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Chapter 1: General Introduction

Respiratory disease is recognised as a serious health threat to endangered great apes,
habituated, thus accustomed to human presence (Woodford et al. 2002; Homsy 1999;
Hanamura et al. 2008, Kéndgen et al. 2008). Despite this general consensus, the role of
specific causative agents and efficacy of preventive measures are not well understood. To
advance research in this direction, this thesis first investigates the causes of respiratory
disease outbreaks in habituated western lowland gorillas (Gorilla gorilla gorilla), a great ape
subspecies, in the Central African Republic. Second, it investigates the implementation of a
five-day human quarantine as a promising preventive measure in the Tai chimpanzee project
(TCP) in Cbte d’lvoire.

In what follows, this thesis begins by introducing the topic with an overview of great ape
taxonomy and geographic ranges, before turning to details about western lowland gorillas
(Gorilla gorilla gorilla) and western chimpanzees (Pan troglodytes verus), the two subspecies
most relevant for this thesis. Next, it explains the history of great ape habituation and different
aspects of it in greater detail to deliver important background information for the performed
studies. The presentation includes a big picture description of the known costs and benefits of
great ape habituation in order to situate the thesis within overlapping issues of endangered
species conservation, threats to great ape survival, and health at the great ape-human
interface. The particular role of infectious disease within this constellation of issues provides a
framework for grasping the importance of the central topic of anthropogenic respiratory disease
outbreaks in habituated wild great apes.

To further set the stage for the research conducted, the most relevant human
respiratory viruses, those most likely to play a role in outbreak scenarios, are subsequently
introduced. The use of health monitoring and non-invasive detection of causative agents are
also explained for a better understanding of the methods used in chapter 1. Having detailed
the key viruses and detection methods, the possibility of interventions, the situation in captive
settings, and the role of bacteria are presented to provide a more complete picture of the main
topic. Finally, the potential for a One Health approach to great ape health is explained.

Chapter 2 investigates three respiratory disease outbreaks in western lowland gorillas
(and one in the adjacent human population) in the Dzanga Sangha Protected Areas of the
Central African Republic. The research for this chapter was conducted using a field laboratory
for on-site, real-time investigations as well as analyses and results validation at the Robert

Koch Institute in Berlin, Germany.
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Chapter 3 assesses the effectiveness of a measure to reduce the exposure of
chimpanzees to human respiratory viruses. More specifically, it evaluates a five-day human
quarantine at the TCP in Cote d’lvoire.

Chapter 4 discusses the findings of chapters 2 and 3 and puts them into context. It
additionally points out research gaps and suggests directions for future research.

1.1 Great Ape Taxonomy

It is hypothezised that great apes (Hominidae) are a taxonomic family of primates,
containing four genera: Gorilla, Homo, Pan and Pongo (Wilson and Reeder 2005) (see Table
1 for an overview). The Pongo lineage split from the other three lineages roughly 10 million
years ago; the Gorilla lineage split from the other two roughly 5 million years ago; and, finally,
Homo and Pan split about 3 million years ago (Prado-Martinez et al. 2013). Representatives
of the genera Goirilla and Pan can be found in Central, East and West Africa, Pongo in South-
East Asia and Homo worldwide (see Figure 1 below). According to the IUCN Red List of
Threatened Species (http://www.iucnredlist.org/) all species of Hominidae, except for humans,

are classified as either Endangered or Critically Endangered.

Figure 1: Geographical distribution of great ape populations across Indonesia and Africa

Source: J Prado-Martinez et al. Nature 000, 1-5 (2013) doi:10.1038/nature 12228
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Table 1. Overview of great ape taxonomy

Genus Species Subspecies Common name
Homo Homo sapiens Humans
Pan Pan troglodytes Common Chimpanzees
Pan troglodytes ellioti Nigeria—Cameroon
Chimpanzees
Pan troglodytes schweinfurthii Eastern Chimpanzees
Pan troglodytes troglodytes Central Chimpanzees
Pan troglodytes verus Western Chimpanzees
Pan paniscus Bonobos
Gorilla Gorilla beringei Eastern Gorillas
Gorilla beringei graueri Eastern lowland Gorillas
Gorilla beringei beringei Mountain Gorillas
Gorilla gorilla Western Gorillas
Gorilla gorilla diehli Cross river Gorillas
Gorilla gorilla gorilla Western lowland Gorillas
Pongo Pongo abellii Sumatran Orangutans

Pongo pygmaeus

Pongo pygmaeus pygmaeus
Pongo pygmaeus wurmbii

Pongo pygmaeus morio

Most relevant subspecies for this thesis in red

1.1.1 Relevant Subspecies for this Thesis

1.1.1.1 Western lowland gorillas (Gorilla gorilla gorilla)

After Maisels et al., 2016
IUCN Red List Category: Critically Endangered

Geographic range/countries occurrence: Angola; Cameroon; Central African Republic;

Bornean Orangutans
Northwest Bornean
Orangutans

Central Bornean Orangutans

Northeast Bornean Orangutans

Republic of the Congo; Democratic Republic of the Congo; Equatorial Guinea and Gabon
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Population: 150,000-250,000 gorillas in the surveyed areas - the total population size is
currently being re-evaluated. Current population trend: decreasing

Habitat: Swamp and terra firma lowland forests; variety of forest types, including open- and
closed-canopy moist mature, seasonally-inundated, disturbed and secondary (regenerating)
forest

Diet. Fruit, seeds, leaves, stems, bark, shoots, roots, petioles, bracts, vine tendrils,
invertebrates and earth

Group structure: Relatively stable groups composed of 10 individuals, on average, with one

“silverback” adult male, several adult females and their offspring

1.1.1.2 Western chimpanzee (Pan troglodytes verus)

After Humle et al., 2016

IUCN Red List Category: Critically Endangered

Geographic range/countries occurrence: CoOte d'lvoire; Ghana; Guinea; Guinea-Bissau;
Liberia; Mali; Senegal; Sierra Leone; possibly extinct in: Benin; Burkina Faso; Togo
Population: Total population estimate is 18,000-65,000

Habitat: Predominantly dry and moist lowland tropical forests and forest galleries extending
into savannah woodlands

Diet: Omnivorous; diets vary greatly between populations and seasons. Fruit comprises about
half the diet, also leaves, bark, stems, mammals, and insects

Group structure: Communities of ~12 to at least 84 individuals

1.2 Great Ape Habituation
1.2.1 Habituation for Research

Kinji Imanishi, Jun’ichiro Itani and Shunzo Kawamura went to Koshima Island in 1948
to study wild Japanese macaques in their natural habitat (Matsuzawa and McGrew 2008).
They developed new field research techniques in primatology through their long-term
observations of these primates. More specifically, they habituated the animals to human
presence with food provisioning, which gave way to individual recognition and behavioural
observations in close range. Defined as the acceptance of human presence by wild animals
as a neutral element in their environment (Tutin and Fernandez 1991), habituation (albeit
modified today) has become an integral part of primate field studies and is also used for tourism
purposes.

In 1956, the famous paleoanthropologist Louis Leakey sent Rosalie Osborn to Uganda

to habituate mountain gorillas. Although Osborn returned to England after only four months
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(Morell 1995), another researcher, George Schaller began studying mountain gorillas in the
Virunga Mountains in 1959 (Schaller 1963). Only a year later, Leakey sent Jane Goodall to
study the chimpanzees of Gombe in Tanzania. He hired Dian Fossey in 1967 to continue
George Schaller’s work in the Virunga Mountains. And only one year before his death in 1972,
Leakey sent Birute Galdikas to study orangutans in Borneo, Indonesia (Morell 1995). Leakey
coined the term “Trimates” for the three female researchers — Jane Goodall, Dian Fossey and
Birute Galdikas — he sent out to study wild great apes in their natural habitat. Meanwhile, the
Japanese primatologist Toshisada Nishida began studying chimpanzees close to the Gombe
field site in Tanzania in 1962, the same year Vernon and Francis Reynolds set out to study
chimpanzees in Budongo forest, Uganda (Kappeler et al. 2012). In 1973, Takayoshi Kano
established the Wamba field site in the country known today as the Democratic Republic of
the Congo (DRC) to study bonobos (Gruen et al. 2013).

In short, the pioneering work of Imanshi, Itani, Kawamura and their successors paved
the way for many in-depth behavioural studies to come. More recent research includes the
habituation of great apes by primatologists interested in studying their behaviour and more
recently their diseases.

Figure 2: Tourist taking a photo of habituated chimpanzees (photo: Sarah Kim Gritzmacher)
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1.2.2 Habituation for Tourism

While the above-mentioned projects and field sites mainly focused on research, tourists
began visiting mountain gorillas as early as 1955 (Butynski and Kalina 1998). But it was not
until the 1970s that the habituation of eastern lowland and mountain gorillas specifically for
tourism purposes started in earnest (Weber and Vedder 2001). Some of these programs are
among the world’s best-known wildlife experiences available to tourits today.

The first attempts to habituate western gorillas for tourists, however, took place much
later, in the 1990s (Macfie and Williamson 2010). The most convincing reason for this delay is
the greater difficulty in habituating western lowland gorillas, which is possibly due to their
denser habitat, their larger home ranges and longer day ranges, and/or their rather infrequent
vocalisations and previous exposure to hunting (Tutin and Fernandez 1991; Macfie and
Williamson 2010). Similarly, while chimpanzees have been receiving visitors since the 1970s
at research sites like Gombe Stream and Mahale Mountain National Park in Tanzania, only
recently have efforts been made to habituate them specifically for tourists, such as in the
Nyungwe National Park in Rwanda (Macfie and Williamson 2010).

At present, there are no sites that offer tourists the chance to visit bonobos. However,
the World Wide Fund for Nature (WWF) is currently habituating two bonobo communities for
this purpose at the Malebo field site in DRC, in addition to two research sites in the Lomako
Yokokala Faunal Reserve, which are also developing community income-earning activities
associated with visiting researchers (Macfie and Williamson 2010).

For several reasons, including their rather solitary and arboreal lifestyle, orangutan
tourism has historically focused on visiting rehabilitant animals. These animals have lived (and
sometimes been reared) at rescue centres and then released back into the wild or, in some
cases, into controlled habitats. Many rehabilitant tours still use food provisioning on feeding
platforms to attract the oranguntans. Habituated wild orangutans are still rare and tours to visit
them have only been running since the 1980s (Macfie and Williamson 2010).

Early habituation projects tended to use food provisioning as a technique to expedite
great ape habituation. Simply put, food provisioning resembles bribing wild animals into
tolerating the presence of humans. As a byproduct they learn to associate humans with food.
The primary benefit of this association is in substantially speeding up what is an otherwise a
lengthy and demanding habituation process — one that sometimes takes many years of
approaching the animals daily, depending on the species (Wallis and Lee 1999; Williamson
and Feistner 2003; Bertolani and Boesch 2008). Unfortunately, the association of humans with
food also comes at a rather high cost. For one, by essentially luring wild great apes closer to
humans and their settlements, it can cause human-great ape-conflict, such as crop raiding.

Food provisioning also increases the risk for disease transmission (e.g., humans handling the
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food might contaminate food items with pathogens). Furthermore, several studies have come
to recognize that food provisioning alters the natural behaviour (e.g. elevating aggression
levels between conspecifics and towards humans) and social structures of the ape
communities, which is not good for the apes, but also undesirable for behavioural research
(Wrangham 1974; Wallis and Lee 1999; Bertolani and Boesch 2008, Gruen et al. 2013). In
sum, although not used anymore (and never having been used at the field sites of this thesis),
the former practice is of interest because it may have impacted early accounts of suspected
disease transmission from humans to wild great apes and the nature of human-great ape
interfaces. Today, great ape habituation is achieved by consistently following the animals on
a daily basis (without food provisioning and with repeated neutral contacts), which will allow
humans to approach to reasonable viewing distance (10-20 metres) after two to five years
(Williamson and Feistner 2003; Greer and Cipolletta 2006).

1.2.3 Benefits and Costs of Habituation

There are numerous benefits as well as costs of habituating great apes (Macfie and
Williamson 2010). Beginning with the benefits, habituation projects and long-term field studies
(with continuous observation and identification of individuals) contribute considerably to our
understanding of wild great ape behavior. These include our understandings of great ape
aggression, territoriality, social structure and relationships, reproductive strategies,
intelligence, life histories, and demography. Important observations on illness and the
disappearance of individuals also became possible. In some cases, obtained biological
samples paved the way for later disease investigations (Leendertz et al. 2006; Boesch et al.
2008). Beyond the generation and dissemination of knowledge on ape behavior and health,
additional benefits of great ape habituation include increased international awareness and
support, revenue for the protected areas, support from and benefits for local communities,
increased political goodwill, sustainable conservation funding, improved protection through
observer presence and the facilitation of health monitoring (Macfie and Williamson 2010).

The mountain gorillas of the Virungas exemplify the positive outcomes from habituation.
Their population has increased since the 1980s, despite being surrounded by one of the
highest human population densities in Africa and an area that has experienced tremendous
pressure on natural resources through development, war and military activities over the years.
Williamson and Fawcett (2008) argue, that without the attention generated by the Karisoke
Research Center in the Volcanoes National Park, Rwanda, support developed though tourism,
and consequent commitment from the governments, gorillas would perhaps no longer exist in

the Virungas.
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Of course, there are also costs that are suspected to come with habituation. Studies on
this topic point to the intersecting issues of habitat alterations and pollution through
infrastructure development, human-great ape-conflict, greater poaching threat, behavioral
changes, range alterations, reduced reproductive rates due to stress, and heightened disease

risk as potential costs of habituation (Macfie and Williamson 2010).

Some research suggests that the beginning of the habituation process can be
especially stressful for wild great apes. Williamson and Feistner (2003), for instance, argue
that this early stress in itself can have negative effects on great ape social structures by
increasing aggression and vulnerability to disease. Getting the animals accustomed to human
presence also increases their vulnerability to poaching because they are less likely to avoid or
flee human presence (Kalpers et al. 2003; Williamson and Fawcett 2008). However, we know
of very few instances of individuals from habituated ape communities being shot by poachers.
Only a handful of poaching-related deaths are known from mountain gorillas and recently from
western lowland gorillas in CAR. Although habituation can potentiually increase the risk of
poaching through the loss of fear from humans, the protective nature of human observer
presence (e.g., deterring poachers) generally outweighs this risk (Pusey et al. 2007; Kéndgen
et al. 2008; Campbell et al. 2011).

This overview of the costs and benefits of habituation (see Table 2) should make clear
that potential costs of habituation need to be mitigated in order to improve the net gain of great
ape habituation for both people and these endangered animals (Hockings and Humle 2009).
Over the years, many researchers and field sites have contributed immensely to our
understanding of habituation impacts and ways to mitigate negative effects (Macfie and
Williamson 2010). Assessment tools and mitigation strategies for many key points have been
addressed and are integrated in numerous habituation project management schemes.
Generating scientific knowledge on which to base management decisions is an overall
objective of studies such as this thesis. Notably, just as the management of habituation to
mitigate poaching and sustainably protect habitats is evolving, increased disease risk and its
mitigation require additional investigation to inform management decisions. The present study
focuses on the potential cost of habituation through increased risk of disease transmission
from humans to the closely related great apes (Woodford et al. 2002; Leendertz et al. 2006).
However, it should be noted that most great ape projects have already established a set of
preventive measures ranging from keeping a specific distance to the use of surgical masks
and establishment of general hygiene rules. Such preventative measures will be discussed

further in chapter 3.
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Table 2. Overview of potential costs and benefits of great ape habituation

Potential costs of habituation Potential benefits of habituation
e Habitat alterations through infrastructure o Revenue for the protected area
development and pollution e Generation and dissemination of
e Potential for human-great ape-conflict knowledge about great apes
e Increased risk of poaching through loss of fear e Improved protection through
e Reduced reproductive rates through stress observer presence
e Behavioural changes and social disruption e Support from and benefits for local
e Range alterations communities
e Increased disease risk e Increased political goodwill/local
» Heightened susceptibility through and national pride
stress e Increased international awareness
» Elevated risk of disease transmission and support
from humans through increased e Sustainable conservation funding
exposure ¢ Facilitation of (health) monitoring

1.3 Threats to Great Ape Survival

Along with poaching, habitat loss or fragmentation is currently regarded as one of the
leading drivers of great ape population declines. Other stressors including pollution, invasive
competitors, and certain effects of climate change can be of greater or lesser importance,
depending on the circumstances (MacPhee and Greenwood 2013). Infectious disease,
however, has more recently become recognized as a major threat to the survival of
endangered great apes (Wallis and Lee 1999; Woodford et al. 2002; Leendertz et al. 2006;
Gillespie et al. 2008). While some of these diseases are endemic and occur naturally in the
environment, such as Ebola and anthrax-like disease (Leendertz et al. 2004 and 2006, Leroy

et al. 2004), others originate from humans (Leendertz et al. 2006; Kondgen et al. 2008).

1.4 Infectious Diseases of Clinical Relevance in Wild Great Apes

Naturally occurring infections: Chimpanzees have been recognized as a natural
reservoir of simian immunodeficiency virus chimpanzee (SIVcpz) — the origin of human
immunodeficiency virus type 1 (HIV-1). Wild gorillas have also been found to harbour HIV-1
group O-like viruses (Keele et al. 2006; van Heuverswyn et al. 2006). SIV infections in primates
are often considered to be non-pathogenic. Nonetheless, Keele and colleagues (2009)
presented convincing evidence that SIVcpz has a substantial negative impact on the health,
reproduction and lifespan of wild chimpanzees. Similarly, simian T-lymphotropic virus type 1

(STLV-1), which is closely related to human T-lymphotropic virus type 1 (HTLV-1), has a high
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prevalence in some wild chimpanzee communities (Leendertz et al. 2004b), but the
pathogenicity for wild chimpanzees remains unknown.

In contrast, repeated outbreaks of Ebola virus (EBOV) infections in great ape
populations have led to alarming population declines in Central Africa (Walsh et al. 2003, Leroy
et al. 2004). Unfortunately, the reservoir host and epidemiology of EBOV remain elusive.
Additionally, scientific reports suggest that the impact on great apes of yet another endemic
pathogen that causes an anthrax-like disease might be underestimated. The disease is caused
by Bacillus cereus biovar anthracis and has been shown to kill chimpanzees and gorillas in
Central and West Africa (Leendertz et al. 2004 and 2006). Recent research demonstrates, a
wider geographic distribution and suggests a more severe impact on wildlife health than
previously assumed (Antonation et al. 2016).

Another bacterium, a gram-positive bacterium of the Mycobacterium tuberculosis
complex was found in various tissues of a wild chimpanzee (Coscolla et al. 2013). Although
there are many concerns about M. tuberculosis transmission from humans to great apes (Wolf
et al. 2014), the identified strain was distinct from known human strains and is more likely to
be a chimpanzee-specific pathogen or likely originated from another animal source (Coscolla
et al. 2013). For the investigations of this thesis tuberculosis is not further investigated because
outbreaks are expected to present themselves differently (than the cases described in chapter
2), due to the long incubation period of 6-8 weeks.

Moreover, malaria parasites (Plasmodium spp.) widely infect great apes, yet the effects
of these infections on the apes remain largely unknown (DeNys et al. 2013). A number of
parasitic helminths also infect wild great ape populations; however, systematic studies on their

occurrence, impact and transmission are scarce (Metzger 2015).

1.5 Anthropogenic Disease in Wild Great Apes

Disease transmission from humans to wild great apes has been suspected and
anecdotally reported since the 1960s (Wallis and Lee 1999). These reports include parasitic,
bacterial and viral infectious agent transmission. Parasites include Giardia spp. (Graczyk et al.
2002; Sak et al. 2013), Cryptosporidium sp. (Nizeyi et al. 1999), Sarcoptes scabiei (Wallis and
Lee 1999; Graczyk et al. 2001; Kalema-Zikusoka et al. 2002), and helminth transmission such
as Necator hookworms found in both humans and great apes in the Central African Republic
(Hasegawa et al. 2014). But the direction of transmission remains unknown. Necator
americanus was previously reported as the possible cause of death for a gorilla in the

Volcanoes National Park (Fossey 1983).
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The occurrence of bacterial disease transmission between humans and wild great apes
has also been evidenced. One exemplary study demonstrated this link by looking at genetic
similarity of Escherichia coli in gorilla populations and humans with varying degrees of habitat
overlap (Rwego et al. 2008). On a slightly different note, human-associated lineages of
Staphylococcus aureus have been found in sanctuary chimpanzees. This could become of
concern for the wild populations, if these animals or ones with undiagnosed infections were
released back into the wild where the bacteria could be transmitted (Schaumburg et al. 2012).

As for viruses, studies from different sites suggest anthropogenic origin. For example,
polio-like disease was observed in wild chimpanzees in Gombe, Tanzania and Beni, DRC with
identical symptoms to those observed in humans and at a time when the disease was
widespread in the human population (Goodall 1983; Wallis and Lee 1999). The disease,
however, was never formally diagnosed in the chimpanzees. The same holds true for at least
seven respiratory disease outbreaks in the Gombe chimpanzees between 1968 and 2002 that
are associated with fatalities of up to nine individuals (Lonsdorf et al. 2006). Furthermore,
measles virus infection was suspected as a causative agent of an outbreak with six fatalities
in a group of mountain gorillas in Rwanda in 1988 (Sholley and Hastings 1989; Byers and
Hastings 1991; Wallis and Lee 1999).

1.6 Respiratory Disease Outbreaks in Habituated Wild Great Apes

Among the diseases affecting habituated wild great apes, respiratory disease (RD) is
the most common cause of morbidity and mortality (Woodford et al. 2002; Homsy 1999;
Hanamura et al. 2008; Kondgen et al. 2008). Since the 1960s, anecdotal reports of RD
outbreaks in habituated wild great apes have accumulated with numerous causative agents
suspected, including influenza and measles. In addition to the previously mentioned outbreaks
in Gombe between 1968 and 2002, in 1993 a RD killed at least 11 chimpanzees in the Mahale
Mountains National Park, Tanzania (Hosaka 1995). Another outbreak struck the following year
and in 2006 yet another flu-like disease killed up to 12 chimpanzees in the same population
(Hosaka 1995; Hanamura et al. 2008). In addition to the outbreaks in these eastern
chimpanzee field sites, western field sites were also affected. In Bossou, Guinea, RD struck a
group of habituated chimpanzees in 1992 and again in 2003 (Humle et al. 2011). Similarly,
three chimpanzee groups experienced a total of six outbreaks between 1999 and 2006 in Céte
d'lvoire’s Tai National Park.

Chimpanzees are far from the only species affected by RDs. In a wild bonobo
population at Wamba, DRC, two epidemics of a flu-like disease, occurred in 2003 and 2008,

respectively (Sakamaki et al. 2009). RD affected the gorilla population at the Karisoke field site
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within Rwanda’s Volcanoes National Park (including the suspected measles transmission,
mentioned above). In a review of Karisoke's records from 1981 through 1987, RD was the
leading illness — accounting for 10.4% of the 356 cases recorded (Foster 1993). Similarly,
Williams et al. (2008) confirm the significance of disease as the most important cause of death
(58% of deaths with known causes) for Gombe’s chimpanzees and RD as the most common
kind of disease. These findings are further supported by Boesch (2008) for the Tai chimpanzee
communities.

For most of the above-mentioned RD outbreaks no attempts were made to identify the
causative agents. Such identification is crucial to link the observed disease to a potential
human origin, to develop effective prevention strategies, and to possibly engage in
intervention. In 2008, Kaur and colleagues and Kondgen and colleagues separately published
evidence for human paramyxoviruses as causative agents of RD outbreaks in habituated wild
chimpanzees in Mahale and Tai National Park, respectively. Kaur et al. (2008) found structures
resembling paramyxoviruses in the faeces of sick chimpanzees via electron microscopy from
two different outbreaks; and additionally, a partial sequence from RNA polymerase (L)
amplicon of human metapneumovirus (HMPV) in faeces from one of the outbreaks. Kéndgen
et al. (2008 and 2010) detected either HMPV or human respiratory syncytial virus (HRSV),
another common human paramyxovirus, in tissue or faecal samples from four out of five
outbreaks in Tai National Park.

Both studies used phylogenetic analyses to support the assumption of human
transmission. And indeed, sequences clustered firmly with known human strains in all cases,
suggesting recent transmission events. Kéndgen et al. (2008) also found bacteria in the lung
tissue of deceased chimpanzees, including Streptococcus pneumoniae and Pasteurella
multocida. In 2011, Palacios et al. added to the growing body of evidence by publishing findings
from a RD outbreak in mountain gorillas in Virunga National Park. They too found HMPV
closely related to human strains as well as Streptococcus pneumoniae and Klebsiella
pneumoniae in tissue samples and swabs.

The fact that only paramyxoviruses and opportunistic respiratory bacteria have been
found in RD outbreaks in habituated wild great apes thus far could be due to the fact that only
a few reports have been published. By contast, it is known from captive populations that great
apes are susceptible to a wide range of human respiratory pathogens, which is not surprising

given our close genetic relationship.
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1.7 Human Respiratory Viruses of Potential Relevance for Great Apes

1.7.1 Paramyxoviruses

1.7.1.1 Human Metapneumovirus

First described in 2001, human metapneumovirus (HMPV) is an enveloped, negative-
sense, single-stranded RNA virus of the family Paramyxoviridae. In adults, HMPV usually
causes mild upper respiratory tract infection, but in children HMPV can lead to severe
pneumonia and bronchiolitis. The virus circulates worldwide along seasonal patterns,
especially in the temperate zones. In adults, illness is generally mild or frequently even
asymptomatic (Falsey 2008). HMPV has an incubation period of four to six days (Lessler et al.
2009) and is transmitted via droplets or fomites. It has been shown to cause respiratory disease
in captive and wild great apes. In fact, it is one of the two human respiratory viruses ever
identified during respiratory disease outbreaks in wild great apes, with drastic morbidity and
considerable mortality (Skiadopoulos 2004; Kaur et al. 2008; Kéndgen et al. 2008; Palacios et
al. 2011).

1.7.1.2 Human Respiratory Syncycial Virus (HRSV)

Just like the closely related and in most aspects similar HMPV, human respiratory
syncytial virus (HRSV) is an enveloped, negative-sense, single-stranded RNA virus of the
family Paramyxoviridae. HRSV was originally isolated from a captive chimpanzee with
respiratory disease and thus initially named the ‘chimpanzee coryza agent’ (CCA virus) (Morris
et al. 1956). Shortly after, an antigenically identical virus strain was isolated from two children
and ‘CCA virus’ was renamed ‘HRSV’ (Chanock et al. 1957). HRSV is a common respiratory
pathogen in humans, the leading cause of lower respiratory disease in children and is known
to circulate worldwide (Weber et al. 1998). It has an incubation period of three to seven days
(Lessler et al. 2009) and is transmitted, like HMPV, via droplets or fomites. In natural settings,
it is the second of the two causative viral agents identified in respiratory disease outbreaks in
wild great apes (Kondgen et al. 2008). Although paramyxoviruses can cause severe
respiratory disease on their own, they also predispose the host to secondary bacterial infection,
which can lead to an even more drastic outcome (Hament et al. 2005; Chi et al. 2007; Kéndgen
et al. 2008; Szentiks et al. 2009; Unwin et al. 2013).

1.7.1.3 Canine Distemper Virus

Canine distemper virus (CDV) of the family Paramyxoviridae, genus Morbillivirus, is an

13



Chapter 1: General Introduction

enveloped, single-stranded highly contagious RNA virus infecting a broad range of carnivorous
species including dogs, wolves, jackals, foxes, mongooses, badgers, skunks, minks, and
ferrets and occasionally also bears, lesser pandas, and giant pandas. The host range recently
expanded to non-human primates (NHP). Large outbreaks in NHP breeding facilities have
been reported from China and Japan. Infected NHP displayed measles-like symptoms,

including respiratory disease (Sakai et al. 2013; Qiu et al. 2011).

1.7.1.4 Measles Virus

Measles virus (MeV) is an enveloped, negative-sense, single-stranded RNA virus of
the family Paramyxoviridae, genus Morbillivirus. Measles is a highly contagious airborne
disease, which typically causes upper respiratory tract disease and skin rash, but can also lead
to severe complications including encephalitis, blindness, severe diarrhoea and related
dehydration, pneumonia and death. MeV is considered to be a human virus, however, NHP
have been infected in laboratory and natural settings (Brack 1987; Griffin and Oldstone 2009;
Lemon et al. 2011). As mentioned above, evidence suggests that a 1988 respiratory disease
outbreak in habituated wild mountain gorillas in the Virunga Volcanoes, Rwanda was caused
by MeV. However, this is purely based on serological and pathological findings; the causative

agent was never identified (Sholley and Hastings 1989; Byers and Hastings 1991).

1.7.1.5 Parainfluenza Virus

Human parainfluenza virus (HPIV) is an enveloped, negative-sense, single-stranded
RNA virus of the family Paramyxoviridae, which generally causes upper and lower respiratory
infections in humans. HPIV are divided into two genera: Respirovirus (HPIV-1 and HPIV-3)
and Rubulavirus (HPIV-2 and HPIV-4). Following HRSV, HPIV infections are the second most
common cause of lower respiratory disease in children. Infections can also cause bronchiolitis,
and pneumonia (Henrickson 2003). Humans are the predominant host of HPIV and although
many other animals can get infected, almost all infections remain asymptomatic in most
species. Marked respiratory pathology was only noted in several rodent species. Many non-
human primates (NHP) have also been asymptomatically infected with HPIV-3 or HPIV-4,
including chimpanzees, only marmosets have developed symptomatic upper respiratory
infections with HPIV-3 (Hawthorne et al. 1982; Spriggs et al. 1988; Komada et al. 1989; van
Wyke et al. 1990; Sasaki et al. 2013). However, HPIV-3 can predispose chimpanzees to
invasive pneumococcal infections (Jones et al. 1984). Despite the apparent low pathogenicity
for most NHP, serological evidence supports the susceptibility and exposure of great apes to
HPIV (Kilbourn et al. 2003; Kooriyama et al. 2013; Lonsdorf et al. 2014).
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1.7.2 Picornaviruses

Entero viruses (EV) are non-enveloped, positive-sense, single-stranded, RNA
members of the family Picornaviridae that infect various mammals, including humans, and
NHP. EV comprise one of 12 genera in this family and contain three rhinovirus (RV) species.
The overall 28 species contain also the coxsackie virus serotypes (Tapparel et al. 2013), some
of which can cause respiratory disease. EV are among the most common human viruses, with
high rates of subclinical infections. Yet, they can be the cause of several, partially severe
diseases and syndromes, such as acute hemorrhagic conjunctivitis, aseptic meningitis, acute
flaccid paralysis, myopericarditis, hand-foot-and-mouth disease and respiratory disease
(Palacios and Oberste 2005). Harvala et al. (2014) showed that EV are co-circulating in human
and great ape populations; some of which are shared virus types and some genetically
divergent EV variants. Due to a lack of reported health information on the investigated NHP
populations, however, the pathogenicity of detected EV remains unknown. Despite the low
pathogenicity of most EV types, EV have been identified as the causative agents of respiratory

disease with fatal outcomes in captive apes (Kelly et al. 1977; Nielsen et al. 2012).

1.7.3 Influenza Viruses

Among the members of the enveloped, single-stranded RNA viruses of the
Orthomyxoviridae family, Influenza virus A, Influenza virus B are the most relevant genera,
causing respiratory illness in humans, often referred to as ‘flu’. Even though ‘flu-like disease’
has been repeatedly reported, flu (as caused by influenza viruses) has not yet been detected
in wild great apes. In fact, compared with humans, the other great apes show marked
differences in the structure of their cell surface sialic acids, which play an important role for
influenza virus susceptibility, as these viruses are highly receptor specific (Olofsson et al.
2005). However, studies show that apes in captivity have had exposure to influenza viruses
by antibody detection (Kalter and Heberling 1978; Kooriyama et al. 2013; Buitendijk et al.
2014), but are generally believed to be poor animal models for influenza research as they are
relatively resistant to experimental exposure to human influenza viruses (Gagneux et al. 2003;
Olofsson et al. 2005).

1.7.4 Adenoviruses

Adenoviruses (AdV) are non-enveloped double-stranded DNA viruses. AdV broadly
infect humans as well as wild and captive non-human primates (NHP) and have been shown
to be carried naturally by most great apes, wherein each genus carries their own AdV (Roy et
al. 2009; Wevers et al. 2011; Hoppe et al. 2015). Even though AdV infections can lead to

conjunctivitis, kerato-conjunctivitis, acute respiratory disease, and gastroenteritis in humans
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and other primates, most infections remain subclinical (Chiu et al. 2013; Pauly et al. 2014).
Despite their ability to switch between primate hosts, there is little direct evidence for

transmission of human AdVs to great apes (Wevers et al. 2011).

1.7.5 Coronaviruses

Coronaviruses (CoV) are enveloped, positive-sense single-stranded RNA viruses. CoV
infect a broad range of vertebrates, including primates. Infections generally result in gastro-
intestinal or respiratory infections (Su et al. 2016). Human infecting CoV include the severe
acute respiratory syndrome coronavirus (SARS-CoV) and the more recently discovered Middle
East respiratory syndrome coronavirus (MERS-CoV). Aside from their involvement in severe
lower respiratory tract infections, CoV are more frequently a cause of the common cold —
causing 7—18% of upper respiratory infections in human adults (Heikkinen and Jarvinen 2003).
Animal models have shown that NHP can become infected with SARS-CoV (Fouchier et al.
2003; McAuliffe et al. 2004; Greenough et al. 2005). Furthermore, CoV-like particles have been
observed by electron microscopy in faeces of several NHP species, including chimpanzees

(Smith et al. 1982, Wang et al. 2007). However, they were not characterized further.

1.7.6 Human Bocavirus

Human bocavirus (HBoV) is a linear, non-segmented single-stranded DNA virus of the
Parvoviridae family. It was discovered in 2005 and has been associated with respiratory illness
and gastro-enteritis in infants and young children (Kesebir et al. 2006). Because of its
persistence and frequent co-detection with other viruses, however, the role of HBoV as an
emerging human disease remains controversial (Meriluoto et al. 2012). HBoV-like viruses have
been detected in wild chimpanzees and gorillas. Serological evidence suggests that gorilla and
chimpanzee homologues of human parvoviruses circulate extensively among wild ape
populations, with particularly high rates of exposure to HBoV-like viruses in chimpanzees
(Sharp et al. 2010). Whether the viruses cause clinical disease remains unknown. In contrast,
in a captive setting in the United States, evidence indicates the involvement of a novel
parvovirus, provisionally named Gorilla Bocavirus species 1 (GBoV1) in acute enteritis of
gorillas (Kapoor et al. 2010). In the research of this dissertation, bocaviruses were not tested
because of the unclear etiological role of HBoV in respiratory disease in humans as well as
the high prevalence of HBoV-like viruses in wild great apes. Including HBoV in future studies

might help to elucidate its potential role or the lack thereof.
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1.8 Bacterial Infections

Respiratory infections primarily caused by bacteria (e.g., Mycobycterium tuberculosis,
Streptococcus pneumoniae, Klebsiella pneumoniae, Bordetella bronchiseptica, Haemophilus
influenzae) frequently occur in non-human primates. However, Investigations in the wild have
not yet found such infections without a respiratory virus coinfection. The exception is a single
instance where a gram-positive bacterium of the Mycobacterium tuberculosis complex was
found in various tissues of a chimpanzee that likely died from a different cause. Due to
methodological limitations, bacterial infections were not investigated in this thesis.
Consequently, the investigations focus on viral infections.

Exact pathogen-pathogen-host interactions in coinfections are not fully understood in
many cases. In some coinfections respiratory viruses pave the way for secondary bacterial
infections, which, in turn, can influence the severity and outcome of the disease (Franz et al.
2010). Although this narrative may not hold true for all coinfections, an interaction relevant to
previous findings in wild great apes (between S. pneumoniae and HRSV) has shown that
pneumococcal adherence to epithelial cells is enhanced by a preceding HRSV infection, likely
through the expression of glycoproteins on the infected cell. HRSV also acts as a direct
coupling particle between bacteria and uninfected epithelial cells, thereby enhancing the
invasiveness of pneumococci (Hament et al. 2005). In HRSV coinfections in humans, S.
pneumoniae represents the second most common bacterial coinfection after Haemophilus
influenzae (Hishiki et al. 2011).

To date, a combination of a human paramyxovirus and S. pneumoniae is found in
almost all previously reported lethal cases from great ape RD outbreaks (Kondgen et al. 2008;
Szentiks et al. 2009; Palacios et al. 2011; Unwin et al. 2013). In isolated cases Pasteurella
multocida or Klebsiella pneumoniae were also detected (Kdndgen et al. 2011; Palacios et al.
2011). Further investigtatios into the role of viral-bacterial coinfection in great ape RD

outbreaks are still needed to better understand these processes.

1.9 Health Monitoring and Non-Invasive Detection of Causative Agents

The growing body of evidence of disease transmission between humans and great
apes demonstrates the necessity of effective health monitoring and disease control in great
ape habituation programs (Leendertz et al. 2006). One of the challenges, however, is a lack of
baseline data on pathogen occurrences necessary to link observed disease to detected
pathogens. This can be particularly difficult if no mortality occurs during a given outbreak and
no pathological investigations can be performed as a result. The alternative of collecting

samples invasively by anesthetizing the animals is dangerous for both the apes as well as the
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humans and poses an additional risk when the animals are sick. Therefore, non-invasive
monitoring techniques are preferable and sometimes the only option.

Luckily, many pathogens, including parasites, bacteria and viruses can be found in the
faeces, urine and saliva of wild great apes (Krief et al. 2005; Kaur et al. 2008; Kéndgen et al.
2010). Even respiratory viruses can be detected in faeces with molecular methods and
phylogenetically characterized. That said, sample collection in the field requires a minimum of
infrastructure to obtain and preserve samples adequately and therefore poses additional
obstacles to the detection of causative agents. This is especially true when working with RNA
viruses, which are particularly unstable. The IUCN Best Practice Guidelines for Health
Monitoring and Disease Control in Great Ape Populations by Gilardi et al. (2015) summarizes
recommendations for disease prevention, health monitoring, disease surveillance, and health

interventions, based on current scientific knowledge.

1.10 Intervention

Veterinary interventions in wildlife are controversial, especially in national parks where
animals are left to live natural lives — where the ethos is that nature should take its course.
Under certain circumstances, however, interventions are considered. These include scenarios
such as anthropogenic causes and/or an immediate threat to the survival of an endangered
population. Interventions can range from antibiotic medication or vaccination via blowpipe to
treatment under anaesthesia. Ryan et al. (2012) investigated the consequences of non-
intervention for infectious disease in African great apes and predicted a recovery time from a
single outbreak for a specific gorilla population to be up to 131 years. Despite these projections,
any intervention comes with a certain risk of injury and should be carefully considered (Gruen
et al. 2013; Lonsdorf et al. 2014).

1.11 Respiratory Disease Outbreaks in Captive Settings

Apart from intentional infections in laboratories and outbreaks in natural settings, great
apes also experience respiratory disease outbreaks in captive settings such as zoos and
rescue centres (Szentiks et al. 2009; Nielsen et al. 2012; Unwin et al. 2013; Slater et al. 2014).
The incidence of these outbreaks is likely much higher than what is published in the scientific
literature. Given the frequent and close contact with humans in these settings, the frequency
with which these outbreaks are even reported seems to be relatively low. The reports that do
exist and that identify causative agents are, again, cases caused by a human paramyxovirus,

often in combination with Streptococcus pneumoniae. In one case, an EV was likely the cause

18



Chapter 1: General Introduction

of a RD outbreak during which one chimpanzee died (Nielsen et al. 2012).

1.12 One Health Approach to Great Ape Health

Robert Virchow, a German physician, anthropologist, biologist, and pathologist of the
19th century was among the first to claim that there is no dividing line between animal and
human medicine, nor should there be (Kahn et al. 2006). Notably, one of Virchow’s students,
Sir William Osler, coined the term “One Medicine” (Cardiff et al. 2008; Saunders 1987). A
similar understanding of the global interdependency of human, animal and ecosystem health
returned to prominence in the second half of the 20th century. This revival of more holistic
approaches to (public/global) health problems was mostly due to a growing number of
prominent examples of zoonotic emerging diseases of public interest, such as HIV, Ebola and
SARS. During an expert consultation in Winnipeg, Canada in 2009, a strategic framework for
reducing risks of infectious diseases at the animal-human-ecosystem interfaces further
evolved under protected term “One World One Health™” (a registered trademark of the Wildlife
Conservation Society). Currently, this perspective is commonly referred to as “One Health” or
“Global Health”.

One Health is an approach that focuses on health at the levels of the individual,
population, and ecosystem (Conrad et al. 2009). Because great apes are genetically so closely
related to humans, the interconnectedness of our health does not seem surprising. With an
increasing frequency in the occurrence of emerging infectious diseases on a global level, of
which a majority stem from animals (mostly wildlife) and predominantly from biodiversity
hotspots (Jones et al. 2008), wild great apes can serve as sentinels for human health

(Calvignac-Spencer et al. 2012).

1.13 Field Sites

Field site of chapter 1: The Dzanga-Sangha Protected Areas (DSPA) are situated in
the north-western Congo Basin, in the Central African Republic (CAR). The areas are
comprised of the Dzanga-Sangha Forest Reserve, which connects the two units of the
Dzanga-Ndoki National Park (a map is included in chapter 1). Together with Lobéké National
Park in Cameroon and Nouabalé-Ndoki National Park in the Republic of Congo, it became a
World Heritage Site by UNESCO in 2012. The Dzanga Sangha Project, a partnership between
the CAR national government and the World Wide Fund for Nature (WWF), manages the
complex. As part of the WWF long-term habituation project for research and tourism, two
groups of western lowland gorillas have been fully habituated and another two groups are still

undergoing habituation.
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Field site of chapter 2: The Tai Chimpanzee Project (TCP), located in Tai National
Park in Cbte d’lvoire (see Figure 3), was founded by Christophe and Hedwidge Boesch in
1979. The Max-Planck Institute for Evolutionary Anthropology in Leipzig, Germany manages
the TCP. The habituation program is for research only. Currently, three habituated
neighbouring communities of western chimpanzees are being followed, with a total of nearly
100 individuals.

Figure 3: Map of Tai National Park in Céte d’lvoire

Céte d’lvoire in dark blue; enlargement shows the location of Tai National Park in dark grey;

map: Constanze Hoffmann

1.14 Outline of the Thesis

Anthropogenic infectious disease is a substantial health concern for wild great apes,

especially those in close proximity to humans (Wallis and Lee 1999; Woodford et al. 2002;
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Leendertz et al. 2006; Kondgen et al. 2008). Respiratory Disease (RD) has been identified as
a particular threat. The assumption of RD pathogen transmission from humans to habituated
wild great apes is mostly based on the characterization and phylogenetic analyses that have
been performed in some instances (Kaur et al. 2008; Kondgen et al. 2008; Palacios et al.
2011). Direct evidence of human infection with the same pathogen has never been achieved.
Therefore, the overall objectives of this thesis are to identify and characterize selected viruses
involved in RD outbreaks in wild habituated great apes and humans simultaneously, to add to
the growing body of evidence demonstrating the anthropogenic origin of RD outbreaks, and to
assess human quarantine and on-site, real-time testing with a field laboratory as preventive

measures.

The specific aims of this study are:

1) Identifying and characterizing selected viruses in habituated Western lowland
gorillas during a RD outbreak in the Dzanga-Sangha Protected Areas, Central African

Republic.

2) Identifying and characterizing selected viruses in humans during a RD outbreak in

the Dzanga-Sangha Protected Areas, Central African Republic.
3) Assessing on-site, real-time outbreak investigations with a field laboratory.

4) Systematic testing of humans visiting or working at Tai chimpanzee project, Cote

d’lvoire for the shedding of selected respiratory viruses.

5) Assessing the potential of a human quarantine as a preventive measure.
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Chapter 4: General Discussion

Respiratory disease (RD) outbreaks are a threat to the wellbeing and survival of
habituated wild great apes, and thus an important ethical concern (Wallis and Lee 1999;
Woodford et al. 2002; Leendertz et al. 2006; Kondgen et al. 2008; Gruen et al. 2013). Several
studies have convincingly argued that the respiratory viruses causing these outbreaks are of
human origin (Kaur et al. 2008; Kéndgen et al. 2008; Palacios et al. 2011). Moreover, the
viruses cluster firmly within known human strains in phylogenetic trees. These findings are in
line with those from studies conducted in captive settings where the causative agents of
respiratory disease outbreaks were identified (Szentiks et al. 2009; Nielsen et al. 2012; Unwin
et al. 2013; Slater et al. 2014). In further support, Szentiks et al. (2009) were able to detect the
same virus, human respiratory syncycial virus (HRSV), in a zookeeper who had contact with
the respective apes. Still, the direction of transmission remains difficult to determine when the
same pathogen is simultaneously found in two hosts.

Human paramyxovirus infections are typically self-limiting and not believed to reach
carrier status despite some studies showing that they might persist over prolonged periods of
time in various cells and tissues (Gomez 2012; Piedimonte 2013; Fonseca et al. 2015).
Especially in (physically) controlled captive populations of generally less than 30 individuals
(such as in zoos) persistence within the population seems unlikely. In the wild, however, the
situation is different.

Wild great ape groups/communities can have contact with each other through inter-
group encounters and aggression, fission-fusion, and migrating males or dispersing females
(Nunn et al. 2008). They can also have contact with other primates through hunting, sharing
the same food sources, or simply occupying the same habitat. Furthermore, they share their
habitat with other wildlife, including birds, bats and rodents. Some of these other wildlife
species are known hosts of certain pathogens closely related to human respiratory pathogens,
such as influenza or SARS (Li et al. 2005; Olsen et al. 2006; Tong et al. 2012). With these
direct and indirect points of contact among great ape groups, it cannot be ruled out that a RD
could come from a wild great ape population or come from other wildlife to great apes and,
then, continues to spread to humans. But to my knowledge, no direct evidence exists for this
scenario. On the contrary, the existing literature demonstrates the close phylogenetic
relationship between viruses found in apes during outbreaks and closely related human
respiratory viruses circulating globally in people (Kaur et al. 2008; Kéndgen et al. 2008;
Palacios et al. 2011).

Taken together, there is strong evidence for anthropogenic transmission, but the
possibility of closely related viruses circulating in great ape populations remains, as seen in

enteroviruses (Harvala et al. 2014). The simultaneous detection of identical viruses in both
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humans and apes during the same outbreak, as outlined in chapter 2, has been a missing link
in the chain of evidence. The findings presented in chapter 2 support the suspected
interspecies transmission of respiratory pathogens between humans and wild great apes, while
the fact that symptoms were first observed in humans, points towards the direction of
transmission being from human to ape.

The fact that viruses were identified that can explain the clinical symptoms does not
mean that there were no other factors contributing to the scenario. Underlying causes —
impaired inmmune systems due to other infections (with retro viruses, for instance), stress,
pollution, and so forth — were not investigated in this thesis. The same is true for coinfections
with bacteria or other viruses outside the selected panel, fungal infections and parasites.

This may have led to biased findings because the selection of viruses was based on
the existing literature. This means that (co)infections with viruses outside the panel could not
have been detected. Yet, it is likely that wild great apes can become infected with various
pathogens, from those circulating among great apes, some of which might still be unknown, or
from those of human origin that have simply not been detected in RD outbreak investigations
thus far.

The chapter 3 investigation detected only one case of HRSV infection. The causes of
the symptoms expressed by the remaining 17 symptomatic subjects were not determined.
Because the investigation focused only on selected viruses, the reason for non-detection could
be that the causes were non-viral — that the subjects suffered from bacterial (e.g. infection with
M. tuberculosis), fungal, allergic, or other non-viral causes. However, this is not nessecarily
relevant for the overall conclusion given the fact that the subjects showed symptoms of
something that could have been transmissible and were subsequently prevented from visiting
the apes. Whatever they might have suffered from was not carried into the forest at a time
when the risk was high that they might have physically spread it through their symptoms
(coughing, sneezing etc.). Therefore, the important finding of this particular study is not the
single HRSV infection, but that quarantine in combination with health observation prevented
exposure of the chimpanzees to potentially infectious humans.

The first study (see chapter 2) found several human pathogens (HRSV, HMPV, RV and
EV) brought to a great ape habituation site, while the second study (see chapter 3) only
detected one respiratory pathogen (HRSV). Importantly, though, the two studies are not
directly comparable. The samples in the first study were collected opportunistically during
respiratory disease outbreaks in the gorilla groups and, during one of these outbreaks, in the
human population living in close proximity to the project base in the Dzanga Sangha Protected
Areas (DSPA). Samples were collected from all subjects who could potentially enter the great

ape habitat and their family members (if the latter showed signs of respiratory illness including
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cough, runny nose, sneezing, or sore throat). The samples in the second study were
systematically collected over a period of one year from all subjects who entered the Tai
Chimpanzee Project (TCP) and thereby quarantine. In addition, these samples were taken at
the end of quarantine or when a subject fell ill.

Just as the two study designs differ, the projects differ in various ways. Notably, DSPA
is more isolated, located in the southeast corner of the Central African Republic (CAR),
whereas TCP is located close to the border with Liberia in east Cote d’lvoire. Another
distinction is that CAR has a gross domestic product per capita of $359 as opposed to Céte
d’lvoire’s $3,506 (International Monetary Fund’s 2014 report). This economic disparity is
reflected by the availability and quality of health care facilities close to the respective sites.
TCP is near to Tai village, which has a small hospital, whereas Bayanga has a small health
care facility without doctors. Due to the economic and infrastructural advantages in Cote
d’lvoire, one can assume the overall health of the human population to be better.

Also of relevance to the human health disparaties at the two sites is the indigenous, a
part of the local human population are BaAka pygmy indigenous peoples, in DSPA. The BaAka
are former hunter-gatherers who, for decades, have been mostly displaced from living in
traditional ways in the forest. Evidence indicates that loss of land and other natural resources,
traditional livelihoods, culture and knowledge leads to systematically worse Indigenous health
in many respects than that of the majority populations (Ohenjo et al. 2006). To conclude, in
addition to the differences in study design, the overall health disparitities between the local
human populations might be a factor that could contribute to the findings of several human
respiratory pathogens in DSPA and only one at TCP.

Despite these differences, the knowledge gained from both studies can be used
additively to prevent anthropogenic respiratory disease outbreaks in habituated wild great
apes. The field laboratory described in chapter 2 (the first study) was not part of a preventive
program but used for on-site, real-time disease outbreak investigations. However, field labs
can also be used as a preventive tool when combined with the insights from the second study.
The quarantine system, investigated in chapter 3 (the second study), was effective in
identifying subjects who would otherwise have fallen ill in the field and preventing them from
entering the great ape habitat. Thus, it was effective in reducing potential ape exposure to
human pathogens. Although very time and labour intensive, the quarantine system can be
used in combination with the field laboratory to improve the efficacy of preventive programs.
For example, subjects entering quarantine can be tested for shedding of respiratory viruses on
the first and last day of quarantine. This allows the identification of subjects shedding relevant
viruses asymptomatically or prior to symptom onset. Of course, this approach can be difficult

at tourism sites or those sites that have both research and tourism, such as DSPA. Tourists
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are unlikely willing to spend several days of their vacation in social isolation, waiting to clear
quarantine to see the great apes. In this case, a field laboratory could be used to an alternative
advantage: tourists could be swabbed and tested one day and visit the apes the next day
because the chances are slim that they would start shedding a relevant virus asymptomatically
one day after having been tested. Therefore, one-time testing of subjects who intend to visit
the apes for only a few hours already provides improved protection (if it is used in addition to
standard preventive measures including controlled health status and health monitoring,
general hygiene, limited visitor numbers and limited time spent in the presence of the apes).

In all reported lethal respiratory disease outbreaks in which bacterial infections were
investigated, Streptococcus pneumoniae (also referred to as pneumococcus) was found; in
addition to Pasteurella multocida or Klebsiella pneumoniae in some instances (Kéndgen et al.
2008; Palacios et al. 2011). However, all of the outbreaks investigated in chapter 2 were non-
lethal. As a result, no necropsies were performed from which lung tissue samples could have
been obtained for investigation. Following the logic that disease outbreaks in wild great apes
need to be investigated non-invasively because performing anaesthesia to obtain biological
samples comes with great risks for humans and the apes, pathogen investigations were
performed using faecal samples. Kondgen et al. (2010) have shown that faecal samples
collected during RD outbreaks can be used for diagnostic and phylogenetic analyses of HRSV
and HMPV. Respiratory bacteria can also be detected in faecal samples, but the interpretation
of findings is more difficult. Because current molecular methods cannot reliably distinguish
between S. pneumoniae and certain commensals of the throat, nasopharynx, and mouth, such
as members of the S. mitis group, it is difficult to investigate bacterial infections non-invasively.
Even with these limitations in mind, it can be suspected that bacterial infections play an
important role in the development and outcome of respiratory disease outbreaks in habituated
wild great apes. Whether the bacteria, like the viruses, have been transmitted from humans,
however, remains unclear (Chi et al. 2007; Kéndgen et al. 2011). Importantly, a simultaneous
or independent transmission of pathogenic human bacteria would have different ramifications
than that of viruses alone. Infections with respiratory viruses are generally believed to be self-
limiting. In contrast to respiratory viruses, respiratory bacteria including S. pneumoniae can
infect their hosts over long periods of time, and thus hosts can reach carrier-status. As a result,
if human bacteria are transmitted to wild great apes, then the bacteria can become established
within the ape population and ultimately lead to more severe outcomes when the animals are
subsequently infected with respiratory viruses.

Despite this worrisome scenario, as opposed to viral infections bacterial infections can
be treated with antibiotics (if the resistance situation allows) via blowpipe delivery in the case

of wild great apes. Even though this does not help cure a viral infection, stopping bacterial
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coinfection might prevent more severe forms of respiratory illness. Additionally, infection with
certain pathogenic serotypes of S. pneumoniae can be prevented with available vaccines. This
is not only an option for the great apes, but should also be considered for human health
programs in the respective regions as part of a One Health approach.

On a similar note, some lessons learned in human history may provide a cautionary
tale for approaching wild great apes. In terms of vulnerability to introduced diseases, there is
a striking analogy between the position of wild great apes and that of indigenous peoples in
South America when European settlers arrived, not to mention today’s ‘uncontacted people’
(indigenous peoples living in voluntary isolation). The latter people too often experience
devastating outbreaks of infectious diseases when first contacted. Preventive health programs
are in place in certain regions, some of which involve health care for surrounding populations
(Napolitano 2007). A closer look at some of the lessons learned in these programs could be
used to benefit and inform great ape habituation programs.

Even though this thesis, as well as a majority of the current literature, claims to
investigate (respiratory) disease in great apes, this most often refers to African great apes.
Asian great apes are frequently left out of the picture. Curiously, although orangutans are part
of the Hominidae family, strikingly little is known about similar occurrences in orangutans.
Orangutans are quite distinct from their African relatives in many ways and are mostly arboreal
and semi-solitary in the wild (Ghiglieri 1987). Disease models predict that orangutans are less
susceptible to the spread of disease due to their lower level of gregariousness compared to
chimpanzees (Carne et al. 2014). But in captive situations, including rescue centres, direct and
indirect contact rates increase drastically. Additionally, not enough is known about these
dynamics in the wild. In the wild, many disease spill-over events go unnoticed, especially when
occurring in remote areas and regions with little health care and infrastructure (Wolfe et al.
1998); and disease transmission from humans is likely increased in areas of enlarged
interfaces with humans and where the animals are also likely to be more stressed. Pathogen
investigations are therefore needed to shed light on the actual prevalence of pathogens and
their clinical relevance in both the wild and in rescue centres.

While increasing numbers of often highly stressed orangutans end up in rescue centres
where they live in close contact with other orangutans and humans (Nellemann 2007),
adequate diagnostic systems are absent. An observational study reported outbreaks of
respiratory illness in a large orangutan rescue centre in Central Borneo (Dench et al. 2013),
yet pathogens were not identified. The seasonality of the described outbreaks, however, is in
line with common human respiratory diseases that are known to infect African great apes.
Serological studies on wild and semi-captive orangutans have demonstrated that these

animals are susceptible and exposed to a number of viruses, including flavivirues, retroviruses,
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herpesviruses, paramyxoviruses and rotaviruses (Warren et al. 1998, Wolfe et al. 2001,
Kilbourn et al. 2003). Unfortunately, pathogens were not detected and characterized in these

valuable studies.

4.1 Conclusions and Research Needs

The study presented in chapter 2 adds to the current understanding that respiratory
viruses can be transmitted from humans to wild great apes in habituation projects. The findings
are supported by previous studies of several severe outbreaks with considerable mortalities
(even if limited to phylogenetic analyses) and by the accumulation of (partially anecdotal)
reports on such outbreaks. Linking this evidence together has obvious implications for the
ethical responsibility of people involved in habituation projects. Besides the ethical
implications, tremendous economic losses can be a consequence of losing individual great
apes for research or tourism. Therefore, effective preventive measures are crucial.

The effectiveness of such measures (that are employed based on common sense and
epidemiological knowledge), however, must be evaluated. Chapter 3 takes a step in this
direction by assessing a five-day human quarantine to prevent humans from potentially
exposing chimpanzees to their pathogens. The study concludes that quarantine — in
combination with health monitoring — can reduce exposure.

Beyond the additional evidence of the research conducted here, future research should
investigate whether such prevention systems possibly hinder or prolong the phase of
‘immunological adaptation’ of a population. Keeping the great apes ‘unexposed’ could keep
them more vulnerable to pathogens to which they are immunologically naive. If the preventive
measures work perfectly this would not be a problem but with varying compliance and overall
human encroachment on great ape habitat, repeated exposure might lead to a similar
cumulative immune protection that human adults have developed against many of the fast
changing and globally circulating respiratory pathogens, such as HRSV and HMPV. However,
whether great apes can build a similar kind of immune protection or not and what that would
mean for preventive strategies has still to be assessed. Additional important research gaps
include further investigations on the role of (anthropogenic) bacterial infection and the potential
establishment of pathogenic bacteria in wild great ape populations. Finally, similar research is
needed on orangutan health and potentially overlooked disease dynamics. All of this would

help to inform effective One Health approaches to protect human and great ape health.

60



References

4.2 References

Carne C, Semple S, Morrogh-Bernard H, Zuberbuhler K, Lehmann J (2014) The risk of disease
to great apes: simulating disease spread in orang-utan (Pongo pygmaeus wurmbii) and
chimpanzee (Pan troglodytes schweinfurthii) association networks. PloS ONE
9:€95039

Chi F, Leider M, Leendertz F, Bergmann C, Boesch C, Schenk S, Pauli G, Ellerbrok H,
Hakenbeck R (2007) New Streptococcus pneumoniae clones in deceased wild
chimpanzees. J Bacteriol 189:6085—-6088

Dench R, Philippa J, Sulistyo F (2013) Incidence and Risk Factors of Air Sacculitis in Bornean
Orangutans (Pongo pygmaeus) at an Indonesian Reintroduction Centre. Paper
presented at the International Conference on Diseases of Zoo and Wild Animals,
Vienna, Austria

Fonseca A, Scott N, Strickland D, Everard M (2015) Persistence of respiratory syncytial virus
replication in lung dendritic cells. Eur Respir J 46:3624

Ghiglieri MP (1987) Sociobiology of the great apes and the hominid ancestor. J Hum Evol
16:319-357

Gomez B (2012) Respiratory Syncytial Virus Persistence. Virol Mycol 1:102

Gruen L, Fultz A, Pruetz J (2013) Ethical issues in African great ape field studies. ILAR J 54:24-
32

Harvala H, Van Nguyen D, Mcintyre C, Ahuka-Mundeke S, Ngole EM, Delaporte E, Peeters M
Simmonds P (2014) Co-circulation of enteroviruses between apes and humans. J Gen
Virol 95:403-407

Kaur T, Singh J, Tong S, Humphrey C, Clevenger D, Tan W, Szekely B, Wang Y, Li Y, Alex
Muse E, Kiyono M, Hanamura S, Inoue E, Nakamura M, Huffman MA, Jiang B, Nishida
T (2008) Descriptive epidemiology of fatal respiratory outbreaks and detection of a
human-related metapneumovirus in wild chimpanzees (Pan troglodytes) at Mahale
Mountains National Park, Western Tanzania. Am J Primatol 70:755-765

Kilbourn AM, Karesh WB, Wolfe ND, Bosi EJ, Cook RA, Andau M (2003) Health evaluation of
free-ranging and semi-captive orangutans (Pongo pygmaeus pygmaeus) in Sabah,
Malaysia. J Wildl Dis 39:73—-83

Kdéndgen S, Kuhl H, N'Goran PK, Walsh PD, Schenk S, Emst N, Biek R, Formenty P, Matz-
Rensing K, Schweiger B, Junglen S, Ellerbrok H, Nitsche A, Briese T, Lipkin WI, Pauli
G, Boesch C, Leendertz FH (2008) Pandemic human viruses cause decline of
endangered great apes. Curr Biol 18:260-264

Kdéndgen S, Schenk S, Pauli G, Boesch C, Leendertz FH (2010) Noninvasive monitoring of

respiratory viruses in wild chimpanzees. Ecohealth 7:332-341

61



References

Koéndgen S, Leider M, Lankester F, Bethe A, Libke-Becker A, Leendertz FH, Ewers C (2011)
Pasteurella multocida involved in respiratory disease of wild chimpanzees. PLoS ONE
6:€24236

Leendertz FH, Pauli G, Maetz-Rensing K, Boardman W, Nunn C, Ellerbrok H, Jensen SA,
Junglen S, Boesch C (2006) Pathogens as drivers of population declines: the
importance of systematic monitoring in great apes and other threatened mammals. Biol
Conserv 131:325-337

Li W, Shi Z, Yu M, Ren W, Smith C, Epstein JH, Wang H, Crameri G, Hu Z, Zhang H, Zhang
J, McEachern J, Field H, Daszak P, Eaton BT, Zhang S, Wang LF (2005) Bats are
natural reservoirs of SARS-like coronaviruses. Science 310:676-679

Napolitano DA (2007) Towards understanding the health vulnerability of Indigenous peoples
living in voluntary isolation in the Amazon rainforest: experiences from the Kugapakori
Nahua Reserve, Peru. EcoHealth 4:515-531

Nellemann C, Miles L, Kaltenborn BP, Virtue M, Ahlenius H (2007) The last stand of the
orangutan: state of emergency: illegal logging, fire and palm oil in Indonesia's national
parks. Norway, UNEP/Earthprint

Nielsen SCA, Mourier T, Baandrup U, Soland TM, Bertelsen MF, Gilbert MTP, Nielsen LP
(2012) Probable transmission of coxsackie B3 virus from human to chimpanzee,
Denmark. Emerg Infect Dis 18:1163-1166

Nunn CL, Thrall PH, Stewart K, Harcourt AH (2008) Emerging infectious diseases and animal
social systems. Evol Ecol 22:519-543

Ohenjo NO, Willis R, Jackson D, Nettleton C, Good K, Mugarura B (2006) Health of Indigenous
people in Africa. Lancet 367:1937-1946

Olsen B, Munster VJ, Wallensten A, Waldenstrom J, Osterhaus AD, Fouchier RA (2006)
Global patterns of influenza A virus in wild birds. Science 312:384-388

Palacios G, Lowenstine LJ, Cranfield MR, Gilardi KV, Spelman L, Lukasik-Braum M, Kinani
JF, Mudakikwa A, Nyirakaragire E, Bussetti AV, Saviji N, Hutchison S, Egholm M, Lipkin
WI (2011) Human metapneumovirus infection in wild mountain gorillas, Rwanda.
Emerg Infect Dis 17:711-714

Piedimonte G (2013) Respiratory syncytial virus and asthma: speed-dating or long-term
relationship?. Curr Opin Pediatr 25:344

Slater OM, Terio KA, Zhang Y, Erdman DD, Schneider E, Kuypers JM, Wolinsky SM,
Kunstman KJ, Kunstman J, Kinsel MJ, Gamble KC (2014) Human metapneumovirus
infection in chimpanzees, United States. Emerg Infect Dis 20:2115

Szentiks CA, Kdndgen S, Silinski S, Speck S, Leendertz FH (2009) Lethal pneumonia in a

62



References

captive juvenile chimpanzee (Pan troglodytes) due to human-transmitted human
respiratory syncytial virus (HRSV) and infection with Streptococcus pneumoniae. J Med
Primatol 38:236-240

Tong S, Li Y, Rivailler P, Conrardy C, Castillo DAA, Chen LM, Recuenco S, Ellison JA, Davis
CT, York IA, Turmelle AS (2012) A distinct lineage of influenza A virus from bats. Proc
Natl Acad Sci 109:4269-4274

Unwin S, Chatterton J, Chantrey J (2013) Management of severe respiratory tract disease
caused by human respiratory syncytial virus and Streptococcus pneumoniae in captive
chimpanzees (Pan troglodytes). J Zoo Wildl Med 44:105-115

Wallis J, Lee DR (1999) Primate conservation: the prevention of disease transmission. Int J
Primatol 20:803-826

Warren KS, Niphuis H, Verschoor EJ, Swan RA, Heeney JL (1998) Seroprevalence of specific
viral infections in confiscated orangutans (Pongo pygmaeus). J Med Primatol 27:33-37

Wolfe ND, Escalante AA, Karesh WB, Kilbourn A, Spielman A, Lal AA (1998) Wild primate
populations in emerging infectious disease research: the missing link?. Emerg Infect
Dis 4: 149

Wolfe ND, Kilbourn AM, Karesh WB, Rahman HA, Bosi EJ, Cropp BC, Andau M, Spielman A,
Gubler DJ (2001) Sylvatic transmission of arboviruses among Bornean orangutans. Am
J Trop Med Hyg 64:310-316

Woodford MH, Butynski TM, Karesh WB (2002) Habituating the great apes: the disease risks.
Oryx 36:153-160

63



Summary

Assessing the Threat of Selected Human Respiratory Viruses to Habituated Wild
Gorillas and Chimpanzees in Sub-Saharan Africa
By Sarah Kim Griitzmacher
All great apes are listed as either endangered or critically endangered on the IUCN Red List.
Infectious diseases have recently joined habitat loss and poaching as major threats to great
ape survival. A human source of infection is suspected for some disease outbreaks in great
ape communities habituated to human presence, such as respiratory diseases. Moreover, in
certain cases, respiratory illnesses led to high morbidity and considerable mortality in different
great ape communities. However, thus far, little research has identified the causative agents —
knowledge necessary for optimizing preventive health management. In the few studies that do
exist, either one of two common human paramyxoviruses was identified as the causative
agent: human respiratory syncytial virus (HRSV) or human metapneumovirus (HMPV). But the
viruses were never detected in humans at great ape field sites and assumptions of human
origin are generally based on phylogenetic analyses that link the viruses found in apes to
recent infections in humans. This cumulative dissertation thesis including two original
publications provides further evidence for human-borne infections by simultaneously detecting
HRSYV in a habituated Western lowland gorilla (Gorilla gorilla gorilla) group and the local human
population at a habituation site in the Central African Republic. Fifteen gorilla feacal samples
and 80 throat swabs from humans were collected during a respiratory disease outbreak in
2012. The samples were tested for common human respiratory viruses, including HRSV and
HMPYV. Identical sequences for HRSV A from four gorillas and four humans were obtained.
Additionally, the presence of HMPV and rhinovirus were detected in humans who frequently
entered the great ape habitat. As these findings attest to the need for effective preventive
health management at such field sites, human quarantine as a preventive strategy was
assessed. 262 throat swabs from humans in a five-day quarantine at the Tai Chimpanzee
Project in Cbte d’lvoire were tested for selected respiratory viruses over a year alongside the
collection of additional health data. As a result of quarantine and symptom monitoring, a total
of 17 potentially infectious humans were kept from visiting the apes when symptoms occurred.
One subject tested positive for HRSV after clearing quarantine and all other samples tested
negative for the selected viruses. This thesis contributes to the growing body of evidence for
interspecies transmission of respiratory viruses from humans to endangered great apes. It also
demonstrates the importance of implementing continuous health monitoring for humans who
intend to approach great apes. In settings where humans and great apes interface, it will be

especially important to foster a One Health approach — an approach that also aims to reduce
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the disease burden in the local community. Such programs would benefit people as well as

the endangered great apes.

65



Zusammenfassung

Untersuchungen zur Bedrohung habituierter wildlebender Gorillas und Schimpansen
durch ausgewiihlte humane Atemwegs-Viren in
Sub-Sahara Afrika
Von Sarah Kim Griitzmacher
Alle Menschenaffen sind auf der roten Liste der Weltnaturschutzunion (IUCN) als bedroht oder
stark bedroht eingestuft. Zusatzlich zum Verlust des natlrlichen Lebensraumes und zur
Wilderei, werden in jungerer Zeit auch Infektionskrankheiten als eine der Hauptbedrohungen
fir das Uberleben wildlebender Menschenaffen anerkannt. Fir einige Krankheitsausbriiche,
wie zum Beispiel Atemwegserkrankungen, in an menschliche Gegenwart gewdhnten
(habituierten) Menschenaffengruppen, werden Menschen als Ursprung der Infektion vermutet.
Besonders Atemwegserkrankungen haben in Menschenaffengemeinschaften in mehreren
Fallen zu hohen Erkrankungs- und beachtlichen Sterberaten gefiihrt. Dennoch haben bisher
nur wenige Untersuchungen die verantwortlichen Krankheitserreger identifiziert. Eine
entsprechende Kenntnis dariber ist allerdings wesentlich fur die Optimierung von
PraventionsmalRnahmen. In den wenigen existierenden Untersuchungen wurde jeweils eines
von zwei gewohnlichen humanen Paramyxoviren als Ursache identifiziert — das Humane
Respiratorische Syncytialvirus (HRSV) oder das Humane Metapneumovirus (HMPV). Bisher
wurde das Vorkommen dieser Viren allerdings noch nicht in den entsprechenden
Menschenaffenprojekten im Menschen nachgewiesen. Annahmen zu Menschen als
Infektionsquelle, basieren daher auf phylogenetischen Analysen, welche die in Menschenaffen
nachgewiesenen Viren mit solchen in Verbindung bringen, die unlangst anderenorts in
Menschenpopulationen gefunden wurden. Diese Dissertation, die eine kumulative Arbeit
darstellt, in die zwei Originalpublikationen eingehen, liefert weitere Hinweise auf Menschen als
Infektionsquelle, durch den zeitgleichen Nachweis von HRSV in habituierten westlichen
Flachlandgorillas (Gorilla gorilla gorilla) und der umgebenden lokalen Bevoélkerung in der
Zentralafrikanischen Republik. Im August 2012 wurden 15 Kotproben von Gorillas und 80
Rachenabstriche von Menschen wahrend des Ausbruchs einer Atemwegserkrankung
genommen. Die Proben wurden auf Ubliche menschliche respiratorische Viren, einschlief3lich
HRSV und HMPV, getestet. Von vier Gorillas und vier Menschen konnten identische
Sequenzen von HRSV A generiert werden. Zusétzlich wurde das Vorkommen von HMPV und
eines Rhinovirus in Menschen nachgewiesen, die regelmalig den Lebensraum der
Menschenaffen betreten. Dies zeigt weiterhin die Bedeutsamkeit eines effektiven
Praventionsmanagements in solchen Projekten. Da bisher  verschiedene

Praventionsmalnahmen in unterschiedlichen Projekten etabliert wurden, aber wenig tber ihre
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Zusammenfassung

Effektivitdt bekannt ist, wurde des weiteren eine Quarantédne flir Menschen als
Praventionsmalnahme untersucht. Im Tai Schimpansenprojekt in der Elfenbeinkiiste wurden
262 Rachenabstriche von Menschen in einer flunf-tadgigen Quarantane, Uber den Zeitraum
eines Jahres, auf respiratorische Viren getestet. Zusatzlich wurden weitere
Gesundheitsparameter erhoben. Insgesamt 17 Menschen entwickelten in der Quarantane
Symptome und konnten davon abgehalten werden, sich den Schimpansen zu nahern. Eine
Person testete positiv flir HRSV, nachdem sie die Quarantine bereits verlassen hatte, alle
anderen Rachenabstriche waren negativ fur die getesteten Viren. Diese Dissertation leistet
einen Beitrag zur wachsenden Evidenz der Ubertragung von Atemwegserregern von
Menschen auf bedrohte Menschenaffen. Sie demonstriert weiterhin die Bedeutung einer
kontinuierlichen Uberwachung der Gesundheit von Menschen, die sich den Menschenaffen
nahern wollen. In Situationen, wo sich Menschen und Menschenaffen begegnen, ist es
besonders wichtig, einen holistischen ,One Health“-Ansatz zu verfolgen. Einen Ansatz, der
auch die Verbesserung der Gesundheit der lokalen menschlichen Bevolkerung zum Ziel hat.
Von einem solchen Ansatz wirden sowohl die Menschen, als auch die bedrohten

Menschenaffen profitieren.
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