
Chapter 9
Morbillivirus Infections in Non-human
Primates: From Humans to Monkeys and
Back Again

Rory D. de Vries, Thijs Kuiken, and Rik L. de Swart

Abstract Non-human primates (NHP) have played a crucial rule in the history of
morbillivirus research. Although NHPs are naturally susceptible to morbillivirus
infections, outbreaks are rare among monkeys and apes living in their natural habitat.
However, introduction of a highly contagious morbillivirus in a high-density popu-
lation or captive colony seronegative for morbilliviruses can easily lead to an
efficient transmission chain in which all animals become infected. Secondary infec-
tions due to morbillivirus-induced immune suppression can subsequently yield
complications, leading to outbreaks with high morbidity and mortality. In this
chapter, we provide an overview of morbillivirus outbreaks that have occurred in
different monkey species, and we discuss morbillivirus epidemiology in different
target species. Furthermore, differences in infection course and severity in various
species are discussed. In addition to discussing natural infection of NHP with
morbilliviruses, this chapter provides an overview of experimental infections of
NHP with wildtype or genetically engineered morbilliviruses. These studies have
contributed significantly to a more complete understanding of measles pathogenesis.
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9.1 Introduction

In 1911 measles virus (MV) was identified as the causative agent of measles when
inoculation of macaques with filtered respiratory tract secretions from measles
patients caused measles-like symptoms in these animals (Goldberger and Anderson
1911). Interestingly, this was well before isolation of the virus in 1954 (Enders and
Peebles 1954). Since then, early measles studies in monkeys were performed and
reported variable susceptibility of different NHP species to MV infection,
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complicating the initial measles pathogenesis, pathology, and vaccination studies
and questioning the utility of NHPs as a model for measles research. Retrospec-
tively, the low susceptibility of some animals to experimental MV infection was
likely due to prior exposure to MV-infected humans, resulting in the development of
MV-specific antibodies and rendering them immune.

Peebles et al. were the first to demonstrate that healthy laboratory macaques
frequently possessed MV-specific antibodies (Peebles et al. 1957). At that time, it
was postulated that measles in NHP and humans was the same disease caused by the
same agent and that NHPs living in captivity potentially contracted measles by direct
contact with MV-infected humans (Peebles et al. 1957). This was suggested by the
fact that monkeys captured in the wild rarely had MV-specific antibodies, whereas
these were frequently demonstrated in macaques living in captivity (Meyer et al.
1962). It was shown that many NHP species are naturally susceptible to infection
with MV as well as other morbilliviruses such as canine distemper virus (CDV) and
many outbreaks among captive NHPs have been reported in literature. Several
species have since been used to elucidate measles pathogenesis by experimental
infections; however, macaques have been studied most extensively and display a
similar pathogenesis as observed in measles in humans.

In this chapter, we provide a background on MV and other morbilliviruses that
can naturally cause disease in NHPs, discuss morbillivirus epidemiology in different
host species, and report on morbillivirus outbreaks that occurred in captive NHPs.
Furthermore, we discuss how experimental infections of NHPs helped elucidate
mechanisms of MV entry, pathogenesis, transmission, and immune suppression and
can be used to evaluate the efficacy and safety of novel generations of measles
vaccines. Finally, we offer a discussion on infections of NHPs as an incentive for
continued measles vaccination in the future.

9.2 Morbilliviruses

Morbilliviruses are enveloped viruses with a non-segmented negative-sense RNA
genome and belong to the family Paramyxoviridae. Morbilliviruses are highly
infectious, are spread via the respiratory route, cause a profound immune suppres-
sion, and have the propensity to cause large disease outbreaks in previously
unexposed populations. Secondary opportunistic infections resulting from immune
suppression, but also infection of the central nervous system (CNS), can lead to high
morbidity and mortality. The genus Morbillivirus contains multiple viruses, includ-
ing MV, rinderpest virus (RPV), peste des petits ruminants virus (PPRV), canine
distemper virus (CDV), phocine distemper virus (PDV), and cetacean morbillivirus
(CeMV). Each morbillivirus targets a different host species: MV is regarded the
prototype morbillivirus and the only virus that normally infects (non-human)
primates.

Measles, caused by MV, is a significant cause of childhood morbidity and
mortality in humans and is characterized by fever, rash, cough, conjunctivitis, and
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a generalized immune suppression (Griffin 2013; Rota et al. 2016). Availability of
safe and effective live-attenuated vaccines has led to a substantial reduction in
measles morbidity and mortality (Durrheim et al. 2014), with the number of measles
fatalities currently at an all-time low (below 100,000 deaths per year, (WHO 2017)).
However, reduced vaccine acceptance in the industrialized world and budget deficits
to maintain vaccination coverage in developing countries threaten the success of
ongoing measles control programs (Strebel et al. 2011; Durrheim and Crowcroft
2017). Distemper, caused by CDV, is mainly described as an infectious disease of
dogs and free-ranging carnivores like raccoons, foxes, wolves, and mustelids but has
the capacity to infect a wide range of mammalian hosts. CDV infections are
associated with high morbidity and mortality (Beineke et al. 2009), since the virus
can virtually obliterate all lymphocytes within a host and easily invades the CNS.

Normally, morbilliviruses are restricted to natural infection of their respective
host species. This is due to the fact that infection with a morbillivirus is initiated by a
specific interaction between the hemagglutinin (H) protein and at least one of two
proteinaceous cellular receptors: CD150 (Tatsuo et al. 2000), mainly expressed on
subsets of immune cells, and nectin-4 (Noyce et al. 2011; Muhlebach et al. 2011),
mainly expressed on the basolateral side (within the adherens junction) of epithelial
cells. Phylogenetically, evolution of morbilliviruses largely parallels that of their
host species (Visser et al. 1993; Barrett 1999). The different morbilliviruses most
likely evolved from a common ancestral virus that adapted to a specific host, proving
that morbilliviruses intrinsically have the ability to adapt to novel host species and
measles has a zoonotic origin. For example, it has been postulated that RPV or a
closely related virus crossed the species barrier from cattle into humans thousands of
years ago (Barrett 1999), leading to the emergence of MV. Currently, although CDV
is mainly regarded an infectious agent of carnivores, recent spread of CDV into
NHPs suggests that this virus has zoonotic potential and could be devastating for
humans (Qiu et al. 2011; Sakai et al. 2013a). Receptor adaptation is a crucial step for
morbilliviruses like CDV to be able to cross the species barrier and infect a “non-
natural” host species.

9.3 Morbillivirus Epidemiology

In general, seronegative NHPs and humans are equally susceptible to morbillivirus
infections. However, since morbilliviruses are highly infectious and infections are
short-lived, endemic circulation can only be sustained in a target species that lives in
high-density populations of sufficient size to allow for a continuous chain of virus
transmission. This explains why measles outbreaks occur frequently among morbil-
livirus-seronegative human populations but are rare among NHPs living in their
natural habitat (Meyer et al. 1962). Therefore, while NHPs can readily be infected
with a morbillivirus upon exposure to infected humans, and the infection can rapidly
spread through a previously unexposed high-density colony, population sizes of
NHP species are generally too small for the infection to be maintained.
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9.3.1 Measles Outbreaks in Captive NHP Colonies

An initial study performed in the 1960s proved that wild NHPs in their natural
habitat were indeed predominantly MV-seronegative. In this study, most NHPs
showed clinical signs related to measles rapidly after trapping, and 84% of the
animals seroconverted within 14 weeks after capture and transport (Meyer et al.
1962). Measles was globally endemic among humans in the 1960s, probably facil-
itating rapid virus transmission to monkeys. However, this study demonstrated the
natural susceptibility of monkeys to MV infection and the risk of bidirectional virus
transmission at the human-monkey interface. Although outbreaks were frequently
reported among NHP species thereafter, it was possible, through appropriate
biosecurity measures, to keep several closed populations of NHPs free of MV for
decades (Andrade et al. 2003).

9.3.1.1 Measles Outbreaks in Rhesus Macaques (Macaca mulatta)

An epidemic of measles in rhesus macaques occurred in a shipment of 100 animals
from India to the USA in 1966 and was meticulously described. Fifty-eight cases,
including one fatal case, were reported in this study (Potkay et al. 1966). A smaller
outbreak was reported in 21 rhesus macaques transported from India to the UK,
including 5 lethal cases (Remfry 1976), followed by a larger outbreak in 72 imported
rhesus macaques with 7 fatalities in 1979 (MacArthur et al. 1979). Diagnosis of
measles in these animals was based on clinical signs (appearance of rash [illustrated
in Fig. 9.1a, b], loss of appetite, conjunctivitis, respiratory symptoms) combined
with the appearance of MV-specific antibodies. In addition, in some cases necropsies
were performed and led to the observation of characteristic large multinucleated
giant cells (illustrated in Fig. 9.2h) in the lungs (Warthin 1931; Finkeldey 1931),
with or without inclusion bodies. The source of MV was not identified in either of
these studies. At that time and since then, many other outbreaks of measles in free-
ranging and captive rhesus macaques have been reported (Shishido 1966; Hall et al.
1971; Kessler et al. 1989; Willy et al. 1999; Jones-Engel et al. 2006).

9.3.1.2 Measles Outbreaks in Other Macaque Species

In addition to rhesus macaques, measles outbreaks have also been reported in
colonies of other macaque species, including cynomolgus macaques (Macaca
fascicularis) (Willy et al. 1999; Welshman 1989), pig-tailed macaques (Macaca
nemestrina) (Willy et al. 1999), and Japanese macaques (Macaca fuscata) (Choi et
al. 1999).

Welshman et al. reported an outbreak of respiratory symptoms in 65 cynomolgus
macaques in a colony of 87 animals. Interestingly, only seven of these animals
developed a skin rash (illustrated in Fig. 9.1c1, d1). This is in contrast to rhesus
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macaques, which often develop a characteristic rash upon symptomatic MV infec-
tion (Auwaerter et al. 1999; El Mubarak et al. 2007). Conjunctivitis was not
observed in this outbreak, but all animals in the colony seroconverted to MV
(Welshman 1989). In general, clinical signs commonly observed in human measles
patients are reproduced more accurately in rhesus macaques, compared to
cynomolgus macaques (El Mubarak et al. 2007). In addition to outbreaks in
cynomolgus macaque colonies, MV-seropositivity was also shown in so-called
performing cynomolgus macaques living at markets in Indonesia, indicating that
MV can directly spread from humans to cynomolgus macaques (Schillaci et al.
2006).

There is a particularly well-described measles outbreak among Japanese
macaques; it concerns an unvaccinated colony, which lived for 20 years in outdoor
exhibits of a Korean zoo before suffering an outbreak with 21% mortality. Although
the source of MV was not accurately determined in this outbreak, no new monkeys
had been brought into the colony and the colony had no contact with other NHP
species. The authors speculate about a MV transmission event from an infected
visitor to the colony while the colony was in the outdoor exhibit. Mortality in these
macaques was mainly due to complicating secondary infections, in accordance with
the immune suppression associated with measles. Diagnosis of measles was made on
basis of histopathology, immunohistochemistry, in situ hybridization and electron
microscopy, and observation of measles-associated clinical signs (Choi et al. 1999).

Fig. 9.1 Macroscopic images from macaques experimentally infected with (a, b) wild-type MV or
a (c, d) recombinant MV expressing a fluorescent reporter protein. Figure illustrates rash on the (a)
face and (b) trunk of a rhesus macaque, and less obvious on the (c1) face and (d1) trunk of a
cynomolgus macaque. (c2 and d2) Anatomical locations of MV replication were visualized with a
UV lamp when recombinant MV strains expressing a fluorescent reporter protein were used, and
these co-localized with the appearance of rash. Panels a and b are reprinted from El Mubarak et al., J
Gen Virol 2007
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9.3.1.3 Measles Outbreaks in Other NHP Species

Epidemic infections in NHPs during captivity have frequently been reported in
macaques but are not restricted to these species. Outbreaks of MV have also been
reported in other captive Old World monkeys (colobus monkeys [Colobus guereza]
and talapoins [Cercopithecus talapoin]). Captive New World monkeys (spider
monkeys [Ateles spp.], marmosets and tamarins [Callithrix jacchus, Saguinus oedi-
pus, and Saguinus fuscicollis]), and apes (chimpanzees [Pan troglodytes]) also
proved to be susceptible. Outbreaks have been confirmed by the sudden appearance
of MV-specific antibodies in serum and presence of multinucleated giant cells in the
lungs of several fatal cases (MacArthur et al. 1979; Levy and Mirkovic 1971; van
Binnendijk et al. 1995; Drewe et al. 2012).

A small measles outbreak was described among colobus monkeys; 11 animals
were caught in Tanzania and transported to the UK. Within days to weeks after
arrival, monkeys started to display characteristic clinical symptoms of measles
(respiratory symptoms and conjunctivitis), except for the appearance of rash. Mor-
tality was unusually high in this outbreak (100%) and a probable diagnosis of
measles was based on microscopic examination of respiratory and lymphoid tissues,
and the appearance of large multinucleated giant cells (illustrated in Fig. 9.2h).
Measles diagnosis was confirmed by isolation of MV from one of the MV-infected
colobus monkeys (Hime et al. 1975; Scott and Keymer 1975).

A natural outbreak among multiple captive marmoset and tamarin species
(Callithrix jacchus, Saguinus oedipus, and Saguinus fuscicollis) was reported in
1971. These animals were housed in separate cages, spread out over separate rooms.
In this outbreak, an initial fatality due to pneumonia with presence of large
multinucleated giant cells was rapidly followed by the death of 57 other marmosets
in the same month and another 268 fatalities in the subsequent months. Measles was
identified as the probable cause on basis of histology, and MV was isolated from a
moribund marmoset. Interestingly, death occurred rapidly, within 8–18 h of the
initial appearance of clinical signs, significantly faster than the clinical course of
measles observed in other monkey species and humans. Pneumonia was regarded as
the main cause of death (Levy and Mirkovic 1971). A similar outbreak with an
unidentified morbillivirus in marmosets was reported in 1978 (Fraser et al. 1978). In
general, pathogenesis and disease severity in New World monkeys seems to differ
from Old World monkeys, with high morbidity and mortality and rapid progression
from initial clinical signs to death (Delpeut et al. 2017). CNS involvement seems to
be reported more frequently in New World monkeys, confirmed by experimental
intracerebral infections of these animals (Albrecht et al. 1981).

An experimental transmission study was performed with two species of tamarins
(Saguinus mystax and Saguinus labiatus). In this study, tamarins were infected with
two different strains of MV and housed (in separate cages) together with MV-
seronegative and MV-seropositive tamarins. MV rapidly spread to the separately
housed MV-seronegative tamarins (probably through airborne transmission, also the
main mechanism of MV transmission in humans), confirming the natural
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susceptibility of these New World monkeys to MV infection. In contrast to the MV-
seronegative animals, MV-seropositive animals (with the exception of 1) survived
the outbreak (Lorenz and Albrecht 1980).

9.3.1.4 Measles Severity in NHPs

Although several outbreaks of MV in different species of NHPs have been well
documented, it seems that mortality rates are considerably different among different
outbreaks. Furthermore, in non-lethal cases, MV causes disease with variable sever-
ity in NHPs, which actually accurately parallels measles in humans. In general, New
World monkeys seem more at risk of severe disease and have higher mortality rates
due to measles compared to Old World monkeys (Delpeut et al. 2017), which more
accurately reflect the natural course of measles in humans. Although it is likely that
there are inherent species-specific differences in susceptibility to disease from MV,
disease severity is probably also dependent on co-factors like the condition of
monkeys during housing, or during and shortly following transport, and whether
bacterial, viral, or fungal co-infections are present.

9.3.2 Ecotourism Endangering Wild NHPs

As an alternative to mass tourism, tourists increasingly enjoy visiting relatively
undisturbed natural and rural areas while maintaining and conserving the natural
environment. This form of tourism, known as ecotourism, provides necessary funds
for local ecological conservation. However, at the same time, ecotourism frequently
leads to interaction between tourists and animals naturally living in that environ-
ment, i.e., a close animal-human interface. Anthropozoonotic transmission of viruses
at this interface poses a significant threat to wildlife, especially threatening endan-
gered species like the great apes (Muehlenbein et al. 2008; Kondgen et al. 2008). In
addition to ecotourists, researchers or poachers form an additional source of viruses.
Mainly in areas where anthropozoonotic transmission is likely to occur, the neces-
sary resources to identify outbreaks and their causative agents are often absent
(Epstein and Price 2009), limiting the possibility for interrupting outbreaks. Since
potential MV transmission from human to NHP could lead to a large measles
outbreak with high mortality rates in endangered ape species, vaccination against
measles of free-ranging NHP populations in areas frequently visited by ecotourists
could be warranted (Epstein and Price 2009).

Besides this being a hypothetical threat, actual anthropozoonotic transmission of
MV from humans to mountain gorillas (Gorilla beringei beringei) and subsequent
mortality were observed in a national park in Rwanda, in 1988 (Byers and Hastings
1991; Hastings et al. 1991; Spelman et al. 2013). Initially, respiratory symptoms
were observed in gorillas leading to six fatal cases. Upon necropsy, multinucleated
giant cells were observed in the lungs and spleens of these fatalities. Seroconversion
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to measles was only observed in a single animal; however the authors speculate that
this was due to early sampling during clinical signs, probably prior to seroconver-
sion. More recently, Kaur et al. speculate on measles being the potential causative
agent responsible for acute and fatal respiratory illness in wild chimpanzees (Pan
troglodytes) in Tanzania (Kaur et al. 2008). In some of the outbreaks among
chimpanzees in Tanzania, a paramyxovirus was identified as the causative agent.
Although the paramyxovirus was not identified, the authors speculate that it is
human in origin. Similar observations were made in outbreak situations in Côte
d’Ivoire (Kondgen et al. 2008).

9.3.3 Distemper Outbreaks in Captive Monkey Colonies

Although CDV has originally been described as a morbillivirus of dogs, it is
regarded the most species-promiscuous morbillivirus that naturally infects a wide
range of carnivores and has a relatively high propensity to cross the species barrier.
Disease caused by CDV infection has been reported in members of the families of
Ailuridae (e.g., red pandas), Felidae (e.g., lions), Hyenidae (hyenas),Mustelidae (e.
g., weasels and martens), Procyonidae (e.g., raccoons), Ursidae (black bears),
Viverridae (civet cats), Megalonychidae (sloths), and Phocidae (seals) (Ludlow et
al. 2014; Sheldon et al. 2017). In addition, CDV has been reported to infect javelinas
(Appel et al. 1991) and was detected in rodents (Origgi et al. 2013). Although it was
known that monkeys were susceptible to CDV after experimental intracerebral
inoculation since the 1970s (Yamanouchi et al. 1977; Matsubara et al. 1985; Nagata
et al. 1990), several natural outbreaks with CDV in NHPs have also been reported
recently.

9.3.3.1 Distemper Outbreaks in Macaques

An outbreak with CDV infection in NHPs was initially reported in 1989 when a
single Japanese macaque died of encephalitis. Upon necropsy, multinucleated giant
cells with inclusion bodies were observed in lesions in the brain that stained positive
with a CDV-specific monoclonal antibody. This subsequently led to serological
testing of all the macaques in the same group. Seroconversion of all 22 animals to
CDV, in the absence of antibodies to MV, was observed and proved that a CDV
outbreak had occurred in these macaques (Yoshikawa et al. 1989).

More recently, larger outbreaks with higher mortality rates were reported in
breeding colonies of both rhesus and cynomolgus macaques in China and Japan.
Sun et al. reported a small CDV outbreak in 20 rhesus macaques in China, with 12
lethal cases (Sun et al. 2010). CDV diagnosis was made on basis of clinical signs
(respiratory symptoms, anorexia, fever, thickened footpads, and rash), accompanied
by electron microscopy and sequencing. From the 12 lethal cases, 11 macaques died
of severe pneumonia, and a single macaque showed neurological symptoms.
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Whether pneumonia was caused by CDV infection itself or caused by secondary
infections was not investigated. Since the sequence isolated from these macaques
was identical to CDV circulating in dogs, foxes, and raccoon dogs in several regions
in China, the authors speculate on spread from stray animals to macaques. Subse-
quently, in 2011, a full-blown epidemic was reported in a breeding farm from which
the 20 animals described above originated. In this outbreak, approximately 10,000
rhesus macaques were infected with CDV; 5–30%mortality rates were reported (Qiu
et al. 2011). Diagnosis was made on basis of measles-like symptoms, seroconver-
sion, CDV isolation, and sequencing. Again, the CDV sequence isolated from these
macaques was unique, and the authors speculate on contact between colony mon-
keys and wild monkeys or stray dogs as cause of initial introduction into the colony.
The epidemic was controlled by vaccination.

Following the two outbreaks in China, a large CDV outbreak occurred in
cynomolgus macaques in Japan in 2008. This outbreak occurred in macaques
imported from China and caused 46 fatalities with severe pneumonia as the main
cause of death (Sakai et al. 2013a). Virus isolation, sequencing, and phylogeny
indicated that the CDV strain isolated was very closely related to CDV strains
associated with the outbreaks in China (Qiu et al. 2011; Sun et al. 2010). Distemper
in these macaques was diagnosed on basis of clinical signs, CDV staining, and
sequence analysis. Interestingly, the authors performed additional sequence analysis
on macaque variants of the morbillivirus receptors and found homology between
macaque CD150 and human CD150, and between human, macaque, and dog nectin-
4. Notably, the CDV isolated from a moribund monkey efficiently used macaque and
dog variants of receptors, but not the human variants (Sakai et al. 2013a). Adaptation
of CDV to human CD150, however, appeared relatively easy (Sakai et al. 2013b).

9.3.3.2 Distemper Mortality in Macaques

CDV in its natural host is considered to be neurotropic as well as lymphotropic,
whereas MV in its natural host rarely causes CNS complications. However,
neurotropism was rarely observed in the few reports on CDV macaque outbreaks.
Rather, the main cause of death in these outbreaks was pneumonia, and only a few
animals displayed neurological signs. Frequent detection of alternative pathogens
suggests that the high case fatality rates were probably related to opportunistic
infections resulting from CDV-induced immune suppression and not CDV spread-
ing into the CNS. This fits with observations made in cynomolgus macaques
experimentally inoculated with CDV, rapid infection of lymphocytes and
lymphopenia, while CDV was not detected in the CNS (de Vries et al. 2014).
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9.4 Macaque Model for Measles Pathogenesis

Studies in NHPs have been crucial for our understanding of measles pathology and
pathogenesis in humans. After initial macaque studies with filtered respiratory
secretions from measles patients in the beginning of the twentieth century identified
MV as the causative agent of measles (Goldberger and Anderson 1911), studies in
the 1960s with measles virus isolates passaged in vitro provided the basis for
currently used live-attenuated measles vaccines. More recently, measles pathogen-
esis was elucidated by performing experimental infections of different NHP species
– mainly cynomolgus and rhesus macaques – with recombinant MV expressing a
fluorescent reporter protein. These viruses allow for sensitive detection of morbilli-
virus-infected cells, which can be visualized macroscopically (Figs. 9.1c, d and 14.
2g) and microscopically (Figs. 9.2 and 14.3). These experiments have provided
critical contributions to our understanding of MV entry of a host, dissemination
throughout a host, and transmission to a subsequent host.

9.4.1 Alternative Measles Animal Models

A variety of animal species has been considered in models of MV infection.
Although small laboratory animals seem most attractive, these do not recapitulate
the complex pathogenesis of measles as seen in NHPs and humans. Therefore, two
options for animal models remain: experimental infections with animal
morbilliviruses in their natural host species (e.g., CDV infection of ferrets (von
Messling et al. 2003; Ludlow et al. 2012; de Vries et al. 2017)) or experimental
infection of NHPs with MV (de Swart 2009; 2017).

9.4.2 Measles Pathogenesis

9.4.2.1 MV Receptors In Vivo

MV is regarded one of the most infectious human pathogens that efficiently spreads
through airborne transmission (Herfst et al. 2017). Although initial infection with
MV indeed occurs in the respiratory tract, it is not epithelial cells that are initially
targeted rather, after host entry measles becomes a systemic disease involving
infection of various cell types. Infection of the various cell types is mainly governed
by expression of one of the two cellular entry receptors identified to play a role in
wild-type MV infections, CD150 (Tatsuo et al. 2000), and nectin-4 (Noyce et al.
2011; Muhlebach et al. 2011). The development of recombinant MV strains that
express fluorescent reporter proteins, combined with the large spectrum of

216 R. D. de Vries et al.

https://doi.org/10.1007/978-3-030-52283-4_14
https://doi.org/10.1007/978-3-030-52283-4_14
https://doi.org/10.1007/978-3-030-52283-4_14


antibodies available for specific phenotyping of NHP cell types, have confirmed the
use of these receptors in vivo.

De Swart et al. inoculated rhesus and cynomolgus macaques with recombinant
MV expressing enhanced green fluorescent protein (EGFP) via the intra-tracheal
route and followed infected animals in time. Blood samples were taken regularly and
analyzed by flow cytometry. Co-staining of the MV-infected (or EGFP+) cells with
CD150 proved that CD150+ lymphocytes and dendritic cells (DC) were predomi-
nantly infected during MV infection of macaques (de Swart et al. 2007a). The
importance of interactions between MV and CD150 was subsequently confirmed
by the generation of so-called “receptor-blind” viruses, viruses containing a single
point mutation in the H protein and therefore poorly able to bind to CD150. When
rhesus macaques were infected with a CD150-blind virus via the intranasal route,
clinical symptoms were only observed in 1/6 animals. Surprisingly, all animals
seroconverted so were apparently infected at a low level (Leonard et al. 2010),
proving that entry occurred, albeit inefficiently.

Whereas CD150 is critical for entry and dissemination, the receptor nectin-4
plays an important role in host exit and transmission to the subsequent host. MV only
spreads to the respiratory tract epithelium relatively late in infection (Ludlow et al.
2013a, b), through interactions between MV-infected lymphoid or myeloid cells
with the basolateral side of epithelial cells. When cynomolgus macaques were
infected with a nectin-4-blind virus, MV was cleared more rapidly from the host
and could not be detected in secretions from the throat or nose. By performing
immunohistochemistry, it was shown that the nectin-4-blind virus did not infect
epithelial cells in the trachea, whereas wild-type MV did (Frenzke et al. 2013).
Similar observations were made when a wild-type and nectin-4-blind MV were
compared side-by-side in a New World monkey model, namely, squirrel monkeys
(Saimiri sciureus) (Delpeut et al. 2017).

9.4.2.2 MV Entry of the Host

Although the role of the different receptors was accurately elucidated in monkeys as
described above, formal proof of the initial target cells of MV in vivo came from a
study in which macaques were allowed to inhale recombinant MV expressing EGFP
as an aerosol. Since most MV studies in NHPs were performed by inoculating
animals with virus via the intra-tracheal or intra-nasal route, not per se reflecting
the natural situation, de Vries et al. invested in setting up an aerosol inhalation model
for NHPs (de Vries et al. 2010; Lemon et al. 2011; MacLoughlin et al. 2016). In a
study specifically designed to identify the initial target cells of MV, which were
classically believed to be epithelial cells in the respiratory tract, cynomolgus
macaques were exposed to a high dose MV administered as an aerosol and sacrificed
at early time points post inoculation. Interestingly, alveolar macrophages (AM) and
DC in the lower respiratory tract were identified as initial target cells (Fig. 9.2a),
contradictory to the literature at that time that stated that measles starts with MV
infection of epithelial cells in the respiratory tract (Lemon et al. 2011). An early time
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course of measles pathogenesis in NHPs was established in this study, starting with
MV infection of AM and DC in the lower respiratory tract, followed by spread to
bronchus-associated lymphoid tissues (BALT) (Fig. 9.2c) and draining lymph nodes
and local amplification, before the virus spread systemically and could be detected in
the blood and all lymphoid organs (Fig. 9.2d) (Lemon et al. 2011). This time course
fits completely with the presence of the different receptors on target cells.

9.4.2.3 MV Clearance from the Host

After systemic spread of MV throughout the host, a peak of virus replication in
macaques is usually observed between 7 and 10 days post inoculation, followed by a
rapid decline in infected cells in the blood. This rapid decline is mediated by the
virus-specific immune response of the host. Although virus neutralizing antibodies
are considered the main correlate of protection against MV infection (Chen et al.
1990), viral clearance is predominantly mediated by cellular immune responses. This
was originally observed in “experiments of nature,” in hypogammaglobulinemic
children (lacking proper antibody formation) who recover normally from MV
infection (Good and Zak 1956; Nahmias et al. 1967), whereas children with deficits
in cellular immune responses develop severe disease and display prolonged viral
shedding (Burnet 1968; Permar et al. 2001). These observational studies were
confirmed in NHPs. Permar et al. experimentally inoculated NHPs and determined
the immunological drivers of viral clearance by depleting these monkeys of either
CD8+ T-lymphocytes or B-lymphocytes. Similar to the observations made in chil-
dren, macaques depleted of B-lymphocytes were able to normally clear virus
(Permar et al. 2004), whereas CD8+ T-lymphocyte-depleted macaques presented
with a more extensive rash, higher viral loads, and a longer duration of viremia
(Permar et al. 2003).

9.4.2.4 MV Transmission to the Subsequent Host

MV is regarded one of the most contagious viruses infecting humans – each infected
person can transmit the virus to an average of 15–20 susceptible individuals.
Macaque studies have been crucial in the understanding as to how this high rate of
transmission is achieved. MV is spread from host-to-host via airborne transmission.
Respiratory droplets filled with virus particles are produced by sneezing and
coughing and enter the respiratory tract of a susceptible host. As mentioned above,
MV uses two different cellular receptors to enter different cell types, and CD150 is
regarded as the important “host entry” receptor for MV. Nectin-4 is actually regarded
as the “host exit” receptor for MV that facilitates host-to-host transmission. Expres-
sion of nectin-4 was shown to be widespread in both the macaque upper and lower
respiratory tract (Muhlebach et al. 2011; Ludlow et al. 2013b). When macaques were
experimentally infected with MV expressing a fluorescent reporter, the virus was
abundantly present in the nasal cavity during the late stage of the infection (around
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onset of rash) (Ludlow et al. 2013b), and in experimental infections of NHPs with
wild-type viruses, cell-free and cell-associated MV can readily be isolated from nose
and throat swabs (Ludlow et al. 2013a).

Based on these macaque studies, and studies that were performed with a nectin-4-
blind strain of MV, an “exit strategy” for MV was postulated. MV initially enters the
host via DC and AM and is amplified locally before systemic spread. After systemic
spread, infected cells (probably lymphocytes) return to the respiratory tract and
transfer MV to epithelial cells, where it binds nectin-4 on the basolateral side of
the epithelium (Fig. 9.2e). Novel virus particles are subsequently produced and
released at the apical side of the epithelium, directly into the airway. Here, aerosol
is produced due to coughing and sneezing, facilitating host exit and transmission
(Racaniello 2011). In addition to the release of cell-free MV into the respiratory tract,
there is also evidence for cell-associated spread of MV to the subsequent host.
Disrupted epithelium and cell debris was frequently observed in the respiratory
tract of MV-infected macaques, in addition to disruption of tonsillar epithelium
(Fig. 9.2f). This epithelial disruption would lead to induction of coughing and
sneezing responses, leading to expulsion of cell-free virus produced by lymphocytes,
and cell debris exuding from the respiratory submucosa or tonsillar tissues (Ludlow
et al. 2013a). Additionally, cell-free virus in the airways encounters relatively little
receptor-expressing cells and therefore can remain present in the mucus of the
respiratory tract.

9.4.2.5 Measles-Associated Immune Suppression in NHPs

One of the most important clinical sequelae of measles is immune suppression,
which is the main cause of measles morbidity and mortality. Interestingly, measles
normally causes lymphopenia early after inoculation of NHPs and reduces host
resistance to other infections (de Vries et al. 2012) while simultaneously inducing
a strong immune response to itself that results in life-long protection from measles.
The mechanism behind this “measles paradox,” simultaneous immune suppression
and immune activation, was elucidated by performing a comprehensive study of
virological, immunological, hematological, and histopathological observations
made in NHPs euthanized after MV infection via various infection routes. In
NHPs, it was observed that MV preferentially infects certain subsets of T- and B-
lymphocytes, namely, memory T- and follicular B-lymphocytes. Depletion of these
cells was predominantly observed in the lymphoid tissues of these animals (exem-
plified by heavy infection of Peyer’s patches in experimentally infected animals in
Fig. 9.2g) (de Vries et al. 2012). Multinucleated giant cells are abundant in all
lymphoid tissues (Fig. 9.2h), and immunofluorescence staining indicated that these
were of a B-lymphocyte origin (CD20-positive, while CD11c- and CD3-negative)
(Fig. 9.3).

In a follow-up publication, the authors described the rapid expansion of MV-
specific and bystander lymphocytes following MV clearance as the cause of resolu-
tion of lymphopenia. However, the immunological repertoire at that time is still
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severely limited, causing what the authors termed a temporary “immunological
amnesia” (de Vries and de Swart 2014). This model explains that measles immune
suppression can last for several weeks to months after recovery from measles,
whereas lymphopenia is normally rapidly resolved (Mina et al. 2015). Preferential
infection of CD150+ lymphocyte subsets as observed in NHPs was recently con-
firmed in humans (Laksono et al. 2018).

9.5 Macaque Model for Vaccine Evaluation

In addition to the crucial role NHPs played in studying MV tropism and pathogen-
esis, these animals have also been used to evaluate new generation MV vaccines and
novel routes of MV vaccination (van Binnendijk et al. 1997; Zhu et al. 1997; Polack
et al. 2000; Combredet et al. 2003). Live-attenuated measles vaccines are safe and
effective and have successfully interrupted endemic MV transmission in large
geographical areas. Although currently used live-attenuated MV vaccines have
already been in successful use for over 50 years, surprisingly little was known
about the target cells that sustain vaccine virus replication in vivo, and the molecular

Fig. 9.3 Images collected from lymphoid tissues obtained from experimentally infected NHPs at
7 days post inoculation (d.p.i.), illustrating that multinucleated giant cells are mainly from a B-
lymphocyte origin. MV-infected cells were detected by immunofluorescent double staining. (a–c)
Large numbers of syncytia were observed in the B-lymphocyte follicles and were stained for EGFP
(green) as a marker of MV infection. Double stains were performed with a B-lymphocyte marker
(CD20, red, a1 and a2), a macrophage/dendritic cell marker (CD11c, red, b1 and b2), or a T cell
marker (CD3, red, c1 and c2), and DAPI was used to counterstain the nuclei (blue). Top panels only
show the red and blue channels; bottom panels show the combined red, blue and green channels.
Multi-nucleated giant cells were mainly of B-lymphocyte origin (panel a), and the infection was
associated with significant cytopathic effects in lymphoid tissues. All panels reprinted from
supplementary data of De Vries et al., PLoS Pathog 2012
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basis for attenuation has remained elusive. It has been known for some time that
vaccine viruses have the ability to use an additional cellular entry receptor in vitro,
namely, CD46 (Dorig et al. 1993; Naniche et al. 1993; Buckland and Wild 1997),
which is expressed on virtually all nucleated cells (Liszewski and Atkinson 1992).
However, neither the extent of use of CD46 in vivo nor the tropism of vaccine
viruses was known. Macaque studies have shown that after aerosol, intra-tracheal,
and intra-muscular administration, vaccine viruses still predominantly replicate in
CD150-expressing cells (de Vries et al. 2010; Rennick et al. 2015; de Swart et al.
2017). In the respiratory tract, CD11c+ or CD68+ myeloid cells (CD150-positive)
were predominantly infected by live-attenuated MV (de Vries et al. 2010; de Swart et
al. 2017), whereas DC and macrophages (CD150-positive) were identified as the
predominant target cells of live-attenuated MV after intra-muscular administration
(Rennick et al. 2015).

9.5.1 Alternative Measles Vaccines

Despite their success, live-attenuated MV vaccines have several limitations. These
include dependency on maintaining the cold chain, requirement for trained health-
care workers for administration, and the need for hypodermic needles and safe waste
disposal. To address some of these issues, different vaccination platforms for MV
have been investigated. Initially, vectored approaches have been evaluated in NHPs,
in which macaques were vaccinated with poxviruses expressing the MV surface
fusion (F) and H glycoproteins (Stittelaar et al. 2000; Zhu et al. 2000). Vaccine
efficacy was demonstrated, but the macaque model was of added value in these
studies, as vaccine efficacy could also be addressed in the presence of passively
transferred antibodies (simulating the presence of maternal antibodies in infants)
(Stittelaar et al. 2000) or in immune-suppressed macaques to evaluate safety in
immunocompromised (Stittelaar et al. 2001). Furthermore, alphavirus replicons
generated to express both the MV-F and MV-H protein also showed efficacy in
macaques.

In addition to vectored vaccine approaches, direct DNA vaccination was evalu-
ated as potential novel MV vaccine in macaques. In these studies, macaques could be
protected from wildtype MV challenge by prior vaccination with DNA expressing
the F and/or H gene (Polack et al. 2000; Lin et al. 2013). In other studies priming of
cellular immune responses was observed (Stittelaar et al. 2002). Again, these novel
vaccines could also be evaluated for efficacy in the presence of passively acquired
antibodies in the macaque model (Premenko-Lanier et al. 2003).
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9.5.2 Alternative Measles Vaccine Administration Routes

In addition to the generation of novel measles vaccines, different routes of admin-
istration were also investigated. The focus of this research was predominantly on the
generation of needle-free MV vaccination regimens. Vaccine delivery via aerosol
inhalation has been considered as a promising possibility (Griffin 2014). Clinical
trials have already extensively demonstrated the feasibility of this administration
route (Sabin et al. 1984; Dilraj et al. 2000, 2007; Low et al. 2008, 2015).

To support licensing of novel vaccine administration routes, both pre-clinical and
clinical studies are required. Inhalation administration routes were extensively
investigated in NHPs, comparing administration of the MV vaccine via aerosol
inhalation and dry powder inhalation directly with injection (de Swart et al. 2006,
2007b; Lin et al. 2011). In general, aerosol inhalation induced similar immune
responses as detected in the injection group and protected macaques from wild-
type MV challenge. Variable results were obtained with dry powder. A more recent
large-scale study in macaques investigated both the tropism of recombinant vaccine
viruses expressing fluorescent reporter proteins and whether vaccination should
target the upper or lower respiratory tract to be immunogenic. In this study, four
administration routes were compared: intra-tracheal inoculation, intra-nasal instilla-
tion, aerosol inhalation, and intra-muscular injection. This study showed that deliv-
ery of vaccine virus to the lower respiratory tract is crucial in order to induce optimal
immune responses and protection from challenge (de Swart et al. 2017).

In addition to needle-free vaccine administration via the respiratory route, another
promising alternative for the use of hypodermic needles is to deliver live-attenuated
MV via microneedle patches. Microneedle patches are micron-scale dissolvable
polymeric needles that were designed to encapsidate the standard live-attenuated
MV. These patches can directly be applied to the skin for intra-dermal vaccination,
without the requirement of vaccine reconstitution. NHPs have again been critical to
provide the proof of principle of this approach (Edens et al. 2013, 2015).

9.6 Crossing the Species Barrier

9.6.1 Measles Eradication

After the eradication of smallpox, the potential for measles eradication was first
proposed in the 1980s. In this period, interruption of endemic MV circulation had
not yet been achieved, and eradication of MV was considered to be premature
(Henderson 1982). However, in 2001 a formal initiative was established, known as
the Measles and Rubella Initiative (https://measlesrubellainitiative.org), which
aimed at reduction of global measles mortality (in addition to reducing the number
of congenital rubella cases) by initiating mass vaccination campaigns and two-dose
vaccination regimens. An impressive reduction in measles mortality has been
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obtained since then, with the current measles mortality at an all-time low (WHO
2017). Eradication of MV from the globe is considered feasible, as MV is a
monotypic virus that exclusively circulates in humans, and an effective live-attenu-
ated vaccine is available (Moss and Strebel 2011). Furthermore, in 2011 rinderpest
was officially declared eradicated from the globe. Since RPV is a close relative of
MV, targeted eradication of MV should also be feasible (Morens et al. 2011; Roeder
2011; de Swart et al. 2012). However, there are pitfalls like waning vaccine
immunity and declining vaccination coverage, as was clearly demonstrated by the
by the difficult endgame of poliovirus eradication (Cochi and Linkins 2012). Fur-
thermore, recent spread of animal morbilliviruses into NHPs illustrates that we
should be aware of zoonotic morbillivirus infections in a measles post-eradication
era (Qiu et al. 2011; Sakai et al. 2013a; Yoshikawa et al. 1989; Sun et al. 2010).

9.6.2 Post-measles Eradication Era and Implications for One
Health

While measles eradication would save many lives, it is also likely to result in reduced
compliance to MV vaccination. As a result, many children will grow up without
MV-specific immunity, similar to the scenario as observed with smallpox. In the
case of smallpox, vaccination was discontinued, thus creating a niche for closely
related orthopoxviruses of other mammals to cross the species barrier into humans
(Essbauer et al. 2010; Reynolds et al. 2012; Reynolds and Damon 2012). Since we
already know that morbillivirus infections induce at least partial cross-protection
from other morbilliviruses (Strating 1975), cessation of MV vaccination after erad-
ication might also facilitate cross-species infection and subsequent adaptation of
animal morbilliviruses to humans (Cosby 2012). Historically, CDV infections in
humans have been described, and some humans have serological evidence for CDV
infection (Nicolle 1931; Adams 1952; DeLay et al. 1965). More compelling evi-
dence for the capacity of CDV to adapt to primates comes from outbreaks in monkey
colonies, as described above (Qiu et al. 2011; Sakai et al. 2013a; Yoshikawa et al.
1989; Sun et al. 2010). These outbreaks had high mortality rates, indicating that an
outbreak of an adapted CDV in MV-naive humans could have catastrophic conse-
quences. An additional concern is that CDV is known to be neurotropic and was
shown to have replicate efficiently in experimentally infected NHPs (de Vries et al.
2014).

Therefore, the potential of non-MV morbilliviruses, especially CDV, to adapt to
humans should be held in mind in measles eradication scenarios. Currently, immu-
nity in the human population due to MV infection or MV vaccination results in
immunity against other morbilliviruses and restricts the possibility of animal
morbilliviruses adapting to humans. However, if the envisaged measles eradication
leads to a significant drop in vaccination coverage, such adaptation cannot be
excluded. For this reason, MV vaccination and serological and virological
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surveillance of morbillivirus infections in the human population should be
maintained, even in a measles post-eradication era.

9.7 Conclusions

NHPs have played a crucial rule in MV research since the beginning of the twentieth
century and continue to do so. MV was initially discovered to be the causative agent
of measles by transfer of filtered respiratory tract secretions from measles patients to
macaques. Since then, research in NHPs with laboratory-adapted, live-attenuated,
and wild-type viruses, sometimes engineered to express fluorescent proteins or to be
incapable of binding cellular receptors, have further elucidated measles pathogene-
sis, from entry into the host to dissemination throughout the host and transmission to
the subsequent host and the induction of immune suppression. Additionally,
although free-ranging NHP populations are thought not to support endemic MV
circulation, they are highly susceptible to natural MV infection (or infection with
other morbilliviruses, like CDV). Demographic changes, including the increasing
human population size, urbanization, and deforestation, may lead to increased
interactions between humans and NHPs (Gortazar et al. 2014). Introduction of a
highly contagious MV in a high-density population or captive colony seronegative
for MV can easily lead to an efficient transmission chain in which all animals
become infected. Secondary infections due to morbillivirus-induced immune sup-
pression can subsequently give complications, leading to outbreaks with high
morbidity and mortality. Therefore, MV-seronegative captive colonies should be
protected from MV introduction by vaccination or preventing contact with MV-
infected individuals. Furthermore, a close interface between humans and free-living
NHPs, mainly due to ecotourism and growth of the human population, increases the
potential for spread of MV into susceptible monkey and ape populations and vice
versa.
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