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Introduction 
and scope
Viral infections are responsible for significant morbid-
ity and mortality in humans. In 1918, the influenza A
pandemic was responsible for over 40 million deaths
worldwide. As of December 2002, 60 million people
had been infected with HIV and one-third of those
infected were dead. Further, emerging infectious dis-
eases often have a viral etiology as evidenced by the
recent outbreaks of a newly discovered coronavirus that
produced Severe Acute Respiratory Syndrome (SARS)
epidemics in Asia and North America and of monkey-
pox in the U.S. Chronic infections with hepatitis B and
C viruses and herpes viruses are also significant public
health threats and will remain so for the forseeable future.
Clearly viral infections remain a significant threat to

human health. Thus, considerable efforts are expended
to develop vaccines and therapeutics to control both
acute and persistent viral infections.

The outcome of human viral infections depends
on a complex interaction between the virus and the
host. Genetic polymorphisms in the human popula-
tion and the dose, strain and route of virus inoculation
all contribute to the wide range of clinical outcomes in
viral infections. The study of viral pathogenesis, and
the preclinical development of viral vaccines and ther-
apeutics, requires the use of animal models. The exqui-
site specificity of viruses for their cellular receptors and
the absolute requirement of viruses for appropriate
intracellular machinery defines the host cell tropism of
viruses and explains why viruses tend be adapted for
infection of particular host species. The relative genetic
homology of humans and nonhuman primates (NHPs)
means that there is considerable conservation of the
critical molecules used by viruses in their life cycle.



Thus NHPs often are the only species that can be
infected with human pathogens. Alternatively, a num-
ber of viruses endemic to NHPs are distinct but closely
related to human pathogens and are good models for the
related human infection. Further, the development,
genetics, function and anatomy of the immune system
of nonhuman primates and humans are very similar which
makes nonhuman primates very useful for understand-
ing human immunity.

Excellent reviews document the historical role of
NHPs in viral research (Renegar, 1992; Soike et al.,
1984), including the critical role that monkeys played
in elucidating the pathogenesis of poliovirus and in the
development of the poliovirus vaccine (Sabin, 1965).
This review will focus on contemporary studies employ-
ing NHPs to model viral diseases currently of greatest
public health concern.

Acute viral diseases
Systemic infections
Hantavirus

Hantavirus (genus Hantavirus, family Bunyaviridae)
infection in humans is associated with two severe and
potentially fatal diseases. Hemorrhagic fever with renal
syndrome (HFRS) is associated primarily with han-
taviruses found in Europe and Asia, and is character-
ized by fever, thrombocytopenia, renal failure and, 
in severe cases, hemorrhage due to increased capillary
permeability (Lee et al., 1982). Hantavirus pulmonary
syndrome (HPS) is associated with infection by han-
taviruses indigenous to the Americas (e.g. Andes,
Muerto Canyon, and Sin Nombre viruses) and is char-
acterized by fever, myalgia, and rapid onset of severe
respiratory distress (Nichol et al., 1993). The mortality
associated with HPS is 40–50% (Lednicky, 2003). 
The reservoirs of hantaviruses are specific rodent hosts, 
in which persistent, nonpathogenic infections are com-
mon (Lednicky, 2003; Schmaljohn and Hjelle, 1997).
Transmission to humans is by inhalation of aerosolized
rodent urine or feces (McElroy et al., 2002). Human to
human transmission of hantavirus has been documented
only in cases of HPS caused by Andes virus (Padula et al.,
1998). No effective hantavirus vaccines have been devel-
oped and, while the viruses causing HFRS respond 
to antiviral therapy with ribivarin, there is currently no
effective antiviral drug therapy for HPS (Chapman
et al., 1999).

Several species of NHPs are susceptible to experi-
mental infection with hantaviruses (Groen et al., 1995;
Yanagihara et al., 1988), and NHP models are emerg-
ing as valuable tools for investigating hantavirus patho-
genesis and for evaluating antiviral therapies and
candidate vaccines. Experimental infection of cynomol-
gus macaques with Puumala virus produced typical
signs of HFRS, including lethargy, anorexia, protein-
uria, and/or hematuria, along with cytokine, creatinine,
nitric oxide and C-reactive protein responses similar 
to those of human HFRS (Klingstrom et al., 2002).
NHP models have also been used to evaluate candidate
hantavirus vaccines. Prototype DNA vaccines, against
hantaviruses causing HFRS, have elicited high titer
neutralizing antibody in rhesus macaques (Hooper
et al., 2001).

In a first attempt to develop a model of HPS,
cynomolgus macaques were experimentally infected
with Andes virus by the intravenous or aerosol route.
Viremia was detected by RT-PCR in 4 of 6 exposed
animals, but none developed clinical signs of HPS.
One animal developed a 3-fold decrease in baseline
platelet count coincident with high viremia and consis-
tent with thrombocytopenia seen in human HFRS. 
All animals, however, showed significantly reduced
lymphocyte counts, and all developed IgM and IgG anti-
bodies against viral nucleocapsid protein and neutralizing
antibody titers (McElroy et al., 2002). Future refine-
ments of primate models should greatly facilitate progress
in the treatment and prevention of hantavirus-related
diseases.

Ebola virus

Ebola virus (family Filoviridae) has been responsible for
outbreaks of hemorrhagic fever with high mortality 
in both humans and NHPs (Evans et al., 2003; Walsh
et al., 2003). Many species of NHPs are susceptible to
experimental infection with Ebola virus, the outcome
of which is almost uniformly fatal. The lethality of
Ebola virus infection in primates has been used as sup-
port for the conclusion that NHPs are not the natural
reservoir host of Ebola in nature. The course of Ebola
virus infection in NHPs closely follows that observed
in infected humans (Baskerville et al., 1978; Johnson 
et al., 1995; Jaax et al., 1996). As a result, nonhuman
primates have been used extensively in studies of Ebola
virus pathogenesis (Baskerville, 1978; Johnson et al.,
1995; Jaax et al., 1996; Riyabchikova et al., 1999;
Ignatiev et al., 2000). Studies in rhesus and cynomol-
gus macaques have demonstrated that lethal Ebola virus
infections can occur by oral, conjunctival or aerosol
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routes of exposure (Jaax et al., 1996; Jahrling et al.,
1996; Johnson, E. et al., 1995). Experimental infec-
tions, in African green monkeys and baboons, have
confirmed that macrophages and monocytes are the
first cells to be infected and play a major role in sub-
sequent systemic distribution of virus (Riyabchikova
et al., 1999). Experimental studies have also docu-
mented the absence of an inflammatory response in
Ebola virus-infected NHPs (Baskerville et al., 1978;
Jaax et al., 1996), suggesting virus-induced impairment
of immune function. Studies in baboons have shown
that the severity of Ebola virus-induced coagulopathies
is correlated with increases in serum levels of interferon 
and tumor necrosis factor-α (Ignatiev et al., 2000).
Interestingly, differences have been observed in Ebola
virus pathogenesis in different species of nonhuman
primates. Following infection with Ebola-Zaire, baboons
developed signs of hemorrhagic disease, while African
green monkeys, given the same dose, developed gener-
alized fibrin thrombosis in the absence of overt hemor-
rhage (Riyabchikova et al., 1999). These findings
indicate that species-specific differences need to be
considered when selecting a NHP model of Ebola virus
infection, and that use of different model systems may
be necessary to address the entire spectrum of human
disease associated with Ebola virus infection.

NHP models have also figured prominently in
efforts to develop an Ebola virus vaccine (Sullivan et al.,
2000; Sullivan et al., 2003). Passive immunization of
cynomolgus macaques with hyperimmune globulin
alone, or in combination with recombinant interferon-α,
was not protective (Geisbert et al., 2002; Jaax et al.,
1996; Jahrling et al., 1996; Jahrling et al., 1999).
Similarly, cynomolgus macaques, immunized with
liposome-encapsulated irradiated Ebola virus, pro-
duced virus-neutralizing antibodies but were not pro-
tected against lethal challenge, suggesting that both
humoral and cell-mediated immunity are required for
protection (Rao et al., 2002). Newer approaches to vac-
cine development have focused on the induction of
both cellular and humoral immune responses, incorpo-
rating the use of DNA vaccines. A “prime-boost” pro-
tocol combining DNA immunization, followed by 
a boost with a recombinant adenoviral vector express-
ing Ebola viral proteins, induced both cellular and
humoral immune responses in cynomolgus macaques.
Immunized animals were completely protected from
lethal challenge with Ebola-Zaire, indicating that a pre-
ventive vaccine against Ebola virus is feasible (Sullivan
et al., 2000). This prime-boost protocol, while effective
as a preventive vaccine regimen, required more than 
6 months to complete, precluding its use in controlling

an acute epidemic (Sullivan et al., 2003). Recent studies
have demonstrated that immunization of cynomolgus
macaques, with recombinant adenovirus vectors encod-
ing Ebola virus glycoprotein and nucleoprotein, in the
absence of DNA priming, resulted in earlier antibody
production and induction of Ebola virus-specific
CD8+ T-cell responses. Monkeys immunized with only
a single dose of this construct and challenged 28 days
later were completely protected against both high and
low-dose viral challenge (Sullivan et al., 2003).

Respiratory virus infections
The disease potential and pathology of respiratory
pathogens differs in primates and rodent animal models
for two major reasons. First, the anatomy and develop-
ment of the respiratory system in rodents is significantly
different from that in the human or nonhuman pri-
mate (Plopper et al., 1992). Second, many viruses that are
pathogenic in humans are also pathogenic in another pri-
mate species, but not in rodents, mainly due to the
need for specific host cell factors for viral replication.
Respiratory virus infections of humans have been mod-
eled in a wide range of primates including chimpanzees
(Belshe et al., 1977; Hancock et al., 2000; Teng et al.,
2000), macaques (Blake and Trask, 1921; Bukreyev
et al., 2002; Fouchier et al., 2003; Ponnuraj et al.,
2001; Rimmelzwaan et al., 2001; van den Hoogen
et al., 2001; Zaucha et al., 2001) and African green
monkeys (Durbin et al., 2000; Kakuk et al., 1993).
Recently two new viral pathogens, a pneumovirus and
a coronavirus, responsible for Severe Acute Respiratory
Syndrome, were successfully transmitted to cynomol-
gus monkeys and this helped to establish the etiology
of these newly discovered respiratory tract infections
(Fouchier et al., 2003; van den Hoogen et al., 2001).

Primate models have been used for many years to
study respiratory tract infection and immunity to measles
virus (Figure 34.1) (Blake and Trask, 1921b; Putz et al.,
2003), influenza (Renegar, 1992; Rimmelzwaan et al.,
2001; Soike et al., 1984), parainfluenza (Durbin
et al., 2000; Hall et al., 1993; Schmidt et al., 2002),
respiratory syncytial virus (Belshe et al., 1977; Cheng
et al., 2001; Hancock et al., 2000; Kakuk et al., 1993;
Leaman et al., 2002; Teng et al., 2000) and, more
recently, monkeypox (Zaucha et al., 2001). The major-
ity of published work is focused on vaccine develop-
ment. Possibly the best studied example of differing
host species pathogenicity, and hence the use of an ani-
mal model, is the case of measles virus. Both rodent
and primate animal models have been used for measles
vaccine research, but wildtype strains of measles virus
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do not replicate in rodent species, with the exception of
cotton rats, so that vaccine-induced protective immunity
can be tested only in humans or susceptible nonhuman
primates (Putz et al., 2003). Similar restrictions are a
concern for animal models of influenza virus (Renegar,
1992; Soike et al., 1984).

Primate models have played a critical role in
understanding the problem of enhanced or atypical
lung disease that occurred in children vaccinated with
whole-inactivated viral vaccines against measles 
or respiratory syncytial virus, when these children were
exposed to wildtype virus. This vaccine-induced
immunopathology has been extensively modeled in

mice and a Type 2 CD4+ T cell has been found to play
a pivotal role (Graham et al., 2002). However, the lab-
oratory mouse is not permissive for measles or respira-
tory syncytial virus replication and the question of
protective versus immunopathologic vaccine immunity
can only be addressed in a primate model. Using non-
human primate models, it has now been shown that
hypersensitivity reactions are largely responsible for the
enhanced pathology associated with respiratory syncy-
tial virus infection after immunization with formalin-
inactivated RSV vaccines (De Swart et al., 2002;
Kakuk et al., 1993; Ponnuraj et al., 2001). Studies in
macaques have demonstrated a role for immune com-
plexes and eosinophils in the pathogenesis of atypical
measles (Polack et al., 1999).

Chronic viral
diseases
Chronic viral infections are characterized by the ability
of the pathogen to evade host antiviral immunity over
the course of years. This reflects a highly evolved rela-
tionship between host and virus that involves the inter-
actions of numerous viral proteins and the host immune
system. This highly evolved relationship also means that
human chronic viral pathogens often do not infect NHPs
and thus, homologous viral pathogens of primates are
used as models of human viral diseases. Further, for
models of chronic viral diseases, the animal species
must be long-lived and possess an immune system that
is highly homologous to humans.

Primate T-lymphotropic
viruses
Primate T-lymphotropic viruses (PTLV) comprise a
closely related group of retroviruses in the Oncovirus
subfamily of Retroviridae that includes viruses of
humans and NHPs. The first member of this group to
be identified was human T-lymphotropic virus type-I
(HTLV-I), isolated from the blood of patients with
Adult T-cell leukemia/lymphoma (ATLL) (Poiesz et al.,
1980). HTLV-I is the only human retrovirus known to
be oncogenic and the etiologic link of this virus to
ATLL is now well established (Johnson, J.M. et al.,
2001). HTLV-1 infection is also etiologically associ-
ated with a chronic, progressive myelopathy known 
as tropical spastic paraparesis/HTLV-1 associated
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Figure 34.1 Histologic sections of lung tissue from rhesus
monkeys 7 days after measles virus challenge. (A) Lung of a
monkey that had received the live, attenuated measles
vaccine 1 year prior to challenge. This is essentially normal
lung. (B) Lung of an unvaccinated monkey. The wall of the
respiratory bronchiole (left) is thickened with mononuclear
cell infiltration and the alveolar septae are also thickened
with inflammation and fibrin. These are features of viral
bronchiolitis and interstitial pneumonia (Reprinted from
McChesney, M.B. et al., 1997, Virology 233, pp 74–84, with
permission from Elsevier).



myelopathy (TSP/HAM) (Levin and Jacobson, 1997).
The specific mechanisms underlying HTLV-1 patho-
genesis and host immune response are not completely
understood and there is currently no vaccine for pre-
vention of HTLV-1 infection, or effective treatment
for HTLV-1-related malignancies (Dekaban et al.,
1995; Franchini, 1995; Franchini and Streicher, 1995).

Other members of the PTLV group include
HTLV-2 (Kalyanaraman et al., 1982), a human virus
not conclusively linked to cancer, and the cognate simian
T-lymphotropic viruses types 1, 2, and 3 (STLV-1, -2,
-3) (Kalyanaraman et al., 1982; Meertens and Gessain,
2003; Miyoshi et al., 1982). In NHPs with naturally
acquired infections, STLV-I induces leukemia or lym-
phoma, predominantly in African species, with many
clinical and pathological similarities to ATLL
(Tsujimoto et al., 1987). Both human and simian lym-
phomas occur in only a small proportion of infected
individuals, usually after a prolonged period of latency
(Blattner, 1989; Tsujimoto et al., 1987). To date, 
no counterpart to TSP/HAM has been recognized in
STLV-1-infected NHPs.

Two approaches have been used to develop and uti-
lize NHP models of human HTLV-I infection and dis-
ease. One approach takes advantage of the fact that
several species of NHPs are susceptible to experimental
infection with HTLV-I, including various species of
macaque (Beilke et al., 1996; Ibuki et al., 1997; 
Murata et al., 1996), the squirrel monkey (Kazanji, 2000;
Kazanji et al., 2000) and the common marmoset
(Yamanouchi et al., 1985). Experimentally infected
Japanese macaques (M. fuscata) have been used to
demonstrate the efficacy of passive immunization with
hypreimmune serum in preventing HTLV-I infection
(Murata et al., 1996). A cynomolgus macaque model was
used to demonstrate the long-term persistence of protec-
tive immunity following immunization with recombi-
nant vaccinia virus expressing the HTLV-I envelope gene
(Ibuki et al., 1997). Although NHPs infected with
HTLV-I do not develop tumors, other HTLV-I-related
pathological conditions, including polymyositis, uveitis
and arthritis, were observed in a rhesus macaque follow-
ing experimental infection with HTLV-I (Beilke et al.,
1996). The squirrel monkey model has been used to
investigate the distribution of virus to various tissues, in
early HTLV-I infection, and the relationship between
viral gene expression and the host humoral and cellular
immune response to infection (Kazanji, 2000; Kazanji
et al., 2000). Infection of common marmosets with
HTLV-I by the oral route has provided support for the
concept of milk-borne infection from HTLV-I-infected
mothers to nursing infants (Yamanouchi et al., 1985).

Another approach to HTLV-1 primate model devel-
opment has exploited the naturally occurring infections
with STLV-1 in many species of Old World NHPs.
HTLV-1 and STLV-1 share a high degree of genetic
relatedness (Dekaban et al., 1995). The routes of trans-
mission are the same (Lazo et al., 1994), and the course
of infection of STLV-1 in primates parallels that of
HTLV-1 in humans (Tsujimoto et al., 1987). The
respective host-virus systems give rise to similar propor-
tions of malignancies, and tumors induced by STLV-1
are indistinguishable from human ATLL (McCarthy
et al., 1990; Tsujimoto et al., 1985). The method of
replication of both STLV-1 and HTLV-1, namely clonal
expansion of virus infected T-cells, is virtually identical
(Gabet et al., 2003; Morteaux et al., 2003). The exact
mechanisms of PTLV oncogenesis have not been fully
elucidated. Results of recent studies suggest that the
malignant transformation in ATLL is a “multi-hit” phe-
nomenon, marked by discreet genetic events (Arima
and Tei, 2001). The Tax gene, present in both STLV-1
and HTLV-1, is thought to play a major role in leuke-
mogenesis, due to its pleiotropic actions (Dekaban et al.,
1995; Franchini, 1995; Franchini and Streicher,
1995). These include transcriptional suppression of
DNA polymerase β (Jeang et al., 1990) and the func-
tional suppression of p16 and p53, genes that are
important regulators of the cell cycle (Matsuoka,
2003). STLV-1 infection of nonhuman primates pro-
vides an excellent model system to investigate mecha-
nisms of PTLV oncogenesis in vivo.

HIV infection and AIDS

For two decades, NHP models for AIDS, especially
Simian immunodeficiency virus (SIV) infection of
macaques, have provided important insights into the
transmission and pathogenesis of AIDS as well as virus-
specific immune responses to anti-SIV vaccine regi-
mens. Although an effective vaccine against human
AIDS is not yet available, significant progress is being
made towards this goal (reviewed in Robinson, 2002).

Studies of primate lentivirus transmission, in NHP
models, has permitted dissection of the earliest events that
occur in an infected host, after exposure to virus under
defined conditions. These include the effects of a viral
inoculum dose, viral virulence and the route of exposure
(reviewed in Pope and Haase, 2003). Experiments in
NHP have also determined the temporal relationship
between lentiviral replication, after known virus expo-
sure/infection, systemic infection, the development of
antiviral immune responses and disease progression.
Perhaps most important for vaccine development,
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NHP studies have compared lentivirus-specific immune
responses early after virus exposure, in both vaccinated
and unvaccinated animals, to assess potential correlates
of vaccine-mediated protection (reviewed in
McMichael and Hanke, 2003). The results of these
experiments have begun to identify key strategies that
could be used for reducing or eliminating HIV transmis-
sion from one infected person to another. Understanding
each of these areas is essential to developing a vaccine to
prevent human HIV infection or AIDS and these studies
are neither feasible nor ethical in humans.

Primate species/virus systems

Table 34.1 compares the key similarities and differ-
ences between the major NHP models of HIV/AIDS
and human HIV-infection. The chimpanzee/HIV-1
model uses HIV-1 but HIV infection in chimps is gen-
erally non-pathogenic and thus does not model AIDS
in humans. This limitation, coupled with the very
small number of chimps, and their endangered species
status, make the chimp/HIV model for AIDS largely
impractical for HIV vaccine research. A variety of
NHP species can be infected with isolates of HIV-2,
which is genetically similar to SIV.

Many African NHP species are naturally infected
with species-specific SIV variants, but these endemic
SIV infections apparently do not result in AIDS. Asian
macaques are not naturally infected with SIV but exper-
imental inoculation of macaques, with SIV variants iso-
lated from African monkeys, results in AIDS (reviewed
in Gardner, 2003). A number of macaque and baboon
species have been used for transmission, pathogenesis
and vaccine studies with HIV-2 (Locher et al., 2001).
Infection of macaques with SIV or hybrid SIV/HIV
viruses, containing the HIV-1 envelope (SHIV), are
generally accepted as the most practical NHP models
for human HIV-infection and AIDS and they are
widely used to evaluate vaccine strategies against AIDS
(reviewed in Letvin et al., 2002; McChesney et al., 1999;
McMichael and Hanke, 2003; Robinson, 2002).

Virus challenge: viral properties 
and mucosal transmission

It is well-established that the capacity of a primate
lentivirus to cause immunodeficiency disease, in Asian
macaque species, is associated with its ability to repli-
cate to high levels after establishing systemic infection
(McChesney et al., 1999). Although several biological
properties, including co-receptor use and growth 
in transformed T cell lines and primary macaque blood

cells, were proposed to account for virulence of SIV
and SHIV isolates, it has been demonstrated that none
of these reliably predict the ability to induce AIDS in
infected macaques (Table 34.2). Persistently high viral
replication, as measured by high levels of viral RNA or
core antigen in plasma, is also the best predictor of the
reliability of transmission by mucosal exposure for SIV
or SHIV isolates (Table 34.2).

NHP models for HIV breast milk
transmission

In developed countries, where infant formula is readily
available and breastfeeding is not essential to infant sur-
vival, vertical HIV transmission can be prevented effec-
tively by antiretroviral treatment during pregnancy and
delivery combined with a short course of antiretroviral
drugs given to the newborn. However, in most devel-
oping nations, even with some prenatal care or limited
access to antiretroviral drugs, there are few alternatives
to breast feeding because formula and clean water 
are rarely available or affordable (Mbori-Ngacha et al.,
2001). In these settings, exposure to breast milk remains
a major risk for HIV infection and a neonatal vaccine,
that can protect against HIV breast milk transmission,
is urgently needed.

To evaluate strategies that may prevent HIV infec-
tion by breast feeding, HIV breast milk transmission
has been modeled in infant rhesus macaques. The most
direct model is SIV-infection of pregnant macaques
who are allowed to suckle their infants. Early studies
using this model found low or unreliable SIV transmis-
sion to infants (McClure et al., 1991). Recently Amedee
and colleagues (Amedee et al., 2003) reported efficient
breast milk transmission of SIV to infants of SIV-infected
dams. A limitation of this model is that the duration of
breast feeding, until SIV infection of infants, varied from
a few weeks to months and was not associated with levels
of viral RNA in milk (Amedee et al., 2003).

To conserve adult female macaques needed for
breeding and to better control viral and host variables,
an alternative macaque model of HIV breast milk
transmission is oral SIV or SHIV inoculation of new-
born and infant macaques that may be nursery-reared.
Advantages of experimental oral virus inoculation
include the ability to use a specific dose of a well-
characterized virus inoculum, to vary the total number 
of virus exposures and the intervals between virus expo-
sures, and to assess how infant development may
modulate outcome of virus exposure. Disadvantages
are the need for labor-intensive nursery rearing of 
SIV-exposed infant macaques in specialized BSL-2
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TABLE 34.1: Comparison of available nonhuman primate models to human HIV infection 

NHP host species /virus Similarities Differences

Chimpanzee/HIV-1 NHP species most like humans, and Virus replicates only after adaptation by 

only NHP species in which HIV-1 passage in PBMC of this species. Viral 

establishes persistent infection levels in blood are low in most, and 

Genital mucosal exposure to high doses transiently detected in many, HIV-1 

of some HIV-1 isolates has resulted in infected animals

infected chimpanzees Infected animals rarely develop disease;

only after serial animal passage of virus

Macaque/HIV-2* HIV-2 establishes persistent infection in Viral levels in blood are low in many HIV-2 

or multiple macaque species and in baboons infected animals, except after virus is 

Baboon/HIV-2* Some macaque species develop AIDS adapted to a host species

after long-term infection with an HIV-2 

adapted to that species

Macaque/SHIV* SHIVs are chimeric viruses made by Virus replicates to high levels only after 

molecular biology techniques which adaptation by passage in a species;

encode some HIV-1 or HIV-2 genes viremia controlled spontaneously in 

(e.g. envelope) in an otherwise SIV many animals

genome Biological properties of SHIVs in NHP 

differ substantially from HIV in humans 

and SIV in macaques. Pathogenic SHIVs 

induce rapid, severe, though often 

transient, reduction in CD4+ T cells in 

peripheral blood; AIDS results from 

sustained CD4+ T cell loss (observed in 

25–40% of animals infected with 

pathogenic SHIVs)

Mucosal transmission of most SHIVs is 

inefficient and unreliable

Macaque/SIV* SIVs that infect macaques are most Most pathogenic SIV isolates cause 

similar genetically to HIV-2 (SIV from simian AIDS within 6 to 12 months after 

wild chimpanzees most similar to HIV-1) infection by parenteral or mucosal 

Efficiency of pathogenic SIV transmission exposure to high (100,000 TCID50%) 

by mucosal exposure (genital, rectal, doses of virus

oral) is route and dose dependent

Pathogenic SIV isolates reliably cause a 

spectrum of immunodeficiency disease 

remarkably similar to AIDS in HIV-1 

infected humans

SIV isolates with deletions in accessory 

genes are attenuated and induce slow 

progression to AIDS as seen in humans 

infected with HIV-1 containing nef 

gene deletions

*Multiple virus isolates with distinct biological properties.



containment facilities, increased clinical care, by veteri-
nary staff, of SIV-infected infants and the absence of
anti-microbial factors normally present in macaque
breast milk, which may more closely mimic conditions
found in breast milk of HIV-infected women
(Farquhar et al., 2002). Studies using oral inoculation
of infant macaques, with SIV or SHIV, have demon-
strated that antiretroviral drugs (Van Rompay et al.,
2001), HIV neutralizing monoclonal antibodies (Baba
et al., 2000; Hofmann-Lehmann et al., 2001), and
passively acquired SIV-specific, non-neutralizing anti-
bodies (Van Rompay et al., 1998) can prevent infection
if given before or, in some cases, soon after 
virus exposure. Recently, Van Rompay and colleagues
(Van Rompay et al., 2003) have shown that active
immunization of infant rhesus macaques, with live-
attenuated SIV and recombinant poxvirus vectors
expressing SIV structural proteins, can protect against
high viremia and delay onset of AIDS after oral inocu-
lation with virulent SIV. Collectively, the results of
these studies, using the SIV/infant macaque model,
suggest that both passive and active immunization
strategies may be successful in reducing breast milk
transmission of HIV.

Influence of immunogenetics on NHP
models for AIDS and HIV vaccine
development

The major histocompatibility complex (MHC) plays
an essential role in immune responses to viral infec-
tions and the enormous variation observed, for human
MHC genes, is thought to reflect selective pressure by

microbial, especially viral, pathogens. There is consensus
that some MHC alleles (Carrington and Bontrop,
2002) and haplotypes can significantly modulate 
the rate of progress to AIDS in HIV-infected people
(Carrington, 2003; Carrington and O’Brien, 2003;
Cullen et al., 2002; Cullen et al., 2003; Trachtenberg
et al., 2003). In addition, concordance between MHC
class I alleles of HIV-infected women and their infants
is associated with increased risk of vertical HIV trans-
mission (Polycarpou et al., 2002). Further, there is evi-
dence that specific human MHC alleles influence both
the response to HIV-infection and immunization with
HIV vaccines (Kaslow et al., 2001). It has even been
proposed that the relatively low genetic variation at
MHC class I in chimpanzees is a direct result of long-
term selection by an ancient SIV during a devastating
pandemic in wild chimpanzees (de Groot et al., 2002).

In contrast to the chimpanzee, recent studies of the
MHC of Asian macaques, indicate that the allelic and
haplotype variation among individual animals is simi-
lar to, or greater than, MHC variation observed for
humans (Doxiadis et al., 2000). Also, as shown for
HIV-infected humans, some rhesus MHC alleles and
haplotypes have been reported to influence the rate of
disease progression in SIV-infected animals (Carrington
and Bontrop, 2002; O’Connor et al., 2003; Pal et al.,
2002; Sauermann et al., 2000) and may modulate vac-
cine protection against SIV challenge (O’Connor et al.,
2003; Pal et al., 2002). These observations underscore
the need to identify more MHC alleles and to define
complete MHC halplotypes in NHP species used for
AIDS vaccine development (Friedrich and Watkins,
2003; Sauermann, 2001).

568

V
IR

O
LO

G
Y

R
ES

EA
R

C
H

C
U

RR
EN

T
U

SE
S

IN
B

IO
M

ED
IC

A
L

RE
SE

A
RC

H

TABLE 34.2: Biological properties of SIV and SHIV isolates in rhesus macaques

Virus isolate Growth in Co-receptor Replication Induction Reliability of 

‘ macrophage use in macaques of AIDS mucosal virus 

(after IV inoc.) transmission

CXCR4 CCR5 Vaginal Oral

SIVmac251 + − + High + High High

SIVmac239 − − + High + High High

SHIV89.6PD + + + High + High Not done

SHIV33A + + − High + High High

SHIV89.6 + + + Moderate − Moderate High

SHIV33 − + − Moderate − Low None

SIVmac1A11 + − + Low − Low Low

SHIVHxb2 + + − Low − Low Not done



Ability of NHP studies to predict outcomes
of human clinical HIV vaccine trials

The ultimate test of the relevance and utility of NHP
models of AIDS, for HIV vaccine development, is their
accuracy in predicting efficacy of specific vaccine strate-
gies in human clinical trials. To date, only results of a
single clinical trial of HIV vaccine efficacy are available
for comparison with efficacy observed in NHP models.
This double-blind, placebo controlled human trial,
jointly sponsored by the NIH and Vaxgen, found no
overall efficacy of a clade B HIV recombinant gp120
protein vaccine in groups at high-risk for HIV expo-
sure in the USA; i.e. there were no statistically signifi-
cant differences between individuals, receiving placebo
or vaccine, in either the proportion of individuals who
become HIV-infected, or in viral load after infection
(Cohen, 2003a; Cohen, 2003b). This outcome was mir-
rored in prior NHP efficacy trials of recombinant HIV
envelope (gp120 or 160), for chimpanzees challenged
with non-homologous laboratory isolates of HIV-1
(Girard et al., 1996), and for macaques immunized with
recombinant HIV envelope (gp120 or gp160). Both
examples showed little or no protection against infec-
tion by parenteral or mucosal challenge with pathogenic
SIV or SHIV isolates (reviewed in Robinson, 2002).

Results are expected to be available, by the end of
2003, of a second large human clinical trial to assess
the efficacy of recombinant canarypox vector, express-
ing HIV envelope, and other structural and regulatory
proteins given as primary immunization followed by
recombinant HIV envelope protein as a booster immu-
nization. Preclinical studies in macaques immunized
with recombinant canarypox expressing SIV and/or
HIV antigens found that, despite only modest levels of
virus-specific immune responses, vaccinated animals
had reduced viral load and slower disease progression
compared to unvaccinated controls after challenge
(reviewed in Robinson, 2002). If the results of NHP
efficacy studies consistently reflect those for human trials
of similar HIV vaccine strategies, this will reinforce the
value and relevance of NHP models of AIDS for HIV
vaccine development, especially to identify immune
correlates and perhaps, to understand mechanisms of
HIV vaccine efficacy.

Simian cytomegalovirus

Use of NHPs as models for human cytomegalovirus
(HCMV) has expanded dramatically in the last few years
because of the increasing appreciation of the impact 
of HCMV infection on human health. HCMV is 

a member of the Herpesviridae family of viruses
(Mocarski, 1993). It has been recognized for over 
30 years as a serious threat to the developing fetus where
it can cause a wide spectrum of pathological outcomes
(Weller, 1971). HCMV is also a major cause of mor-
bidity and mortality in those with either AIDS or an
immunosuppressed immune system (Alford and Britt,
1993). There is no licensed vaccine for HCMV, although
there has been a long-standing recognition of the med-
ical need for one (Committee to Study Priorities for
Vaccine Development and Medicine, 1999).

HCMV is species-specific and will not grow in 
the NHPs available for study. This limits experimental
investigations to tissue culture settings and natural
history studies in humans, leaving many experimental
questions unanswered. However, the NHP models 
are ideally suited to fill the experimental void concern-
ing many critical aspects of HCMV natural history 
and to develop novel immunological and chemothera-
peutic strategies that can either prevent infection or limit
disease.

The vast majority of studies have involved infec-
tion of rhesus macaques with rhesus CMV (RhCMV).
However, important observations have also been 
made with CMV of other macaque species, the African
green monkey, baboon and chimpanzee. All of these
simian systems are also relevant surrogates for HCMV.
For this review, a prototypical simian CMV phenotype
is presented, based on studies with the different NHP
CMV. Comparative studies between different NHP
CMV are extremely limited. It should be stressed that
each CMV representative has co-evolved with its 
host species. Accordingly, the evolution of virus-host
relationships may have led to important and, as yet,
undiscovered distinctions between the different CMV
isolates.

CMV has been isolated from multiple genera and
species of old and new world NHP hosts (Asher et al.,
1974; Black et al., 1963; Eizuru et al., 1989). It is prob-
able that every NHP species has an associated species-
specific CMV. Analyses of the genomes, protein
expression and serological cross-relatedness demonstrate
that CMV isolates from different NHP species are unique
to each host (Davison, A.J. et al., 2003; Eizuru et al.,
1989; Gibson, 1983; Hansen et al., 2003; Kilpatrick
et al., 1976; Minamishima et al., 1971; Tinghitella
et al., 1982). There is no evidence to date that the CMV
of one host species can grow in another host species
following natural exposure. However, simian CMV
replication in vitro is not restricted to cells of the 
host species. The CMV of African green monkeys (Black
et al., 1963) and Rh CMV (Alcendor et al., 1993) can
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productively infect human and NHP cells in culture.
Further, AGMCMV can productively infect rhesus
macaques and replicate for years (Swack et al., 1971).
With the expansion of NHP CMV sequences on
GenBank, it is now possible to confirm the species iden-
tity of a primary isolate by limited sequence analysis.

Like HCMV, simian CMV is a common infec-
tious agent in NHP populations (Andrade et al., 2003;
Black et al., 1963; Eizuru et al., 1989; Kessler et al.,
1989; Minamishima et al., 1971; Swack and Hsiung,
1982; Swack et al., 1971; Vogel et al., 1994). Virtually
100% of monkeys in breeding facilities are seropositive
by one year of age and 50% of infants are seropositive
by 6 months of age (Vogel et al., 1994). It is likely that
multiple strains of CMV are present within each breed-
ing facility (Alcendor et al., 1993). Comparable rates of
seroprevalence have been reported in monkeys trapped
in the wild (Eizuru et al., 1989; Minamishima et al.,
1971; Ohtaki et al., 1986; Swack et al., 1971). The
routes of transmission are not known, but it is likely
that virus is horizontally transmitted from mother to
infant via breast milk and saliva, similar to identified
modes in humans. Virus is also normally excreted in
urine, adding another route of virus spread. There is no
evidence consistent with transmission in utero, although
low rates cannot be excluded (Vogel et al., 1994).
Maternal-fetal transmission is a critical component of
HCMV congenital transmission, and this is one aspect
of HCMV natural history that cannot be modeled in
NHP at this time. It is most likely that absence of
congenital infection, in NHP, has to do with the high
seroprevalence of HCMV in breeding age females.

CMV seroprevalence changes dramatically if ani-
mals are reared in smaller cohorts from birth. When
infants are separated from the dam at, or soon after,
birth, and hand reared in a nursery, the animals remain
essentially CMV-free well past the age of sexual matu-
rity (Barry, unpublished; Minamishima et al., 1971).

Primary infection

Simian CMV infection in immunocompetent hosts,
either experimental or following natural exposure, does
not result in any clinical signs of disease. This is simi-
lar to the vast majority of HCMV infections.
Mononucleosis, a relatively rare outcome of primary
HCMV infection, has never been associated with
CMV infection in the NHP. In addition, there have
been no published reports, or anecdotal observations,
of CMV disease in monkeys that were culled or died of
reasons other than acquired immunodeficiency or
immunosuppression. It can be concluded, from the

absence of disease, that host immune responses to
primary CMV infection are highly protective.

The general course of primary infection in a
seronegative host involves rapid dissemination from
the site of infection to distal sites throughout the body
(Lockridge et al., 1999). In monkeys naturally exposed
to CMV, virus is probably transmitted across the oral
or genital mucosa. Experimental inoculations have
been done by the oral, intravenous and subcutaneous
(sc) routes. Viral DNA can generally be detected in the
blood within 7 days of infection and in multiple tissues
within two weeks (Lockridge et al., 1999). Antiviral
immune responses are rapid and increase in intensity as
viral plasma DNA loads decrease. Cellular antiviral
responses follow the same course of development as the
humoral responses. A variety of hematological changes
follow experimental IV inoculation, although no con-
sistent pattern is observed (Lockridge et al., 1999).

Persistent infection

There are two prominent hallmarks of the persistent
phase of RCMV infection: chronic viral shedding and
stability of the antiviral immune responses. These char-
acteristics are identical to HCMV. Infected monkeys
can remain viuric for years following primary infection,
probably for the life of the host (Asher et al., 1974;
Swack and Hsiung, 1982). The frequency of CMV shed-
ding is variable between animals, although some
monkeys appear to be constantly shedding infectious
virus at the oral and genital mucosa. Historically, shed-
ding has been assayed by culturing virus. More
recently, sensitive molecular techniques, such as real-
time PCR, have been used to detect and quantify
CMV DNA purified from mucosal swabs (Huff et al.,
2003). Approximately 50% of seropositive monkeys
are DNA-positive in mucosal fluids at any one time.
Thus, there is active and ongoing virus replication at
mucosal surfaces within a persistently infected host.
Occasionally, antigen-positive cells can be detected by
immunohistochemistry in other tissues, although the
tissues are usually histologically normal without an
accompanying inflammatory response.

The relative constant exposure to CMV antigens
probably explains the pattern of antiviral immune
responses observed in long-term infected monkeys.
Both antibody titers and cellular responses stay rela-
tively stable over time. End-point antibody titers, to total
viral antigen preparations, hover around the plateau
level achieved at the end of the primary infection.
Cellular responses to RhCMV antigens also exhibit little
fluctuation (Kaur et al., 2002).
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The maintenance of a stable virus-host relationship
(i.e., no disease) requires a considerable expenditure 
of the immunological repertoire of the infected host.
Up to 5.8% and 5.3% of memory CD4+ and CD8+

T-lymphocytes, respectively, have been shown to be
CMV-specific in healthy, CMV-positive rhesus
macaques (Kaur et al., 2002; Pitcher et al., 2002).
Comparably high frequencies of CMV-specific, mem-
ory T cells have been observed in persistently infected
humans (Waldrop et al., 1998; Waldrop et al., 1997).

The three conditions in which HCMV is a serious
pathogen (immunodeficiency, immunosuppression,
and intrauterine infection) have strong parallels in
NHP. These conditions are summarized below.

Immunodeficiency

The first published descriptions of CMV disease in
NHP occurred in the context of rhesus macaques coin-
fected with the Type D simian retrovirus (SRV) and a
lentivirus, the simian immunodeficiency virus (SIV)
(Henrickson et al., 1983; King et al., 1983; Lerche et al.,
1984; Letvin et al., 1983a; Letvin et al., 1983b; Osborn
et al., 1984). The acquired immunodeficiency disease,
caused by both SRV and SIV, was characterized by
persistent lymphadenopathy, severe wasting, chronic
diarrhea, high morbidity and mortality and multiple
opportunistic infections, including activated CMV.
Activated CMV disease is generally characterized by an
abundance of cytomegalic cells containing cytoplasmic
and/or intranuclear inclusions and often associated with
tissue necrosis and neutrophilic infiltration in tissues.
This pattern of CMV infection in immunodeficient
monkeys is distinct from the paucity of viral inclusions
in healthy macaques and is strikingly similar to CMV
disease in human AIDS patients. The incidence of
CMV disease in monkeys with SAIDS caused by SIV
or SRV is variable. Some studies have reported that up
to one-third to one-half of CMV seropositive animals
have evidence of CMV disease at necropsy (Baskin et al.,
1988; Kaur et al., 2003; King et al., 1983; Kuhn et al.,
1999; Osborn et al., 1984). Similar to HCMV, acti-
vated simian CMV can be observed in multiple tissues,
(Baskin, 1987). However, CMV disease is not always
systemic and can occur in only a single tissue (Sequar
et al., 2002). CMV retinitis, an important clinical
problem in some human AIDS patients, has not been
described in a SAIDS monkey.

There are multiple distinctions between the course
of RhCMV infection in an immunodeficient and an
immunocompetent host. Notable changes include an
increased frequency of detectable RhCMV DNA in

blood, elevated genome copy numbers in tissues and
declining measures of anti-CMV immune functions,
such as CTL activity, cytokine secretion, and neutraliz-
ing antibody titers (Kaur et al., 2003; Sequar et al.,
2002). The kinetics of these changes are variable. If SIV
infection occurs during the primary phase of RhCMV
infection, the onset of RhCMV disease and SAIDS can
be rapid (10–27 weeks post SIV). If the monkeys are
inoculated with SIV during the persistent phase of
RhCMV infection, the time of death can be greatly
extended (10 weeks − >1 year). One study observed a
statistically significant decrease in the time of death in
animals with RhCMV end-organ disease compared to
animals without histological evidence of activated
RhCMV (Kaur et al., 2003).

Transplantation

CMV sequelae have also been observed in immunosup-
pressed NHP receiving either allografts or xenografts.
Although there are not many references in the litera-
ture, the occurrence of activated CMV in transplant-
recipients appears to be related to the use of intense
immunosuppression regimes, such as cyclophos-
phamide, corticosteroids and/or anti-thymocytic glob-
ulin, designed to prevent graft rejection. A transplant
recipient can develop CMV histopathology, similar to
CMV disease in human allograft recipients, including
pneumonitis and vasculopathies (Ghanekar et al.,
2002; Mueller et al., 2002; Ohtaki et al., 1986; Ohtaki
et al., 1988; Teranishi et al., 2003). Further studies are
required to determine the utility of NHP as an experi-
mental model to study transplantation-associated CMV
disease, primarily because the frequency of CMV reac-
tivation in this setting is not known.

Fetal infection

RhCMV can cause a range of developmental defects in
experimentally inoculated rhesus macaque fetuses that
are almost identical to those observed in human infants
congenitally infected with HCMV. It should be stressed
that fetal infection in this NHP is a model of intrauter-
ine pathogenesis and not transplacental transmission.
No studies have been reported documenting either nat-
ural or experimental maternal-fetal CMV transmission
in NHP. The published studies of CMV-induced fetal
disease required direct in utero inoculation of fetuses
with virus (Chang et al., 2002; London et al., 1986;
Tarantal et al., 1998). Using ultrasound guidance, nee-
dles can be directed through the abdominal wall of the
dam to deliver virus to precise locations within the
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developing fetus at defined stages of gestation. Growth
and developmental outcomes can be prospectively mon-
itored, by ultrasound, and fetal samples (blood, amni-
otic fluid, and tissue) can be obtained by needle biopsy.

Rhesus macaque fetuses have been inoculated with
RhCMV by the intramniotic (IA), intracranial (IC), and
intraperitoneal (IP) routes from late in the first trimester
(gestation day 50) through mid-gestation (day 80)
(Chang et al., 2002; London et al., 1986; Tarantal et al.,
1998). Mild to severe fetal outcomes have been observed
in approximately 50% of inoculated fetuses. No
RhCMV sequelae have ever been observed in the dams,
although there has been suggestive evidence of retro-
grade transmission of the virus across the placenta
(London et al., 1986).

The developing brain is highly sensitive to CMV
disease with a spectrum of developmental abnormalities.
These include microcephaly, lissencephaly, ventricular
dilatation, leptomeningitis, encephalitis and periven-
tricular calcifications. All of these are hallmarks of con-
genital HCMV infection (Alford and Britt, 1993).
RhCMV histopathology is not limited to the brain 
and systemic effects such as intrauterine growth restric-
tion, disseminated RhCMV disease and isolation of
virus in blood and tissues have been seen (Chang et al.,
2002; Tarantal et al., 1998). Placental abnormalities
(deciduitis, infarction, calcification, and lymphocytic
infiltration) have been seen in some of the inoculated
fetuses (London et al., 1986).

Cercopithecine herpesvirus 1 
(Herpes B virus)

Cercopithecine herpesvirus 1, generally referred to as
herpes B virus (BV), is an alphaherpesvirus of the rhesus
macaque with strong genetic, virological and immuno-
logical relatedness to herpes simplex virus (HSV) of
humans. BV infection of the rhesus monkey seems to
accurately model HSV infection of humans, but the
deadly zoonotic potential of BV has prevented its use
in an animal model. However, it was recently listed as
a categorical pathogen by the U.S. Public Health
Service and could be an agent of bioterror. Thus a brief
discussion of BV is included here.

BV is endemic in Asian macaque populations
(Weigler, 1992), and closely related alphaherpesviral
variants are present in African NHP (Eberle and Hilliard,
1995). BV deservedly bears the most attention of the
NHP alphaherpesviruses because of its pathogenic
potential in humans. Zoonotic infection of humans with
B virus is almost invariably fatal (>70%) in the absence
of antiviral chemotherapies, and severe, non-fatal

infections can result in encephalomyelitis or severe
neurological impairment (Huff and Barry, 2003). BV
is the only simian herpesvirus that is known to cause
disease in humans. The most salient feature of BV nat-
ural history, in terms of its occupational risk, is that an
overwhelming majority of macaques shed B virus with-
out overt signs of disease (Huff, J.E. et al., 2003; Weigler
et al., 1993; Zwartouw and Boulter, 1984). Thus,
every BV-seropositive macaque must be considered as a
potential source of infectious BV, whether through its
bodily fluids or its tissues.

Despite the preceding risk assessment, there have
only been approximately 40 documented cases of human
infection since the first reported transmission to
humans in 1932 (Huff and Barry, 2003). The dispro-
portionality between the number of zoonotic infections
and the high seroprevalence of BV in breeding age ani-
mals is a function of the BV life cycle. The biology of
BV infection in macaques is characterized by a lifelong
persistence with infrequent, and usually subclinical,
shedding at mucosal surfaces. Although the natural his-
tory of BV has not been described in detail, the repli-
cation cycle of HSV serves as a precedent (Roizman
and Sears, 1993). Virus is transmitted across a mucosal
surface, such as the oral or genital mucosa. Following
localized replication in mucosal epithelial cells, the
virus is transmitted directly to sensory nerve endings.
The prevailing thought is that there is no associated
bloodborne stage of infection, except in rare systemic
infections (Simon et al., 1993). The virus particle is
carried, by axonal transport, to the dorsal root ganglia
where the virus establishes a true latent infection in
neurons.

Latency is noted for a lack of viral replication and
an extremely limited pattern of viral transcription.
Periodic reactivation from latency results in the pro-
duction of progeny virions which transport back down
the axon to mucosal epithelial cells, where they replicate
and the infectious virus is released from the mucosal
epithelium. For BV, most episodes of recurrent viral
shedding are asymptomatic (Huff et al., 2003; Weigler
et al., 1993; Zwartouw and Boulter, 1984), and repre-
sent a constant risk of zoonoses. Clinical signs of either
primary or recurrent infection (oral herpetic lesions
such as gingivostomatitis, oral and lingual ulcers, and
conjunctivitis) are the exception (Carlson et al., 1997;
Keeble et al., 1958; Weigler, 1992), and usually require
immediate euthanasia of the animal. Virus isolation
and molecular detection of BV DNA indicate that the
frequency of shedding in a population is low (1–5%),
although more studies are needed to establish a true rate.
There is evidence to suggest that shedding frequency
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may go up during breeding season (Huff et al., 2003;
Weigler et al., 1993).

There is a strong correlation between the serocon-
version to BV and the age of the animal. Seroconversion
rates increase sharply when monkeys reach the age of
sexual maturity, with prevalence rates of 80–100% in
adult populations (Weigler, 1992; Weigler et al., 1993).
There is no evidence for vertical transmission of BV.

Human B virus infections have generally involved
direct contact with macaques or their tissues or fluids
(Huff and Barry, 2003). Methods of contact have
included a bite, scratch, contact of a mucosal surface with
a macaque body fluid or tissue, or a contaminated nee-
dle puncture or cage scratch (Huff and Barry, 2003).
There has only been one documented case of human-
to-human transmission, although the potential for sec-
ondary transmission is probably low (Holmes et al.,
1990). BV disease can begin within a few days to a
month, although disease progression is variable in terms
of the kinetics and clinical signs. Guidelines for reduc-
ing potential exposure and treatment of suspected BV
infections in humans have recently been published
(Holmes et al., 1995).

Hepatitis viruses
Hepatitis B virus

Hepatitis B virus (HBV), a small double-shelled
hepadenavirus virus that contains a partially double-
stranded DNA genome of approximately 3200 bases, is
found in several species, including woodchuck, ground
squirrel, a range of bird species such as duck, goose and
grey heron (Marion et al., 1980; Mason et al., 1980;
Summers et al., 1978), and the NHPs chimpanzee
(Pan troglodytes), woolly monkey (Lagothrix lagothrica),
orangutan (Pongo pygmaeus), gibbon (Hylobates sp.)
and gorilla (Gorilla gorilla) (Grethe et al., 2000;
Lanford et al., 1998; Mimms et al., 1993; Vaudin et al.,
1988; Warren et al., 1999). HBV, isolated from gibbons
and chimpanzees, share an early phylogenetic lineage,
indicating that these viruses were indigenous to their
respective hosts (Norder et al., 1996). Despite the species
specificity of natural HBV isolates, experimental infection
of chimpanzees with human and gibbon HBV can be
accomplished (Gallagher, 1991). Gibbons can be infected
through experimental exposure to human saliva contain-
ing HBV (Bancroft et al., 1977; Scott et al., 1980).
Replication of human HBV in a number of primate
species suggests that natural HBV cross-transmission can
occur. HBV can be present in the blood and other
body fluids, including saliva/nasopharyngeal fluids,

semen, cervical secretions and leukocytes (Alter et al.,
1977; Davison, F. et al., 1987). However, HBV trans-
mission from gibbon or chimpanzee to human has
never been documented. CD8+ T cells mediate viral
clearance during acute HBV infection in chimpanzees
(Thimme et al., 2003).

Hepatitis C virus

Hepatitis C virus (HCV) is a member of the
Flaviviridae family and has a single-stranded positive
sense RNA genome. The chimpanzee is the only exper-
imental animal susceptible to infection with hepatitis C
virus (HCV). The chimpanzee model of HCV infec-
tion was instrumental in the initial studies on non-A,
non-B hepatitis, including observations on the clinical
course of infection, determination of the physical prop-
erties of the virus and eventual cloning of the HCV
nucleic acid (reviewed in Lanford and Bigger, 2002).
Other NHP models of HCV have been developed
using surrogate viruses such as GB virus-B (reviewed 
in Beames et al., 2001). GB virus-B virus is closely
related to HCV and it is hepatotropic. In addition, the
level of GBV-B viremia observed in infected tamarins,
the animal model for GBV-B, is greater than 1000-fold
higher than for HCV. Tamarins are much easier to
house than chimpanzees and a tissue culture system for
GBV-B, using primary tamarin hepatocytes, is avail-
able (Beames et al., 2000). Thus, primates are likely to
play an important role in developing effective HCV
vaccines.

Conclusion
Early success in developing effective antibiotics and
vaccines provided some hope that modern medical
advances would minimize the impact of infectious dis-
eases on human health and that research effort could
shift to meet the challenges of chronic degenerative dis-
eases of humans. However, the AIDS epidemic, the
emergence of multi-drug resistant tuberculosis and the
numerous emerging diseases of viral etiology, including
SARS, hantavirus, West Nile virus, etc., have made it
very clear that infectious diseases still have the capacity
to alter human society dramatically. Thus, infectious
disease research remains a very high priority and NHP
models of human viral diseases will remain a critical
tool in understanding pathogenesis and in developing
vaccines and therapies to viral agents that are a major
public health challenge.

573

V
IR

O
LO

G
Y

R
ESEA

R
C

H
C

U
RREN

T
U

SES
IN

B
IO

M
ED

IC
A

L
R

ESEA
RC

H



Correspondence

Any correspondence should be directed to Dr.
Christopher J. Miller, California National Primate
Research Center, University of California, Davis, CA
95616. Telephone: (530) 752-0447. Fax: (530) 752-
2880. E-mail: cjmiller@ucdavis.edu

References
Alcendor, D.J., Barry, P.A., Pratt-Lowe, E. and Luciw, P.A.

(1993). Virol. 194, 815–821.
Alford, C.A. and Britt, W.J. (1993). In Lopez, C. (ed.) The

Human Herpesviruses, pp 227–255. Raven Press Ltd.,
New York.

Alter, H.J., Purcell, R.H., Gerin, J.L., London, W.T.,
Kaplan, P.M., McAuliffe, V.J., Wagner, J. and 
Holland, P.V. (1977). Infect. Immun. 16, 928–933.

Amedee, A.M., Lacour, N. and Ratteree, M. (2003), J. Med.
Primatol. 32, 187–193.

Andrade, M.R., Yee, J., Barry, P.A., Spinner, A., Roberts, J.A.,
Cabello, H., Leite, J.P. and Lerche, N.W. (2003). Amer.
J. Primatol. 59, 123–128.

Arima, N. and Tei, C. (2001). Leukemia and Lymphoma
40(3-4), 267–268.

Asher, D.M., Gibbs, J.C.J., Lang, D.J., Gadjusek, D.C. and
Chanock, R.M. (1974). Proc. Soc. Exp. Biol. Med. 145,
794–801.

Baba, T.W., Liska, V., Hofmann-Lehmann, R., Vlasak, J.,
Xu, W., Ayehunie, S., Cavacini, L.A., Posner, M.R.,
Katinger, H., Stiegler, G., Bernacky, B.J., Rizvi, T.A.,
Schmidt, R., Hill, L.R., Keeling, M.E., Lu, Y., Wright, J.E.,
Chou, T.C. and Ruprecht, R.M. (2000). Nat. Med. 6(2),
200–206.

Bancroft, W.H., Snitbhan, R., Scott, R.M., Tingpalapong, M.,
Watson, W.T., Tanticharoenyos, P., Karwacki, J.J. and
Srimarut, S. (1977). J. Infect. Dis. 135, 79–85.

Barnard, J.A., Beauchamp, R.D., Coffey, R.J. and Moses, H.L.
(1989). Proc. Natl. Acad. Sci. 86, 1578–1582.

Baskerville, A., Bowen, A.E.T., Platt, G.S., McArdell, L.B.
and Simpson, D.I.H. (1978). Journal of Pathology 125,
131–138.

Baskin, G.B. (1987). Amer. J. Path. 129, 345–352.
Baskin, G.B., Murphey-Corb, M., Watson, E.A. and

Martin, L.N. (1988). Vet. Pathol. 25(6), 456–467.
Beames, B., Chavez, D., Guerra, B., Notvall, L., 

Brasky, K.M. and Lanford, R.E. (2000). J. Virol. 74,
11764–11772.

Beames, B.,  Chavez, D. and Lanford, R.E. (2001). Ilar J. 42,
152–160.

Beilke, M.A., Traina-Dorge, V., England, J.D. and
Blanchard, J.L. (1996). Arthritis and Rheumatology 39(4),
610–615.

Belshe, R.B., Richardson, L.S., London, W.T., Sly, D.L.,
Lorfeld, J.H., Camargo, E., Prevar, D.A. and 
Chanock, R.M. (1977). J. Med. Virol. 1(3), 157–162.

Black, P.H., Hartley, J.W. and Rowe, W.P. (1963). Proc.
Soc. Exp. Biol. Med. 112, 601–605.

Blake, F.G. and Trask, J.D. (1921). J. Exp. Med. 33,
413–422.

Blattner, W. (1989). Annals of Internal Medicine
111, 4–6.

Bukreyev, A., Skiadopoulos, M.H., McAuliffe, J., 
Murphy, B.R., Collins, P.L. and Schmidt, A.C. (2002).
Proc. Natl. Acad. Sci. U S A 99(26), 16987–16991.

Carlson, C.S., O’Sullivan, M.G., Jayo, M.J., Anderson, D.K.,
Harber, E.S., Jerome, W.G., Bullock, B.C. and
Heberling, R.L. (1997). Vet. Pathol. 34(5), 405–414.

Carrington, M. (2003). Methods Mol. Biol. 210, 325–332.
Carrington, M. and Bontrop, R.E. (2002). Aids 16 Suppl 4,

S105–114.
Carrington, M. and O’Brien, S.J. (2003). Annu. Rev. Med.

54, 535–551.
Chang, W.L., Tarantal, A.F., Zhou, S.S., Borowsky, A.D.

and Barry, P.A. (2002). J. Virol. 76(18), 9493–9504.
Chapman, L.E., Mertz, G.J., Peters, C.J. and Group, R.S.

(1999). Antiviral Therapy 4, 211–219.
Cheng, X., Zhou, H., Tang, R.S., Munoz, M.G. and Jin, H.

(2001). Virology 283(1), 59–68.
Cohen, J. (2003a). Science 299(5612), 1495.
Cohen, J. (2003b). Science 299(5611), 1290–1291.
Committee to Study Priorities for Vaccine Development and

I. o. Medicine (1999). In Stratton, K.R., Durch, J.S. and
Lawrence, R.S. (eds) Vaccines for the 21st Century: A Tool
for Decision Making. National Academy Press,
Washington, D.C.

Cullen, M., Perfetto, S.P., Klitz, W., Nelson, G. and
Carrington, M. (2002). Am. J. Hum. Genet. 71(4),
759–776.

Cullen, M., Malasky, M., Harding, A. and Carrington, M.
(2003). Immunogenetics 54(12), 900–910.

Davison, A.J., Dolan, A., Akter, P., Addison, C., Dargan, D.J.,
Alcendor, D.J., McGeoch, D.J. and Hayward, G.S.
(2003). J Gen. Virol. 84(Pt 1), 17–28.

Davison, F., Alexander, G.J., Trowbridge, R., Fagan, E.A.
and Williams, R. (1987). J. Hepatol. 4, 37–44.

de Groot, N.G., Otting, N., Doxiadis, G.G., 
Balla-Jhagjhoorsingh, S.S., Heeney, J.L., van Rood, J.J.,
Gagneux, P. and Bontrop, R.E. (2002). Proc. Natl. Acad.
Sci. U S A 99(18), 11748–11753.

De Swart, R.L., Kuiken, T., Timmerman, H.H.,
Amerongen Gv, G., Van Den Hoogen, B.G., Vos, H.W.,
Neijens, H.J., Andeweg, A.C. and Osterhaus, A.D.
(2002). J. Virol. 76(22), 11561–11569.

Dekaban, G.A., Digilio, L. and Franchini, G. (1995).
Current Opinion in Genetics and Development 5,
807–813.

Doxiadis, G.G., Otting, N., de Groot, N.G., Noort, R. and
Bontrop, R.E. (2000). J. Immunol. 164(6), 3193–3199.

574

V
IR

O
LO

G
Y

R
ES

EA
R

C
H

C
U

RR
EN

T
U

SE
S

IN
B

IO
M

ED
IC

A
L

RE
SE

A
RC

H



Durbin, A.P., Elkins, W.R. and Murphy, B.R. (2000).
Vaccine 18(22), 2462–2469.

Eberle, R. and Hilliard, J.K. (1995). Infect. Agents Dis. 4,
55–70.

Eizuru, Y., Tsuchiya, K., Mori, R. and Minamishima, Y.
(1989). Arch. Virol. 107, 65–75.

Evans, D.T., Chen, L.M., Gillis, J., Lin, K.C., Harty, B.,
Mazzara, G.P., Donis, R.O., Mansfield, K.G., Lifson, J.D.,
Desrosiers, R.C., Galan, J.E. and Johnson, R.P. (2003). 
J. Virol. 77, 2400–2409.

Farquhar, C., VanCott, T.C., Mbori-Ngacha, D.A., 
Horani, L., Bosire, R.K., Kreiss, J.K., Richardson, B.A.
and John-Stewart, G.C. (2002). J. Infect. Dis. 186(8),
1173–1176.

Fouchier, R.A., Kuiken, T., Schutten, M., van Amerongen, G.,
van Doornum, G.J., van den Hoogen, B.G., Peiris, M.,
Lim, W., Stohr, K. and Osterhaus, A.D. (2003). Nature
423(6937), 240.

Franchini, G. (1995). Blood 86(10), 3619–3639.
Franchini, G. and Streicher, H. (1995). Human T-cell

leukemia virus. Clinical Haematology 8(1), 131–148.
Friedrich, T.C. and Watkins, D.I. (2003). International

Perspectives: the future of nonhuman primate resources, pp
122–127. The National Academies Press, Washington, DC.

Gabet, A.S., Gessain, A. and Wattel, E. (2003). International
Journal of Cancer 107, 74–83.

Gallagher, M., Fields, H.A., De la Torre, N., Ebert, J.W.
and Krawczynski, K.Z. (1991). In Hollinger, E.B.,
Lemon, S.M. and Margolis, H.S. (eds) Characterization of
HBV2 by Experimental Infection of Primates. Williams &
Wilkins, Baltimore.

Gardner, M.B. (2003). J. Med. Primatol. 32, 180–186.
Geisbert, T.W., Pushko, P., Anderson, K., Smith, J., 

Davis, K.J. and Jahrling, P.B. (2002). Emerg. Infect. Dis.
8, 503–507.

Ghanekar, A., Lajoie, G., Luo, Y., Yang, H., Choi, J., 
Garcia, B., Cole, E.H., Greig, P.D., Cattral, M.S.,
Phillips, M.J., Cardella, C.J., Levy, G.A., Zhong, R. and
Grant, D.R. (2002). Transplantation 74(1), 28–35.

Gibson, W. (1983). Virol. 128, 391–406.
Girard, M., Yue, L., Barre-Sinoussi, F., van der Ryst, E.,

Meignier, B., Muchmore, E. and Fultz, P.N. (1996). 
J. Virol. 70(11), 8229–8233.

Graham, B.S., Rutigliano, J.A. and Johnson, T.R. (2002).
Virology 297(1), 1–7.

Grethe, S., Heckel, J.O., Rietschel, W. and Hufert, F.T.
(2000). J. Virol. 74, 5377–5381.

Groen, J., Gerding, M., Koeman, J.P., Roholl, P.G., 
van Amerongen, G., Jordans, H.G., Niesters, H.G. and
Osterhaus, A.D. (1995). Journal of Infectious Diseases
172(1), 38–44.

Hall, S.L., Sarris, C.M., Tierney, E.L., London, W.T. 
and Murphy, B.R. (1993). J. Infect. Dis. 167(4),
958–962.

Hancock, G.E., Smith, J.D. and Heers, K.M. (2000). 
J. Infect. Dis. 181(5), 1768–1771.

Hansen, S.G., Strelow, L.I., Franchi, D.C., Anders, D.G.
and Wong, S.W. (2003). J. Virol. 77, 6620–6636.

Henrickson, R.V., Maul, D.H., Osborn, K.G., Sever, J.L.,
Madden, D.L., Ellingsworth, L.R., Anderson, J.H.,
Lowenstine, L.J. and Gardner, M.B. (1983). Lancet
1(8321), 388–390.

Hofmann-Lehmann, R., Rasmussen, R.A., Vlasak, J., 
Smith, B.A., Baba, T.W., Liska, V., Montefiori, D.C.,
McClure, H.M., Anderson, D.C., Bernacky, B.J., 
Rizvi, T.A., Schmidt, R., Hill, L.R., Keeling, M.E.,
Katinger, H., Stiegler, G., Posner, M.R., Cavacini, L.A.,
Chou, T.C. and Ruprecht, R.M. (2001). J. Med.
Primatol. 30(4), 190–196.

Holmes, G.P., Hilliard, J.K., Klontz, K.C., Rupert, A.H.,
Schindler, C.M., Parrish, E., Griffin, D.G., Ward, G.S.,
Bernstein, N.D., Bean, T.W. (1990). Ann. Intern. Med.
112(11), 833–839.

Holmes, G.P., Chapman, L.E., Stewart, J.A., Straus, S.E.,
Hilliard, J.K. and Davenport, D.S. (1995). Clin. Infect.
Dis. 20(2), 421–439.

Hooper, J.W., Custer, D.M., Thompson, E. and
Schmaljohn, C.S. (2001). Journal of Virology 75(18),
8469–8477.

Huff, J.E., Eberle, R., Capitanio, J., Zhou, S.S. and 
Barry, P.A. (2003). J. Genl. Virol. 84, 83–92.

Huff, J.L. and Barry, P.A. (2003). Emerg. Infect. Dis. 9(2),
246–250.

Ibuki, K., Funahashi, S.I., Yamamoto, H., Nakamura, M.,
Igarashi, T., Miura, T., Ido, E., Hayami, M. and 
Shida, H. (1997). Journal of General Virology 78(1),
147–152.

Ignatiev, G.M., Dadaeva, A.A., Luchko, S.V. and
Chepurnov, A.A. (2000). Immunology Letters 71,
131–140.

Jaax, N.K., Davis, K.J., Geisbert, T.J., Vogel, P., Jaax, G.P.,
Topper, M. and Jahrling, P.B. (1996). Archives of
Pathology and Laboratory Medicine 120(2), 140–155.

Jahrling, P.B., Geisbert, J., Swearengen, J.R., Jaax, G.P.,
Lewis, T., Huggins, J.W., Schmidt, J.J., LeDuc, J.W. and
Peters, C.J. (1996). Archives of Virology Supplement(11),
135–140.

Jahrling, P.B., Geisbert, T.W., Geisbert, J.B., Swearengen, J.R.,
Bray, M., Jaax, N.K., Huggins, J.W., LeDuc, J.W. 
and Peters, C.J. (1999). Journal of Infectious Diseases 179
(Supplement 1), S224–234.

Jeang, K.T., Widen, S.G., Semmes, O.G.T. and Wilson, S.H.
(1990). Science 247(4946), 1082–1084.

Johnson, E., Jaax, N., White, J. and Jahrling, P. (1995).
International Journal of Experimental Pathology 76(4),
227–236.

Johnson, J.M., Harrod, R. and Franchini, G. (2001). Journal
of Experimental Pathology 82, 135–147.

Kakuk, T.J., Soike, K., Brideau, R.J., Zaya, R.M., 
Cole, S.L., Zhang, J.Y., Roberts, E.D., Wells, P.A. 
and Wathen, M.W. (1993). J. Infect. Dis. 167(3),
553–561.

575

V
IR

O
LO

G
Y

R
ESEA

R
C

H
C

U
RREN

T
U

SES
IN

B
IO

M
ED

IC
A

L
R

ESEA
RC

H



Kalyanaraman, V.S., Sarngadharan, M.G., Robert-Guroff, M.,
Miyoshi, I., Golde, D. and Gallo, R.C. (1982). Science
218, 571–573.

Kaslow, R.A., Rivers, C., Tang, J., Bender, T.J., Goepfert, P.A.,
El Habib, R., Weinhold, K. and Mulligan, M.J. (2001).
J. Virol 75(18), 8681–8689.

Kaur, A., Hale, C.L., Noren, B., Kassis, N., Simon, M.A.
and Johnson, R.P. (2002). J. Virol. 76(8), 3646–3658.

Kaur, A., Kassis, N., Hale, C.L., Simon, M., Elliott, M., 
Gomez-Yafal, A., Lifson, J.D., Desrosiers, R.C., Wang, F.,
Barry, P., Mach, M. and Johnson, R.P. (2003). J. Virol.
77(10), 5749–5758.

Kazanji, M. (2000). AIDS Rearch and Human Retroviruses
16(16), 1741–1746.

Kazanji, M., Ureta-Vidal, A., Ozden, S., Tangy, F., 
De Thoisy, B., Fiette, L., Talarmin, A., Gessain, A. and
De The, G. (2000). Journal of Virology 74(10),
4860–4867.

Keeble, S.A., Christofinis, G.J. and Wood, W. (1958). 
J. Path. Bact. 76, 189–199.

Kessler, M.J., London, W.T., Madden, D.L., Dambrosia, J.M.,
Hilliard, J.K., Soike, K.F. and Rawlins, R.G. (1989).
Puerto Rican Health Sci. J. 8, 95–97.

Kilpatrick, B.A., Huang, E.S. and Pagano, J.S. (1976). 
J. Virol. 18(3), 1095–1105.

King, N.W., Hunt, R.D. and Letvin, N.L. (1983). Am. J.
Pathol. 113(3), 382–388.

Klingstrom, J., Plyusnin, A., Vaheri, A. and Lundkvist, A.
(2002). Journal of Virology 76(1), 444–449.

Kuhn, E.M., Stolte, N., Matz-Rensing, K., Mach, M., 
Stahl-Henning, C., Hunsmann, G. and Kaup, F.J.
(1999). Vet. Pathol. 36(1), 51–56.

Lanford, R.E. and Bigger, C. (2002). Virology 293, 1–9.
Lanford, R.E., Chavez, D., Brasky, K.M., Burns, R.B. 3rd,

and Rico-Hesse, R. (1998). Proc. Natl. Acad. Sci. USA 95,
5757–5761.

Lazo, A., Bailer, R., Lairmore, M.D., Yee, J., Andrews, J.,
Stevens, V.C. and Blakeslee, J.R. (1994). Leukemia 8
(Supplement 1), S222–S226.

Leaman, D.W., Longano, F.J., Okicki, J.R., Soike, K.F.,
Torrence, P.F., Silverman, R.H. and Cramer, H. (2002).
Virology 292(1), 70–77.

Lednicky, J.A. (2003). Archives of Pathology and Laboratory
Medicine 127, 30–35.

Lee, H.W., Baek, L.J. and Johnson, K.M. (1982). Journal of
Infectious Diseases 146, 638–644.

Lerche, N.W., Henrickson, R.V., Maul, D.H. and 
Gardner, M.B. (1984). Lab. Anim. Sci. 34(2), 
146–150.

Letvin, N.L., Aldrich, W.R., King, N.W., Blake, B.J.,
Daniel, M.D. and Hunt, R.D. (1983a). Lancet 2(8350),
599–602.

Letvin, N.L., Eaton, K.A., Aldrich, W.R., Sehgal, P.K.,
Blake, B.J., Schlossman, S.F., King, N.W. and 
Hunt, R.D. (1983b). Proc. Natl. Acad. Sci. USA 80(9),
2718–2722.

Letvin, N.L., Barouch, D.H. and Montefiori, D.C. (2002).
Annu. Rev. Immunol. 20, 73–99.

Levin, M.C. and Jacobson, S. (1997). Journal of
Neurovirology 3, 126–140.

Locher, C.P., Witt, S.A., Herndier, B.G., Tenner-Racz, K.,
Racz, P. and Levy, J.A. (2001). Immunol. Rev. 183, 127–140.

Lockridge, K.M., Sequar, G., Zhou, S.S., Yue, Y., 
Mandell, C.M. and Barry, P.A. (1999). J. Virol. 73,
9576–9583.

London, W.T., Martinez, A.J., Houff, S.A., Wallen, W.C.,
Curfman, B.L., Traub, R.G. and Sever, J.L. (1986).
Teratol. 33, 323-331.

Marion, P.L., Oshiro, L.S., Regnery, D.C., Scullard, G.H.
and Robinson, W.S. (1980). Proc. Natl. Acad. Sci. USA
77, 2941–2945.

Mason, W.S., Seal, G. and Summers, J. (1980). J. Virol. 36,
829–836.

Matsuoka, M. (2003). Oncogene 22, 5131–5140.
Mbori-Ngacha, D., Nduati, R., John, G., Reilly, M.,

Richardson, B., Mwatha, A., Ndinya-Achola, J., Bwayo, J.
and Kreiss, J. (2001). Jama 286(19), 2413–2420.

McCarthy, T.J., Kennedy, J.L., Blakeslee, J.R. and 
Bennett, B.T. (1990). Laboratory Animal Science 40, 79–81.

McChesney, M.B. et al. (1997). Virology 233, 77–84.
McChesney, M.B., Sawai, E.T. and Miller, C.J. (1999). In

Chen, I. and Ahmed, R. (eds) Persistent Viral infections,
pp 321–345. John Wiley and Sons Ltd., Chichester,
England.

McClure, H.M., Anderson, D.C., Fultz, P.N., Ansari, A.A.,
Jehuda-Cohen, T., Villinger, F., Klumpp, S.A., Switzer, W.,
Lockwood, E. and Brodie, A. (1991). J. Med. Primatol.
20(4), 182–187.

McElroy, A.K., Bray, M., Reed, D.S. and Schmaljohn, C.S.
(2002). Journal of Infectious Diseases 186, 1706–1712.

McMichael, A.J. and Hanke, T. (2003). Nat. Med. 9(7),
874–880.

Meertens, L. and Gessain, A. (2003). Journal of Virology
77(3), 782–789.

Mimms, L.T., Solomon, L.R., Ebert, J.W. and Fields, H.
(1993). Biochem. Biophys. Res. Commun. 195, 186–191.

Minamishima, Y., Graham, B.J. and Benyesh-Melnick, M.
(1971). Infection and Immunity 4(4), 368–373.

Miyoshi, I., Ohtsuki, Y., Fujishita, M., Yoshimoto, S.,
Kubonishi, I. and Minezawa, M. (1982). Gann. 73,
848–849.

Mocarski, E.S.J. (1993). In Lopez, C (ed.) The Human
Herpesviruses, pp 173–226. Raven Press, Ltd., New York.

Morteaux, F., Gabet, A.S. and Wattel, E. (2003). Leukemia
17, 26–38.

Mueller, N.J., Barth, R.N., Yamamoto, S., Kitamura, H.,
Patience, C., Yamada, K., Cooper, D.K., Sachs, D.H.,
Kaur, A. and Fishman, J.A. (2002). J. Virol. 76(10),
4734–4740.

Murata, N., Hakoda, E., Machida, H., Ikezoe, T., Sawada, T.,
Hoshino, H. and Miyoshi, I. (1996). Leukemia 10(12),
1971–1974.

576

V
IR

O
LO

G
Y

R
ES

EA
R

C
H

C
U

RR
EN

T
U

SE
S

IN
B

IO
M

ED
IC

A
L

RE
SE

A
RC

H



Nichol, S.T., Spiropoulou, C.F., Morzunov, G., Rollin, P.E.,
Ksiazek, T.G., Feldman, H., Sanchez, A., Childs, J.,
Zaki, S. and Peters, C.J. (1993). Science 262, 
914–917.

Norder, H., Ebert, J.W., Fields, H.A., Mushahwar, I.K. and
Magnius, L.O. (1996). Virology 218, 214–223.

O’Connor, D.H., Mothe, B.R., Weinfurter, J.T., Fuenger, S.,
Rehrauer, W.M., Jing, P., Rudersdorf, R.R., Liebl, M.E.,
Krebs, K., Vasquez, J., Dodds, E., Loffredo, J., Martin, S.,
McDermott, A.B., Allen, T.M., Wang, C., Doxiadis, G.G.,
Montefiori, D.C., Hughes, A., Burton, D.R., Allison, D.B.,
Wolinsky, S.M., Bontrop, R., Picker, L.J. and Watkins, D.I.
(2003). J. Virol. 77(16), 9029–9040.

Ohtaki, S., Kodama, H., Hondo, R. and Kurata, T. (1986).
Acta. Patholog. Jpn. 36, 1553–1563.

Ohtaki, S., Hondo, R., Kodama, H. and Kurata, T. (1988).
Acta. Patholog. Jpn. 38, 967–978.

Osborn, K.G., Prahalada, S., Lowenstine, L.J., Gardner, M.B.,
Maul, D.H. and Henrickson, R.V. (1984). Amer. J.
Pathol. 114, 94–103.

Padula, P.J., Edelstein, A., Miguel, S.D., Lopez, N.M.,
Rossi, C.M. and Rabinovich, R.D. (1998). Virology 241,
323–330.

Pal, R., Venzon, D., Letvin, N.L., Santra, S., Montefiori, D.C.,
Miller, N.R., Tryniszewska, E., Lewis, M.G., 
VanCott, T.C., Hirsch, V., Woodward, R., Gibson, A.,
Grace, M., Dobratz, E., Markham, P.D., Hel, Z., 
Nacsa, J., Klein, M., Tartaglia, J. and Franchini, G.
(2002). Virol. 76(1), 292–302.

Pitcher, C.J., Hagen, S.I., Walker, J.M., Lum, R., Mitchell, B.L.,
Maino, V.C., Axthelm, M.K. and Picker, L.J. (2002). 
J. Immunol. 168(1), 29–43.

Plopper, C., St George, J., Cardoso, W., Wu, R., Pinkerton, K.
and Buckpitt, A. (1992). Chest 101(3 Suppl), 2S–5S.

Poiesz, G.J., Ruscetti, F.W., Gazdar, A.F., Bunn, P.A.,
Minna, J.S. and Gallo, R.C. (1980). Proceedings of the
National Academy of Sciences USA 77, 7415–7421.

Polack, F.P., Auwaerter, P.G., Lee, S.H., Nousari, H.C.,
Valsamakis, A., Leiferman, K.M., Diwan, A., Adams, R.J.
and Griffin, D.E. (1999). Nat. Med. 5(6), 629–634.

Polycarpou, A., Ntais, C., Korber, B.T., Elrich, H.A.,
Winchester, R., Krogstad, P., Wolinsky, S., Rostron, T.,
Rowland-Jones, S.L., Ammann, A.J. and Ioannidis, J.P.
(2002). AIDS Res. Hum. Retroviruses 18(11), 741–746.

Ponnuraj, E.M., Hayward, A.R., Raj, A., Wilson, H. and
Simoes, E.A. (2001). J. Gen. Virol. 82(Pt 11), 2663–2674.

Pope, M. and Haase, A.T. (2003). Nat. Med. 9(7), 847–852.
Putz, M.M., Bouche, F.B., de Swart, R.L. and Muller, C.P.

(2003). Int. J. Parasitol. 33(5-6), 525–545.
Rao, M., Bray, M. Alving, C.R., Jahrling, P.B. and 

Matyas, G.R. (2002). Journal of Virology 76(18),
9176–9185.

Renegar, K.B. (1992). Lab. Anim. Sci. 42(3), 222–232.
Rimmelzwaan, G.F., Kuiken, T., van Amerongen, G.,

Bestebroer, T.M., Fouchier, R.A. and Osterhaus, A.D.
(2001). J. Virol. 75(14), 6687–6691.

Riyabchikova, E.I., Kolesnikova, L.V. and Luchko, S.V.
(1999). Journal of Infectious Diseases 179(Supplement 1),
S199–S202.

Robinson, H.L. (2002). Nat. Rev. Immunol. 2(4), 239–250.
Roizman, B. and Sears, A.E. (1993). In Lopez, C (ed.) The

Human Herpesviruses, pp. 11–68. Raven Press, New York.
Sabin, A.B. (1965). J. Amer. Med. Assoc. 194, 872–876.
Sauermann, U., Stahl-Hennig, C., Stolte, N., Muhl, T.,

Krawczak, M., Spring, M., Fuchs, D., Kaup, F.J.,
Hunsmann, G. and Sopper, S. (2000). J. Infect. Dis.
182(3), 716–724.

Sauermann, U. (2001). Curr. Mol. Med. 1(4), 515–522.
Schmaljohn, C. and Hjelle, H. (1997). Emerging Infectious

Diseases 3, 95–104.
Schmidt, A.C., Wenzke, D.R., McAuliffe, J.M., St Claire, M.,

Elkins, W.R., Murphy, B.R. and Collins, P.L. (2002). 
J. Virol. 76(3), 1089–1099.

Scott, R.M., Snitbhan, R., Bancroft, W.H., Alter, H.J. 
and Tingpalapong, M. (1980). J. Infect. Dis. 142, 
67–71.

Sequar, G., Britt, W.J., Lakeman, F.D., Lockridge, K.M.,
Tarara, R.P., Canfield, D.R., Zhou, S.S., Gardner, M.B.
and Barry, P.A. (2002). J. Virol. 76(15), 7661–7671.

Simon, M.A., Daniel, M.D., Lee-Parrotz, D., King, N.W.
and Ringler, D.J. (1993). Lab. Animal Sci. 43, 
545–550.

Soike, K.F., Rangan, S.R. and Gerone, P.J. (1984). Adv. Vet.
Sci. Comp. Med. 28, 151–199.

Stornello, C. (1991). Lancet 338, 1024–1025.
Sullivan, N.J., Sanchez, A., Rollin, P.E., Zang, Z.Y. and

Nabel, G.J. (2000). Nature 408, 605–609.
Sullivan, N.J., Geisbert, T.W., Geisbert, J.B., Xu, L., Yang,

Z., Roederer, M., Koup, R.A., Jahrling, P.B. and Nabel,
G.B. (2003). Nature 424, 681–684.

Summers, J., Smolec, J.M. and Snyder, R. (1978). Proc.
Natl. Acad. Sci. U S A 75, 4533–4537.

Swack, N.S., Liu, O.C. and Hsiung, G.D. (1971). Am. J.
Epidem. 94, 397–402.

Swack, N.S. and Hsiung, G.D. (1982). J. Med. Primatol. 11,
169–177.

Tarantal, A.F., Salamat, S., Britt, W.J., Luciw, P.A.,
Hendrickx, A.G. and Barry, P.A. (1998). J. Infect. Dis.
177, 446–450.

Teng, M.N., Whitehead, S.S., Bermingham, A., St Claire, M.,
Elkins, W.R., Murphy, B.R. and Collins, P.L. (2000). 
J. Virol. 74(19), 9317–9321.

Teranishi, K., Alwayn, I.P., Buhler, L., Gollackner, B.,
Knosalla, C., Huck, J., Duthaler, R., Katopodis, A.,
Sachs, D.H., Schuurman, H.J., Awwad, M. and 
Cooper, D.K. (2003). Xenotransplantation 10(4),
357–367.

Thimme, R., Wieland, S., Steiger, C., Ghrayeb, J., 
Reimann, K.A., Purcell, R.H. and Chisari, F.V. (2003).
J. Virol. 77, 68–76.

Tinghitella, T.J., Swack, N., Baumgarten, A. and 
Hsiung, G.D. (1982). Infect. Immun. 37(2), 823–825.

577

V
IR

O
LO

G
Y

R
ESEA

R
C

H
C

U
RREN

T
U

SES
IN

B
IO

M
ED

IC
A

L
R

ESEA
RC

H



Trachtenberg, E., Korber, B., Sollars, C., Kepler, T.B.,
Hraber, P.T., Hayes, E., Funkhouser, R., Fugate, M.,
Theiler, J., Hsu, Y.S., Kunstman, K., Wu, S., Phair, J.,
Erlich, H. and Wolinsky, S. (2003). Nat. Med. 9(7),
928–935.

Tsujimoto, H., Seiki, M., Nakamura, H., Watanabe, T.,
Sakakibara, I., Sasagawa, A., Honjo, S., Hayami, M. and
Yoshida, M. (1985). Japanese Journal of Cancer Research
76, 911–914.

Tsujimoto, H., Noda, Y., Ishikawa, K., Nakamura, H.,
Fukasawa, M., Sakakibara, I., Sasagawa, A., Honjo, S.
and Hayami, M. (1987). Cancer Research 47(1),
269–274.

van den Hoogen, B.G., de Jong, J.C., Groen, J., Kuiken, T.,
de Groot, R., Fouchier, R.A. and Osterhaus, A.D.
(2001). Nat. Med. 7(6), 719–724.

Van Rompay, K.K.A., Berardi, C.J., Dillard-Telm, S.,
Tarara, R.P., Canfield, D.R., Valverde, C.R., 
Montefiori, D.C., Stefano Cole, K., Montelaro, R.C.,
Miller, C.J. and Marthas, M.L. (1998). Journal of
Infectious Diseases 177(5), 1247–1259.

Van Rompay, K.K., McChesney, M.B., Aguirre, N.L.,
Schmidt, K.A., Bischofberger, N. and Marthas, M.L.
(2001). J. Infect. Dis. 184(4), 429–438.

Van Rompay, K.K., Greenier, J.L., Cole, K.S., Earl, P.,
Moss, B., Steckbeck, J.D., Pahar, B., Rourke, T.,
Montelaro, R.C., Canfield, D.R., Tarara, R.P., 
Miller, C., McChesney, M.B. and Marthas, M.L. (2003).
J. Virol. 77(1), 179–190.

Vaudin, M., Wolstenholme, A.J., Tsiquaye, K.N.,
Zuckerman, A.J. and Harrison, T.J. (1988). J. Gen. Virol.
69 (Pt 6), 1383–1389.

Vogel, P., Weigler, B.J., Kerr, H., Hendrickx, A. and 
Barry, P.A. (1994). Lab. Anim. Sci. 44, 25–30.

Waldrop, S.L., Pitcher, C.J., Peterson, D.M., Maino, V.C.
and Picker, L.J. (1997). J. Clin. Invest. 99(7), 1739–1750.

Waldrop, S.L., Davis, K.A., Maino, V.C. and Picker, L.J.
(1998). J. Immunol. 161(10), 5284–5295.

Walsh, P.D., Abernethy, K.A., Bermejo, M., Beyers, R., 
De Wachter, P., Akou, M.E., Huljbregts, B.,
Mambounga, D.I., Toham, A.K., Kilbourn, A.M., 
Lahm, S.A., Latour, S., Maiseis, F., Mbina, C.,
Mihindou, Y., Oblang, S.N., Effa, E.N., Starkey, M.P.,
Telfer, P., Thibault, M., Tutin, C.E.G., White, L.J.T.
and Wilkie, D.S. (2003). Nature 422, 611–614.

Warren, K.S., Heeney, J.L., Swan, R.A., Heriyanto and
Verschoor, E.J. (1999). J. Virol. 73, 7860–7865.

Weigler, B.J. (1992). Clin. Infec. Dis. 14, 555–567.
Weigler, B.J., Hird, D.W., Hilliard, J.K., Lerche, N.W.,

Roberts, J.A. and Scott, L.M. (1993). J. Infect. Dis. 167,
257–263.

Weller, T.H. (1971). N.E.J. Med. 285, 203–214.
Yamanouchi, K., Kinoshita, K., Moriuchi, R., Katamine, S.,

Amagasake, T., Ikeda, S., Ichimaru, M., Miyamoto, T.
and Hino, S. (1985). Japanese Journal of Cancer Research
76(6), 481–487.

Yanagihara, R., Amyz, H.L., Lee, P.W., Asher, D.M., 
Gibbs, C.J.J. and Gajdusek, D.C. (1988). Archives of
Virology 101(1-2), 125–130.

Zaucha, G.M., Jahrling, P.B., Geisbert, T.W., Swearengen, J.R.
and Hensley, L. (2001). Lab. Invest. 81(12), 1581–1600.

Zwartouw, H.T. and Boulter, E.A. (1984). Lab. Anim. 18,
65–70.

578

V
IR

O
LO

G
Y

R
ES

EA
R

C
H

C
U

RR
EN

T
U

SE
S

IN
B

IO
M

ED
IC

A
L

RE
SE

A
RC

H


