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Development of Breeding Populations of Rhesus
Macaques (Macaca mulatta) That Are Specific
Pathogen-free for Rhesus Cytomegalovirus

Peter A Barry'" and Lisa Strelow!

Development of breeding colonies of rhesus macaques (Macaca mulatta) that are specific pathogen-free (SPF) for rhesus cyto-
megalovirus (RhCMYV) is relatively straightforward and requires few modifications from current SPF programs. Infants separated
from the dam at or within a few days of birth and cohoused with similarly treated animals remain RhCMYV seronegative indefinitely,
provided they are never directly or indirectly exposed to a RhCMV-infected monkey. By systematically cohousing seronegative ani-
mals into larger social cohorts, breeding populations of animals SPF for RhCMYV can be established. The additional costs involved
in expanding the current definition of SPF status to include RhCMYV are incremental compared with the money already being spent
on existing SPF efforts. Moreover, the large increase in research opportunities available for RhCMV-free animals arguably would
far exceed the development costs. Potential new areas of research and further expansion of existing research efforts involving these
newly defined SPF animals would have direct implications for improvements in human health.

Abbreviations: HCMV, human cytomegalovirus; NHP, nonhuman primate; RhCMYV, rhesus cytomegalovirus; SPF, specific pathogen-free

The impetus for expanding the current SPF definition to include
RhCMYV is 2-fold. The first is the increasing number of studies
involving infection of rhesus macaques with RhCMYV as a non-
human primate (NHP) model of human infection with human
cytomegalovirus (HCMYV). The second is the recognition that the
current SPF protocols result in animals that are also uninfected
with RhCMYV, such that a relatively minor change in derivation
can generate monkeys that meet the current SPF definition and
that are uninfected with other endemic viruses, including Rh-
CMV and simian foamy virus.

Natural History of HCMV

HCMYV is ubiquitous worldwide, with seroprevalence rates of
50% to 90% in adults.? Infection generally does not result in clini-
cal signs of disease in immunocompetent persons, although mild
flu-like symptoms and mononucleosis can occur during some
primary infections. Like all herpesviruses, HCMV establishes a
lifelong persistence characterized by the presence of cells harbor-
ing latent viral genomes that periodically and asymptomatically
reactivate to produce infectious virus. HCMV is a leading cause of
morbidity and mortality in persons who lack a functional immune
system, including patients with HIV-AIDS, immunosuppressed
transplant recipients, and congenitally infected fetuses. There is no
approved vaccine for HCMYV, despite repeated calls for such a vac-
cine and intensive research efforts. Current anti-HCMYV drugs are
limited in number and generally are characterized by drug-related
toxicity, poor bioavailability, and emergence of drug-resistant viral
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variants. Development of the rhesus macaque model of HCMV
has been driven, at least in part, by the desire to investigate viral
mechanisms of persistence and pathogenesis in addition to evalu-
ation of protective intervention modalities in a relevant NHP host.
Because infection with HCMYV is essentially species-specific, utility
of NHP as a model for HCMV requires the use of the endemic cy-
tomegalovirus species within the particular NHP host. To date, the
vast majority of studies in NHP have been conducted by assessing
infection of rhesus macaques with RhCMV.

Natural History of RhCMV

Infection of rhesus macaques with RhCMYV strongly recapitu-
lates the natural history of HCMV.2 RhCMYV is endemic in both
captive and wild populations of macaques, with seroprevalence
rates approaching 100% by 1 y of age.3% Infection in immuno-
competent monkeys is subclinical after either natural exposure
to virus-infected animals or experimental inoculation. Although
antiviral immune responses effectively limit the disease poten-
tial of RhCMV, animals can excrete virus for years after primary
infection, again in the absence of disease.!” Virus is detected in
saliva and urine frequently, and other potential sources of infec-
tious virus include breast milk and semen. Unlike in humans,
vertical transmission of RhRCMYV has never been documented,
although this lack of documentation does not exclude the pos-
sibility. Rather, the level of congenital infection, if it does occur,
probably was below the level of detection in the extremely few
studies in which vertical transmission was addressed.?’ As with
HCMYV, RhCMYV is highly pathogenic in animals coinfected with
SIV and in fetuses experimentally inoculated with RhCMV.2 In
these cases, the replication and sequellae of RhCMV are almost
identical to those induced by HCMYV in comparable clinical set-
tings. Transplant-associated reactivation of cytomegaloviruses
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in NHP has occurred only sporadically, mostly involving species
other than rhesus macaques. In addition to strong similarities of
persistence and pathogenesis, the RhCMV and HCMV genomes
exhibit strong DNA and protein sequence identities, befitting
the close evolutionary relationship of their respective hosts.>!415
However, each cytomegalovirus species has coevolved with its
host, and genetic differences between the cytomegaloviruses
isolated from monkeys and those isolated from humans and
apes do exist, suggesting that there are distinctions between
the virus-host relationships of RhCMV-infected macaques and
HCMV-infected humans.

Despite the high seroprevalence of RhRCMYV in breeding colo-
nies, sufficient numbers of RhCMV-seronegative animals have
been obtained for individual research projects. Juvenile macaques
(approximately 6 mo) can be screened serologically to identify
uninfected animals, estimated to be approximately 50% of the
animals surveyed, given the incidences in a previous s’cudy.20 In
addition, some nonterminal studies of infant rhesus macaques
entail separation of infants from the dams at or within days of
birth and physical separation from infected animals. At the com-
pletion of such studies, seronegative animals can sometimes be
transferred to a study that requires RhCMV-free animals or can
be transferred back to the breeding population, thus avoiding
purchase costs. This policy may vary among National Primate
Research Centers but should be a point of discussion when de-
signing experiments. In recent years, increasing numbers of both
investigators and funded projects have used the RhCMV model.
Continued moderate growth likely will increase the demand for
RhCMV-seronegative monkeys.

One prominent issue with the RhRCMYV model is that the associ-
ated costs for NHP studies far exceed those with small-animal
models of HCMV. Accordingly, great care must be taken to maxi-
mize the potential for statistically significant results while mini-
mizing costs for the study. The strengths of each animal model
are complementary; taken together, they synergize to enable a
path of discovery and translational research that ultimately can
lead to human clinical trials. Therefore, precedents established by
using other models can contribute to the design of experiments in
rhesus macaques.

Minimizing costs and ensuring a sufficient supply of animals
can be accomplished through several scenarios. One is that, as
mentioned earlier, RhCMV-negative animals from nonterminal
studies can be transferred to another investigator’s project or
back to the colony pool of animals, thus reducing or eliminating
purchase costs. This scenario might require only additional per
diem costs, and use of the NHP resource is maximized. Another
scenario uses non-SPF animals to supply the growing demand of
studies in which RhCMYV serostatus is not a consideration. Some
NHP experiments can take advantage of the ability of RhCMV to
reinfect previously infected hosts. Moreover, certain vaccine stud-
ies can use both naive and infected animals to assess protective
efficacy against horizontally transmitted virus. Finally, expand-
ing the census of RhnCMV-seronegative monkeys would ensure a
steady supply of animals to meet the projected increased demand
while stabilizing animal costs. This expansion is a simple exten-
sion of current SPF programs.

Obtaining SPF Animals

Current SPF approach. Physical separation of newborns and
dams followed by cohousing with similarly isolated infants forms
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the basis of current SPF programs. Repeated seroscreening for
herpes B virus, simian retrovirus, simian T-lymphotropic virus,
and SIV determines which animals remain in the SPF program. At
1 to 2y of age, animals are housed in larger groups (20 to 30 ani-
mals), with 1 to 2 adults for socialization purposes. This procedure
has been highly effective at increasing numbers of animals with
canonical SPF status. It was recognized at the California National
Primate Research Center that juvenile animals remain seronega-
tive for RhCMYV as long as there was no direct contact between
them and RhCMV-infected animals or their bodily fluids, such
as saliva or urine.? However, once SPF juveniles are cohoused
with an adult SPF animal, the percentage of juveniles that remain
seronegative for RhCMYV progressively declines, since RhCMYV is
endemic in the SPF colony. Because macaques continue to excrete
RhCMYV for years after primary infection, seronegative infants
are infected through horizontal transmission of RhCMYV from
the RhCMV-infected SPF adult. The RhCMYV infection rapidly
spreads throughout the remaining seronegative juveniles. Trans-
mission can occur within days of cohousing, and every animal
seroconverts within months.

Expanded SPF approach. A modified SPF protocol at the Cali-
fornia National Primate Research Center has resulted in 3 breed-
ing-age cohorts (approximately 100 rhesus macaques each) of
RhCMV-seronegative SPF animals (that is, expanded SPF). In this
modified SPF protocol, neonatal monkeys are removed from the
dam on the day of birth and reared by hand. Progressively larger
cohorts of animals are generated without an adult ever being intro-
duced into the group. Animals are screened repeatedly by ELISA
for IgG antibodies to RhCMYV antigens!? by using a single blood
draw that is also used for assessment of the multiple viral agents
in the expanded SPF definition. As the expanded SPF population
increases, adult RhRCMV-seronegative animals can be introduced
into the larger groups of RhCMV-seronegative juveniles to en-
hance the socialization process. This procedure probably results in
animals that are simultaneously seronegative for all known rhesus
macaques herpesviruses, as well as for simian foamy virus, SV40,
and many other endemic viruses. Three cohorts of expanded SPF
animals have been established in outdoor corrals at the California
National Primate Research Center. Successful matings have oc-
curred in 1 of 3 corrals, resulting in the birth of 27 seronegative
infants born to seronegative dams; the other 2 corrals are just now
going through their first breeding season. This modified process
entails a 2-tier SPF program, requiring additional costs for separate
housing, serologic screening, and implementation of colony man-
agement practices that prevent retrograde transfer of pathogens
from nonSPF to conventional SPF to expanded SPF animals. The
critical question regarding growth in the number of animals meet-
ing the expanded SPF definition is whether the costs are justified
either to meet a demand or to improve animal health and welfare.
Answering these questions requires consideration of how these
animals would facilitate studies into critical unanswered questions
about HCMV and whether RhCMYV negatively affects the growth,
development, and aging of rhesus macaques.

NHP Modeling of Salient Features of HCMV

A cogent argument can be made that the most pressing issue
of HCMV is the lack of an approved vaccine for 2 seronegative
populations: women of childbearing age and transplant recipi-
ents.” To appreciate the long-standing clinical need for a protec-
tive vaccine, calls for development of a HCMYV vaccine began
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soon after HCMV was recognized as an infectious threat to the
fetus—37 y ago.2?2 The Institute of Medicine placed an HCMV
vaccine into its highest priority for development because the ben-
efits of a vaccine, primarily preventing the devastating impact
of congenital HCMYV infection, would far exceed the develop-
ment costs.® Considerable research effort has been expended on
vaccine development, and clinical trials are ongoing. However,
the natural history of HCMV and the enormous logistic and fi-
nancial requirements to test protective efficacy have conspired
to make development of a vaccine a formidable challenge. The
NHP model is well-positioned currently to rigorously test certain
aspects of vaccine design and protec’cion.23 One critical aspect of
the NHP model is lacking as yet, namely sufficient numbers of
seronegative animals. However, this lack would be obviated by
an increased supply of seronegative breeding animals.

The primary goal of a vaccine of which seronegative women
of childbearing age would be the target population is preven-
tion of transplacental transmission of HCMYV after either prima-
ry or nonprimary infection of the woman. At present, vertical
transmission cannot be modeled in rhesus macaques, because
all breeding-age females are seropositive for RhCMV. For rhesus
macaques to be used in trials to assess the protective efficacy of
vaccines, 2 advances have to be made. The first is the experimen-
tal demonstration that inoculation of seronegative pregnant dams
efficiently results in fetal infection. RhCMV rapidly disseminates
via the blood to sites throughout the body within 7 to 14 d after
inoculation, and there is little doubt that RhCMV would reach the
maternal-fetal interface and cross the placenta. Because the fetal
central nervous system is acutely sensitive to the devastating ef-
fects of intrauterine RhCMYV, vaccine modalities that reduce fetal
infection and disease likely would be evaluated readily.

The second advance required for their use in vaccine trials is
the availability of sufficient seronegative female rhesus macaques
of breeding age. Removal of breeding females from such a popu-
lation would be an expensive venture, the costs of which could be
mitigated in part by a large pool to draw from. Although no one
can predict how funding agencies might view a fetal transmission
model, the “‘Holy Grail” for HCMYV vaccines is preventing con-
genital infection. The primary question researchers in academia
and industry ask about the rhesus macaque model is whether
vertical transmission occurs in monkeys. Assuming that vertical
transmission can be demonstrated, the frequency of this question
supports the idea that there would be sufficient interest to war-
rant development of an expanded SPF census. Such a population
would have to reach a steady-state that would maintain a thresh-
old size while enabling removal of a certain number of breeding
age females each year. Should this aspect of the rhesus macaques
model be developed, it would represent a critical NHP adjunct
to the only other vertical transmission model for CMV, namely
the guinea pig. Moreover, the rhesus macaque model most likely
would be essential for clinical trials in humans and should attract
both government and corporate funding support.

Another target group for HCMV vaccines consists of HCMV-
seronegative transplant recipients receiving tissues or bone mar-
row from seropositive donors.” HCMV is the primary infectious
threat to this population. There has been no model development
of transplant-associated RhCMYV disease in rhesus macaques.
There have been anecdotal reports of cytomegaloviral disease in
immunosuppressed NHP, mostly involving non-rhesus macaques
species.2 Notably absent are studies assessing primary RhCMV

Macaques SPF for RhCMV

infection under conditions mimicking HCMYV infection in pa-
tients on antirejection regimens. Intense immunosuppression re-
gimes, particularly those involving antithymocyte globulin, have
been reported to be associated with reactivation of cytomegalo-
virus in seropositive animals.? Therefore, whether vaccination of
seronegative macaques protects from primary RhCMYV infection
in antithymocyte-globulin-based immunosuppressed animals
likely can be addressed. Development of this aspect of the rhesus
macaques model would greatly be enhanced by increased avail-
ability of RhRCMV-seronegative animals.

Impact of RhRCMV on the Health of Rhesus

Macaques

The original incentive for derivation of SPF monkeys was to
eliminate the zoonotic threat to humans posed by herpes B virus
and the disease threat to the animals themselves by simian retro-
virus, SIV, and potentially simian T-lymphotropic virus.® Implicit
in the call to expand the definition of SPF to include RhCMV is
the assumption that the health of the newly defined SPF animals
will not be compromised and may, in fact, by improved by a re-
duction in their infectious burden. Infection of rhesus macaques
with RhCMYV, either after natural exposure to RhCMV-infected
animals or by experimental inoculation with high titers of virus,
is asymptomatic, consistent with the interpretation that host anti-
viral immune responses effectively limit the potential for RhCMV
to cause disease. In addition, there has never been any association
of RhnCMV-induced disease in a human exposed to RhCMYV. Con-
sidering the countless hours of contact of humans with either Rh-
CMV-infected animals or their bodily fluids, the zoonotic disease
potential likely can be considered to be exceedingly low. There
is no overt evidence at this early stage to suggest that the health
and well-being of the 3 expanded SPF cohorts at the California
National Primate Research Center are distinguishable from the
current SPF or non-SPF populations. Therefore, expansion of the
SPF definition probably will not be justified in light of improve-
ments in animal health or reduction in zoonotic potential. How-
ever, recent work on HCMYV suggests that expansion of the SPF
definition may create novel research opportunities with direct
translation to human health.

HCMYV has been implicated, but not proven, as a contributing
factor in development of several chronic conditions in humans,
including immune senescence in the elderly humans and chronic
inflammation-associated diseases.!91® Immune senescence re-
fers to the age-related decline in immune responsiveness to vac-
cines and infectious agents, particularly in some healthy elderly
individuals. Current hypotheses concerning the role of HCMV
in development of immune senescence is that the extraordinary
devotion of the host’s immune repertoire to this single pathogen
may preclude an effective immune response to novel antigens,
such as influenza or the influenza vaccine, later in life.

Several studies have demonstrated a possible association be-
tween the presence of multiple infectious agents, particularly
cytomegalovirus, Chlamydia pneumoniae, and Helicobacter pylori,
and the risk of atherosclerosis and cardiovascular disease.!12425
Other studies have not detected a link between infectious burden
and cardiovascular events. However, additional studies have ob-
served that in patients with preexisting cardiovascular conditions,
prior infection with HCMYV is associated with secondary athero-
sclerosis and restenosis.* Similarly, HCMV has been postulated
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to be a critical factor in development of atherosclerosis in heart
transplant recipients.' Tissue culture studies'® and small animal
models of CMV'” have presented strong evidence for a causal
role in vasculopathies. These putative links between HCMV and
either immune senescence or cardiovascular disease need further
studies to validate or invalidate whether HCMYV plays a role. Ex-
pansion of the SPF definition to include animals that are serone-
gative for RhCMYV enables a unique opportunity to address these
issues on an increasingly large scale.

Development of Novel Model Systems

As RhCMV-seronegative animals increase in number, deter-
mining whether the expanded SPF population and non-SPF
animals show age-related differences in host immunologic or
physiologic parameters likely will be possible. If such distinc-
tions occur and recapitulate those of aging or at-risk humans,
then new and unique models of human clinical conditions would
be possible in NHP. The National Primate Research Centers are
federally funded institutions whose mission is to enable the use of
NHP as models of human disease and therapies by providing the
NHP resource and expertise. In the current funding climate for
NIH-funded grants, it would be prudent for the National Primate
Research Centers to develop new NHP models, which could be
available to a greater number of investigators. Expansion of the
SPF definition to include RhCMV and other viruses, and genera-
tion of a stable supply of animals would go a long way to provid-
ing a novel resource that can be used by an increased number of
academic and industry investigators.
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