is of
greatest interest. The [13C]-urea breath test and stool immunoassay are more accurate than serology for detection of H.

MATERIALS AND METHODS
Animals. Male and female rhesus macaques were located at the California
National Primate Research Center, which is accredited by the Association for the
Assessment and Accreditation of Laboratory Animal Care. Newborn monkeys (n
⫽ 20) and their dams (n ⫽ 16; four dams produced two infants each in consecutive years) were housed in one of five outdoor field cages. Each cage measured
100 ⫻ 200 ft and contained 60 to 120 male (⬃30%) and female (⬃70%) rhesus
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Helicobacter pylori infection is usually acquired in childhood, but precise estimates of the age of acquisition
are difficult to obtain in young children. Since serial endoscopic biopsies are not feasible in human infants, we
examined acquisition of H. pylori infection that is known to occur in socially housed nonhuman primates. By
12 weeks of age, 8 of 20 newborns (40%) were culture positive for H. pylori, and prevalence reached 90% by 1
year of age. Newborns from infected dams were more commonly infected than those from uninfected dams,
particularly during the peripartum period, suggesting that close contact during this time may facilitate
transmission. Transient infection was uncommon and occurred only after the first positive culture. These
results suggest that in a high-prevalence environment, persistent H. pylori infection may be acquired at an
earlier age than was previously thought. Since clean, potable water was readily available, contamination of
water supply is not essential for widespread infection at an early age in areas where hygiene is otherwise poor.
Furthermore, breastfeeding seems to offer little protection, since newborn macaques breastfeed during the first
year of life and typically are fully weaned only when another newborn arrives the following spring.
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RESULTS
Culture and serology. Twenty newborn monkeys underwent
a mean of 5.4 (standard deviation [SD], 2.6) endoscopies between 12 and 64 weeks of age. Eighteen monkeys (90%) had a
culture positive for H. pylori on one or more occasions. By the
time of the first endoscopy performed at 12 weeks of age, 6 of
15 animals (40%) were already culture positive. The cumulative percentage of monkeys that was culture positive on one or
more occasions increased rapidly from 40% at 12 weeks to
75% by 24 weeks and subsequently increased more slowly to
90% by 56 weeks of age (Fig. 1). The cumulative percentage of
animals seropositive for H. pylori lagged behind the results for
culture, reaching 70% at 1 year of age (Fig. 1). This finding is
essentially identical to the seroprevalence at 1 year that was

FIG. 1. Cumulative percentage of babies positive for H. pylori by
culture (filled circles) and serology (open circles) as a function of age
(weeks).

reported previously in a cross-sectional study (35). Of the 16
dams, 10 (62.5%) were culture positive for H. pylori on one or
both endoscopies. At each time point, H. pylori infection was
more prevalent among babies of infected dams than among
those of uninfected dams. This difference was particularly apparent at the earliest time point (12 weeks), when positive
cultures were obtained from 5 of 10 (50%) newborns from
infected dams but from only 1 of 5 (20%) newborns from
uninfected dams (Fig. 2). By 64 weeks of age, the cumulative
prevalence of infection among babies from infected dams
(91.7%) was similar to that from uninfected dams (87.5%).
Evidence from longitudinal studies using both anti-H. pylori
IgG antibodies (26, 28) and the [13C]-urea breath test (22) has
suggested that H. pylori infection may sometimes be acquired
and spontaneously cleared during childhood. We therefore
examined whether infection in newborn rhesus monkeys was
persistent over serial endoscopic cultures. The 18 monkeys that
had at least one positive culture were examined in a total of 60
subsequent endoscopies (mean, 3.4 per animal; SD, 2.2). Of
those endoscopies, four (6.7%) from two animals (11% of
those infected) were negative for H. pylori. In one of these
monkeys, no corpus biopsies were obtained at one of the negative endoscopies. Since the bacterial load in the corpus was
typically greater than that in the antrum (Fig. 3), this negative
endoscopy could have been falsely negative. In the other monkey, initial biopsies from the antrum and corpus yielded a total
of 2 CFU, suggesting that the bacterial load was very low.
Since the prevalence of H. pylori infection among newborns
reached 90% at approximately 1 year of age, it was surprising
that the prevalence among dams was only 62.5%. Interestingly,
the seroprevalence in the dams was 100%, which is consistent
with our earlier cross-sectional findings (35). In humans, a
similar discordance has been observed between serology and
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monkeys ranging in age from newborn to over 20 years. During the study period,
newborns and dams ranged in age from 12 to 64 weeks and 3 to 16 years,
respectively. Animals were fed twice daily with commercial primate chow (Purina) that was supplemented with enrichment (e.g., sunflower seeds, grain) and
occasional fresh fruit. Water was available ad libitum. All procedures were
approved by the California National Primate Research Center Research Advisory Committee and the University of California—Davis Chancellor’s Animal
Use and Care Administrative Advisory Committee.
Enzyme-linked immunosorbent assay. Blood was collected by femoral venipuncture, and sera were separated by centrifugation and stored at ⫺70°C. Serum
samples were assayed for IgG antibodies to H. pylori using an enzyme-linked
immunosorbent assay that is 96% sensitive and 88% specific for H. pylori infection (35). All samples were run in triplicate.
Endoscopy and quantitative bacterial cultures. Infants and their dams were
hand caught by primate center staff and housed together indoors for approximately 24 h. The first biopsy in most infants was performed at 12 weeks of age,
the age at which it was first technically feasible to perform endoscopy with a
3.5-mm (diameter) pediatric bronchoscope (Olympus BF 3C20) fitted with a
1-mm biopsy forceps. Subsequent biopsies were performed when possible at
4-week intervals to a maximum of 64 weeks of age. Not all time points were
available for all newborns. For example, all newborns were born in the spring and
no biopsies were performed from approximately January to April because of the
stress induced by hand catching during the rainy winter months. All dams were
biopsied twice with a pediatric gastroscope (Pentax FG-16X) with a 1.8-mm
biopsy forceps.
Endoscopy was performed under ketamine anesthesia (10 mg/kg of body
weight intramuscularly) after an overnight fast. In most cases, three antral and
three corpus biopsies were obtained at each endoscopy and processed separately,
though in some cases (predominantly at early time points) only antral biopsies
were obtained. The biopsies were placed in vials containing 250 l of brucella
broth and transported immediately to the laboratory. The tissue was homogenized with a sterile ground-glass pestle, serially diluted, and inoculated onto
brucella agar containing 5% bovine calf serum (GIBCO-BRL) and antibiotics (5
mg of trimethoprim/liter, 10 mg of vancomycin/liter, 2.5 IU of polymyxin B/liter,
and 4 mg of amphotericin B/liter; all from Sigma). The number of CFU per three
biopsies was calculated by enumerating colonies and adjusting for the dilution.
All plates were incubated in an atmosphere of 5% CO2 for up to 10 days. H.
pylori was identified in the conventional manner by colony morphology (pinheadsized translucent colonies), microscopy (gram-negative curved organisms), and
biochemistry (oxidase-, catalase-, and urease-positive).
DNA fingerprinting. Repetitive extragenic palindromic PCR (Rep-PCR) was
used in order to type strains isolated from each infected infant monkey and from
each infected dam by using methods previously described (16, 40, 41). Briefly,
chromosomal DNA was prepared from plate-grown bacteria by using the cetyltrimethylammonium bromide method (2). The degenerate oligonucleotide primers (50 pmol each) REP1R-Dt (5⬘IIINCGNCGNCATCNGGC3⬘) and REP2-Dt
(5⬘NCGNCTTATCNGGCCTAC3⬘) were added to 25-l PCRs that contained
100 ng of template DNA, 6 mM MgCl2, 0.6 mM (each) dNTP, and 2 units of
Amplitaq DNA polymerase (Perkin-Elmer). Amplification was carried out as
follows: initial denaturation at 94°C for 2 min; 30 cycles of 94°C for 30 s, 45°C for
1 min, and 72°C for 3 min; and one final extension of 72°C for 5 min. Aliquots
of PCR products were run on 1.5% agarose gels, and fragments were visualized
by ethidium bromide staining.
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the presence of H. pylori by Giemsa staining of gastric tissue
(20). It has been suggested that H. pylori may be cleared later
in life, which is thought to result from hypochlorhydria due to
atrophic gastritis (20). We therefore examined whether there
was a relationship between H. pylori infection and the age of
the dams. The mean age (calculated at the time of the first
biopsy) for H. pylori-infected and uninfected dams was 7.3 and

FIG. 3. Mean (SD) H. pylori CFU in the gastric antrum and corpus
of newborn babies and their dams.

FIG. 4. Rep-PCR products electrophoresed in a 1.5% agarose gel
stained with ethidium bromide. Representative fingerprints from each
of the five strains (A through E) are shown. A DNA kilobase (kb)
ladder is at left.

10.4 years, respectively (two-tailed student’s t test, P ⬍ 0.05).
Although we have not systematically examined H. pylori seroprevalence in captive macaques after the age of 4 years, these
results suggest that, as in humans, the prevalence of H. pylori
infection may decline in older age.
Topography of infection. Quantitation of H. pylori in both
the gastric antrum and corpus was performed during 36 endoscopies performed on one or more occasions on 17 of 18
infected infants and all 10 infected dams. Since the small size
of biopsies obtained from infants precluded accurate measurement of tissue weight, results were expressed as CFU/three
biopsies. The bacterial load (Fig. 3) was significantly greater in
the corpus than in the antrum for both newborns (two-tailed
student’s t test, P ⬍ 0.0004) and dams (two-tailed student’s t
test, P ⬍ 0.008). Since the corpus was sampled less frequently
during early time points yet contained larger numbers of bacteria, it is likely that the prevalence of H. pylori at 12 and
perhaps also at 16 weeks of age is in fact even greater than we
have estimated (Figs. 1 and 2).
Strain typing. Rep-PCR typing of 370 colonies from newborns (mean and SD, 21 and 11 colonies per animal, respectively) and 109 colonies from dams (mean and SD, 11 and 7
colonies per animal, respectively) identified five strains of H.
pylori, which we designated A through E (Fig. 4). Strains A, B,
and C accounted for all but 7 of the 479 colonies studied. Two
or more strains were identified in 7 of 18 babies (38.9%) and
only 2 of 10 (20%) dams, though this result may simply reflect
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FIG. 2. Cumulative percentage of babies from infected (open
squares) or uninfected (open circles) dams that were culture positive
for H. pylori as a function of age.
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the larger number of colonies studied in the newborns. The
strain types A through E were not equally distributed in each
of the five field cages from which the animals were drawn (Fig.
5). The animals from cages NC13 and NC3 were almost exclusively strain A, those from cage NC9 were predominantly
strain C, and those from the other two cages contained mixtures of A, B, and C. In each field cage, the strains recovered
from the babies matched those recovered from the dams (Fig.
5).
DISCUSSION
This study examined for the first time the natural acquisition
of H. pylori in newborns by using bacterial culture. This method
avoids problems that are inherent in noninvasive techniques
such as serology and the urea breath test, neither of which has
been well validated in newborns. Since serial endoscopic biopsies are not feasible in human infants, we took advantage of
natural H. pylori infection that is known to occur in socially
housed nonhuman primates (11, 12, 35), the best studied of
which are rhesus macaques. The results from cultures showed
that H. pylori infection is common within the first few months
of life and is nearly universal by the age of 1 year. Seropositivity
lagged behind positive cultures by about 2 months (Fig. 1), a

result that is similar to what has been seen in experimental
infection of rhesus monkeys (9). Maternal IgG in macaques
has a half-life of only 15 days, so the serologic response we
observed likely reflects newborn antibody production. In some
cases, infection may be acquired as early as the first day of life,
since newborns isolated from their dams on the day of birth
and raised in the nursery are occasionally infected with H.
pylori (35). Therefore, colonization of the stomach with H.
pylori in a high-prevalence environment almost resembles colonization of the gut with facultative microorganisms, which
fully colonize the gastrointestinal tract of newborn infants
within the first 2 weeks of life (34).
The incidence of H. pylori in newborn macaques was greater
than is generally reported in humans, even in developing countries where the prevalence is highest (3). This may reflect in
part the well-described limitations of serology and the urea
breath test for detection of H. pylori in young children (4, 21,
23, 29, 31). The use of serology in newborn children is complicated further by the fact that maternal IgG confounds serodetection of H. pylori in children during the first year of life.
IgM, which does not cross the placenta, is not well validated
and is apparently less sensitive than IgG for detection of new
infection (32). The increased incidence of H. pylori in rhesus
monkeys compared to that in children may also be due to poor
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FIG. 5. Distribution of the five H. pylori strain types (A through E) among babies (solid bars) and their dams (shaded bars) from each of the
five field cages. The field cage designation and the number of baby-dam pairs is shown in the upper right of each panel.
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production may be important in the topography of H. pylori
infection (6, 38) is a subject of ongoing studies.
In summary, we report for the first time a study of the
natural acquisition of H. pylori in newborns using serial cultures of gastric biopsies from rhesus monkeys. H. pylori infection is common within the first few months of life and is nearly
universal by 1 year of age. Infection is likely acquired from the
dam during the early peripartum period. Although transient
infections may occasionally occur, in a high-prevalence environment this occurrence is unusual and is probably restricted
to the initial episode of colonization.
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sanitation and hygiene in communities of captive nonhuman
primates. It is notable, however, that infection rates were high
despite readily available clean, potable water, suggesting that
contamination of water supply is not essential for widespread
infection at an early age in areas where hygiene is otherwise
poor. Furthermore, breastfeeding seems to offer little protection, since newborn macaques breastfeed during the first year
of life and typically are fully weaned only when another newborn arrives the following spring.
Although spontaneous clearance of H. pylori infection is
thought to be uncommon in adults, many studies have described seroreversion of H. pylori in children at an annual rate
of 1 to 2% (18, 26 to 28, 39). In some studies, however,
spontaneous elimination of H. pylori in children appears much
more common. For example, in a cohort of Swedish children
monitored from age 6 months to 11 years, 25 of 40 children
(62.5%) who were positive at some time during follow-up were
negative by 11 years of age (18). Similarly, in a study of Peruvian children between 6 and 30 months of age using the urea
breath test, 36 of 56 children (64.3%) had one or more negative tests after a positive test (22). We found that of 18 infected
monkeys, only 2 had a negative culture following a positive
one, which in both cases occurred after the first positive culture. Our results suggest that at least in a high-prevalence
environment spontaneous clearance of H. pylori is uncommon
but may occasionally occur after initial exposure. This finding
is consistent with the results of some human studies that have
found an inverse relationship between age and frequency of
seroreversion (32). However, since even a very specific and
sensitive test may have false-negative results, it is difficult to
estimate the true frequency of spontaneous elimination of H.
pylori infection.
H. pylori strain heterogeneity in isolates from socially housed
macaques was substantially less than is found among isolates
from unrelated humans. This finding is not surprising, since
each field cage functions as a breeding colony, and once a
colony is formed, no additional animals are introduced. Interestingly, the colonies from cages NC9, NC4, and NC12 (Fig. 5),
which showed different profiles of strain diversity, were formed
independently. On the other hand, the colony from cage NC13
was formed from that of cage NC3, and nearly all animals in
these two cages have essentially the same strain profile (Fig. 5).
Although molecular fingerprinting of human isolates suggests
in some cases that children acquire infection from their parents
(37, 43), the diversity among isolates from macaques was insufficient to implicate a route of infection. However, the markedly higher prevalence of infection among newborns of infected dams at 12 weeks of age suggests that infection may
frequently be acquired from the dam during the peripartum
period, during which physical contact between dam and newborn is greatest and that with other animals is least.
We were surprised to find in both newborns and dams that
H. pylori colonization of the corpus was approximately 10-fold
higher than that in the antrum (Fig. 3). This result stands in
contrast to findings from most studies of naturally infected
humans (17, 19, 25) and nonhuman primates (11) as well as to
results for macaques experimentally infected with human-derived H. pylori (36). However, recent evidence suggests that
strains of H. pylori differ in how effectively they colonize the
gastric antrum and corpus (1). The hypothesis that local acid
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