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Most of the human pandemics reported to date can be classified as zoonoses. Among these, there is a long history of infectious diseases that have spread from non-human primates (NHP) to humans. For millennia, indigenous groups that depend on wildlife for their survival were exposed to the risk of NHP pathogens' transmission through animal hunting and wild meat consumption. Usually, exposure is of no consequence or is limited to mild infections. In rare situations, it can be more severe or even become a real public health concern. Since the emergence of acquired immune deficiency syndrome (AIDS), nobody can ignore that an emerging infectious diseases (EID) might spread from NHP into the human population. In large parts of Central Africa and Asia, wildlife remains the primary source of meat and income for millions of people living in rural areas. However, in the past few decades the risk of exposure to an NHP pathogen has taken on a new dimension. Unprecedented breaking down of natural barriers between NHP and humans has increased exposure to health risks for a much larger population, including people living in urban areas. There are several reasons for this: (i) due to road development and massive destruction of ecosystems for agricultural needs, wildlife and humans come into contact more frequently; (ii) due to ecological awareness, many long distance travelers are in search of wildlife discovery, with a particular fascination for African great apes; (iii) due to the attraction for ancient temples and mystical practices, others travelers visit Asian places colonized by NHP. In each case, there is a risk of pathogen transmission through a bite or another route of infection. Beside the individual risk of contracting a pathogen, there is also the possibility of starting a new pandemic. This article reviews the known cases of NHP pathogens' transmission to humans whether they are hunters, travelers, ecotourists, veterinarians, or scientists working on NHP. Although pathogen transmission is supposed to be a rare outcome, Rabies virus, Herpes B virus, Monkeypox virus, Ebola virus, or Yellow fever virus infections are of greater concern and require quick countermeasures from public health professionals.
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DRIVERS OF NHP TO HUMAN CONTACT AND INTERSPECIES PATHOGENS' TRANSMISSION

The recognition that the AIDS pandemic originated as a simian retrovirus transmitted to humans has increased public health concerns about the risk that humans become infected by other pathogens prevalent in NHP. The human immunodeficiency virus types 1 and 2 (HIV-1 and HIV-2), etiological agents of AIDS that cause about 1 to 2 million annual deaths, have been linked to cross-species transmission of simian immunodeficiency virus (SIV) from chimpanzees (Pan troglodytes) and sooty mangabeys (Cercocebus atys) (1). Humans might have been infected with SIV either by NHP hunting and wild meat consumption or by keeping infected NHP as pets (2). In the past decades, viruses as deadly as rabies, Herpes B virus, Marburg and Ebola viruses were transferred from NHP to humans. It is likely that during centuries and until recently, the main route of simian pathogen transmission to human was NHP hunting and wild meat consumption (3).



NHP MEAT CONSUMPTION

In Central Africa, Asia and Latin America, wildlife is the primary source of meat for low-income people living in rural areas (4–6). The practice of NHP hunting is part of the culture; it has been happening for centuries and the sale of wild meat is considered legal in many countries despite being illegal in some. Even in France, in the French Guiana two species of NHP, the howler monkey (Alouatta maconnelli) and the squirrel monkey (Saimiri sciureus), are allowed on the hunt but prohibited for sale (7). This results in regular close contacts between animal carcasses and hunters as well as between raw meat and women who prepare food. The meat is usually cooked before being shared with children (8). Most recently, illegal hunting for wild meat consumption or traditional medicine, also known as the bushmeat trade, as well as extermination of wild animals by troops foraging for food during wars have accelerated the NHP populations decline. The impact on NHP populations varied from lightly to heavily hunted. Human predation went hand in hand with an increase in contacts between NHP carcasses and humans. Fa and collaborators (9) calculated that more 150,000 carcasses of NHP per year are traded in Nigeria and Cameroun. NHP meat in Congo basin's local market is a cheap source of food (10) (Figure 1). Although wild meat consumption is associated with an increased risk of acquiring zoonotic diseases, people eating NHP ignore or express indifference to the risk of contracting simian pathogens, mainly because their own experience suggests that they can do it without incident. Even when governments imposed a ban on the hunting and consumption of wild meat after the 2013 to 2016 outbreak of Ebola virus in West Africa, the trade and consumption of NHP meat were not deeply affected (14). Over the past decade, the washing-based Bush Meat Crisis Task Force has regularly reported alarming information about wild animals being harvested for food in the Congo basin every year (15). A study in Liberia reported that 9,500 NHP are trade annually on the Liberia-Ivory Coast wild meat markets. According to journalists from the Guardian, there has been a massive chimpanzee decline in DRC due to hunting, with more than 400 chimpanzees being slaughtered each year. The hunting of gorillas and chimpanzees by poachers in Cameroun was also reported by the Ape Action Africa in Mefou. However, in some tribes, women refuse to eat or cook ape as it goes against their beliefs. The consumption of NHP meat is not limited to people living in poverty in Central Africa, Asia, or Latin America; wealthier households consumed only slightly less wild meat than others. Spider monkey dishes are popular in Southern Mexico. Although currently banned from dishes, NHP brain has long been viewed as a prized delicacy in Asia. The CITES/GRASP (16), reported that in Indonesia orangutans could be purchased for $100 and that some restaurants prepare dishes containing orangutan meat if specifically requested by customers.
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FIGURE 1. Drivers of interspecies pathogen transmission from NHP to humans including incidents with NHP (in wildlife ecosystem or after illegal import of live NHP), contact with NHP carcasses, NHP consumption (local consumption and illegal import of NHP meat). According to the CITES database for 2005–2014, the global primate trade was estimated 450,000 NHP/year. The figure illustrates the dynamics of the annual legal trade and illegal traffic of live NHP at the international level as well as the local trade and consumption of NHP carcasses according to Fa et al. (9), Van Lavieren (11), Smith et al. (12), and Nijman et al. (13). Obviously, it is almost impossible to draw an exhaustive view of the global primate trade and particularly of the NHP illegal trade as the information available is only based on reports of animal confiscations by customs or health services. Information on NHP meat consumption in South America and Asia is not available. Box: NHP wild meat in Congo's local market is a cheap source of food (Picture credit: Oleg Mediannikov).




ILLEGAL IMPORT OF NHP MEAT IN USA AND EUROPE

Illegal NHP meat importation into the United States was documented in a pilot study project intended to monitor the presence of pathogens in samples of wild meat confiscated in several US international airports that included specimens from chimpanzees (Pan troglodytes), mangabeys (Cercocebus), guenons (Cercopithecus), baboons (Papio), and green monkeys (Chlorocebus). This pilot study revealed the presence of simian foamy virus and herpesviruses (cytomegalovirus and lymphocryptovirus) in several NHP samples (17). In Europe, bushmeat was found in personal baggage at the Charles de Gaulle airport in Paris and Toulouse Blagnac airport, France. A metagenomic sequencing performed on African NHP bushmeat seized at Toulouse Blagnac airport demonstrated the presence of sequences related to several viruses related to the Siphoviridae, Myoviridae, and Podoviridae bacteriophage families; some of them infecting bacterial hosts that could be potentially pathogenic for humans (18). Journalists from the Independent reported that gorilla and chimpanzee meat is said to be on offer to African communities in Hackney and Brixton, UK, at hundreds of pounds per kilogram (19). The problem of smuggled wild meat in the French and English airports was not isolated but is relevant to most major airports in Europe and worldwide. The Tengwood organization also reported illegal bushmeat trade in Switzerland's airports (20). About 300 kg of bushmeat or wild meat found in luggage of passengers arriving in two international airports between 2008 and 2012 were confiscated by the Swiss customs, among which 12 kg were of NHP origin. The confiscated bushmeat probably represents only a very small percentage of what is smuggled into Europe annually. To date, it remains impossible to draw a global picture of the NHP meat international traffic.



LAND CONVERSION FOR HUMAN USE

Long-term deforestation has resulted in the fragmentation of about 60% of subtropical and 45% of tropical forests (21). Risk of NHP pathogens' transmission to humans has increased along with the growing human-NHP interface. Due to changing ecosystems, a consequence of road development (22) and intensified agriculture that reduce wildlife habitat in tropical countries (23), humans living in these geographic areas are more frequently exposed to closer contacts with wildlife. In addition, for economic reasons the immigration of workers and jobseekers results in permanent urbanization of frontier forests (24). For example, in West Africa the NHP habitat fragmentation by agriculture, road infrastructures and human settlements, rather than continuous intact forest, strongly affected the geographic distribution of NHP groups (25). What is true for Africa is also true for NHP living in South America and Asia (26, 27).



NHP ILLEGAL TRADE

Beside the traditional hunting and wild meat consumption, live NHP illegal trade has increased over time, along with the escalating demand for wild animal as pets. As in many other countries, in the USA and European countries NHP import is rigorously regulated by laws and the underground import and trading of NHP is prohibited. It is obviously extremely difficult to draw an exhaustive overview of the NHP illegal trade as the information available is only based on reports of animal confiscations by customs or health services. When documentation exists it usually only concerns a site at a given time and annual data is extrapolated. China and Southeast Asia was considered a primary region of origin for US wildlife imports with ~150,000 live macaques during the 2000–2013 period (12). A few years ago, the “Libération” French newspaper reported the illegal importation in France of young Barbary macaques (Macaca sylvanus) from Morocco which were sold as pets in the suburbs and became aggressive during adulthood (28). French police reported in 2007 that they seize approximately 50 live macaques each year (11). As it is generally the case for illegal trade, a substantial part remains hidden. For example, from 1997 to 2008 about 2000 NHP (mainly Macaca fascicularis, Nycticebus coucang, and Macaca nemestrina) were sold openly in North Sumatra markets despite being totally protected in Indonesia (29). The CITES reported that about illegally sold 1,000 orangutans (Pongo) were rescued by the judicial services in Kalimanatan, Indonesia (16). In South and Central America, about 100 live night monkeys (Aotus nancymaae, A. vociferans, and A zonalis) are traded each year. Despite night monkey trade being regulated by the CITES convention, there is evidence for illegal trade at the Columbia, Peru and Brazil cross-border (30). In Peru, between 100 and 1,000 NHP are illegally traded each year (5). Dues to intensive management on wildlife domestic markets in China since the outbreak of severe acute respiratory syndrome (SARS) in 2003, more than 730 NHP (mainly Macaca mulatta and Nycticebus spp.) were rescued and confiscated in Chinese markets from 2000 to 2017 (31). In a recent survey conducted by a New York Time reporter it was claimed that there is a specific annual underground market for thousands of baby apes sold alive to local traders for $10 only whereas their cost can go up to as much as $250,000 when shipped abroad for international illegal business (32). Obviously, when NHP are kept as pets, they might be a direct source of wildlife pathogens.



NHP AS MODEL ANIMALS

NHP are traded both domestically and internationally to supply biomedical industry and pharmaceutical markets. In the early 1970s, India legally exported about 20,000 to 50,000 NHP per year and Peru exported about 30,000 NHP per year to supply the demand for biomedical studies. In the past 15 years, a linear increase in the export of live NHP has been observed (each year 3,500 more NHP are exported), with China being the largest exporter (13). The CITES (Convention on International Trade in Endangered Species of Wild Fauna and Flora) Trade Database (Cambridge, UK) from 2005 to 2014 reported a global NHP trade of 450,000 live individuals (430,000 individuals in trade were Asian species), plus an additional 11,000 body parts. About 70,000 NHP are legally exported each year for the biomedical industry. With the high demand for NHP in biomedical research there is also a risk of infection for persons working in primate centers. Regarding the NHP legally exported or imported, they are routinely subjected to a careful health check. The Federation for Laboratory Animal Science Associations (FELASA) provide an approach to monitor and control both endemic and incoming pathogens that may cause zoonotic and anthroponotic diseases or interfere with research outcomes. For example: monitoring for tuberculosis or rabies is required upon arrival of the NHP and renewed every year (33).



TOURISM AND ECOTOURISM

The development of international tourism and changes in the behavior of travelers brought about new risks, especially as some destinations might combine immersion into wildlife and the worst health requirements. NHP are present in 90 countries, however two-thirds of all species occur in just 4 countries: Brazil, Madagascar, Indonesia, and Democratic Republic of Congo (6). Several countries in Maghreb, Mashreq, Middle East, Central and West Africa, and Southeast Asia display a high prevalence of free-roaming NHP in urban settlements (e.g., Queen's Gate in Gibraltar; Taif city, Saudi Arabia, Lopburi Khmer temple, Thailand; Ubud monkey Forest, Bali; Katmandou monkey temples, Nepal; or Dehli city, India). Hindu and Buddhist temples have become sanctuaries for NHP who tolerate the presence of humans, and a high prevalence of Herpes B virus was reported in these NHP (mainly rhesus macaques) (34). In Bali, more than 700,000 tourists visit the monkey temples each year. A case of a tourist infected by a simian foamy virus after an incident with a Macaca fascicularis at monkey temple in Bali was reported (35). A recent survey reported evidence that chimpanzees and gorillas have transmitted pathogens to 33 ecotourists who visited wild great apes in Africa (36). In addition, tourists should also take care of NHP kept as pets by owners in several countries (e.g., 6,000 gibbons -Hylobates moloch- are kept as pets in Borneo, Java and Sumatra). For example, despite no quotas being allocated for trading of NHP as pets in Indonesia, during the last decade in North Sumatra NHP such as long-tail macaques (Macaca fascicularis) and pig-tailed macaques (Macaca nemestrina) were illegally sold at markets in Medan (29). In addition, between 1993 and 2016, at least 440 orangutans (Pongo abelii and Pongo pygmaeus), protected by the Indonesian law since 1931, were formally confiscated at the receivers in Indonesia (37), indicating that this illegal trade continues to exist despite prison sentences handed down to offenders.



ARTHROPOD BITE

Another source of concern for public health resides in pathogens which can be transmitted during the blood meal of arthropods. The outbreaks of yellow fever (YF) in South American NHP are a recent example. A first YF outbreak in 2008 left more than 2,500 dead NHP in Brazil. The most recent outbreak from 2016 to 2018 killed at least 732 monkeys in Southeast Brazil. The black and brown howler monkeys (Alouatta spp.) were the most affected (mortality rate of 90%), but other species such as the endangered golden-headed lion tamarin (Leontopithecus chrysomelas) and wooly spider monkeys (Brachyteles arachnoides) became sick, indicating that they are vulnerable to YF (38). It has been hypothesized that this NHP outbreak was of human origin. Humans infected in an urban cycle through Aedes aegypti mosquito bites can travel long distances over short periods of time, shuttling the disease from urban areas to forests where the sylvatic cycle (NHP to NHP transmission through Haemagogus mosquitoes bite) occurs. Conversely, non-infected humans can be infected when they visit wild sites were infected NHP and mosquito vectors are present. Such situation has forced the Brazilian public health authorities to urgently launch a national anti-YF vaccination campaign.



“ONE HEALTH, ONE EARTH”: IMPACT OF EVOLUTIONARY PROCESSES

The “one health” concept defines a fundamental principle of biology: it recognizes that the health of people is connected to the health of animals and the environment (39). The inter-species transmission of pathogens is primarily a matter of the number of encounters between two species over time. To understand this process, it is necessary to keep in mind the long co-evolution of microorganisms and their hosts, the history of species evolution, the adaptation of pathogens to hosts in which they persist without seriously affecting their health, eventually if the transmission of the pathogen requires its transfer via an intermediate vector insect, the nature of the mutations that can allow the infectious pathogens to change host when they meet a new host, and the dynamics of encounters between different ecosystems. When entering more deeply in the dynamics of infectious diseases, the first challenge is to identify what are the microorganisms that are present in humans and those that colonize the wildlife and could cross the species barriers. Although many microorganisms (almost 15,000 bacteria and 2,000 viral species) have been identified so far (40, 41), the classification of microbes is still a source of debate (42) and many more unknown microorganisms could be at the origin of pathologies of NHP and human. According to molecular clock analyses, viruses and bacteria already populated the planet a few billion years ago (43), long before mammals appear on Earth. Cyanobacteria are considered as the source of oxygen found in Earth's atmosphere and several microorganisms have then contributed to the evolution of life until becoming essential to biological functions in humans (44, 45). It was estimated that the divergence time between Archeabacteria and Eubacteria (prokaryotic group comprising all bacteria excluding Archebacteria) was 3 to 4 billion years ago (46). The divergence of Old World monkeys (OWM) and hominoid primates (apes, humans) was an estimated 23 million years (My) ago (Figure 2). Heritable individual differences contributing to change for survival are likely to have played a crucial role in human differentiation from ape-like ancestors (53). Homo sapiens emerged 0.15 My ago and have spread and evolved through the entire planet while being subject to natural selection. Thus, viruses and bacteria had thrived for billions of years before Homo sapiens emerged in this ecosystem and they are exquisitely adapted to host parasitization. Over time, pathogens might select host traits that reduce their impact on the host's life span (54).
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FIGURE 2. Schematic representation of the origin of life on Earth and simplified phylogenetic tree illustrating the evolution of hominoid primates. Earth is expected to have formed roughly 4.5 billion years ago according to radiometric dating. The most common hypothesis suggests that life arose gradually from inorganic molecules to more complex structures able to self-replicate. On the time scale of life evolution on Earth, microorganisms and NHP are at the other end of the spectrum. Microorganisms were the earliest self-replicating structure present billion years ago whereas hominoid primates are the latest, with an estimated appearance 23 My ago. Cyanobacteria are expected to have first contributed to the presence of atmospheric oxygen on Earth. Then, microorganisms have shaped the world of life during million of years controlling processes essential to life of complex organisms. Almost 15,000 bacteria species have been characterized to date (40), yet they represent a small part of the estimated 10 million bacteria species that are expected to colonize the Earth (47). More than 2,000 viral species have also been characterized (41). The recent proposal of a fourth branch named “TRUC” (for Things Resisting Uncompleted Classifications) a new branch in species evolution that includes giant viruses, has challenged the previous evolution tree that discriminated among Archea, Bacteria, and Eukarya (42). The divergence between Eubacteria and Eukaryotes was >3.5 billion years ago (48). Indeed earliest eukaryotic cells are expected to have got their cytoplasm from Eubacteria, their nucleus from Archebacteria, and their mitochondries from an aerobic prokaryote (49). Old World monkeys (OWM, referring to Africa and Asia) and hominoid primates (apes, humans), share a common ancestor. The divergence of OWM and hominoid primates was estimated 23 million years (My) ago at the Oligocene-Miocene boundary, although estimating divergence remains a difficult task since the molecular clock in OWM (rhesus monkeys, pig-tailed macaques, bonnet macaques, cynomolgus monkeys, colobus monkeys, proboscis monkeys, African green monkeys, baboons, and langurs), apes (gibbons, orangutans, gorillas, chimpanzees, bonobos), and humans, seems to run at a lower rate than for other mammals (50). It was recently claimed that human had diverged 12 My ago from chimpanzees and 15 My ago from gorillas (51), whereas previous reports estimated that human had diverged from chimpanzees (Pan troglodytes and Pan paniscus) 6 My ago, from gorillas (Gorilla gorilla and Gorilla beringei) 6.5 My ago, from orangutans (Pongo pygmaeus and Pongo abelii) 12 My ago from gibbons 15 My ago and from rhesus monkeys (Macaca mulatta) 21 My ago, respectively (50). Our first ancestor, Sahelanthropus tchadensis, lived in Africa 6 My ago, whereas Homo sapiens emerged much later, 0.15 My ago. Subsequently, Homo sapiens has spread and evolved through the entire planet while being subject to natural selection. A study of short tandem-repeat Alu polymorphism indicated that non-African populations have high frequencies of Alu(+) allele, whereas African populations have low frequencies of the Alu(+) allele. In chimpanzees and gorillas, only the Alu(–) allele was observed, supporting the hypothesis that Alu-insertion occurred after the divergence of human and great apes (52). At most the hosts are genetically close at most the risk of pathogen transmission is high.


Understanding the evolution of species and pathogens may be useful to better identify the current threat. An ancient biological fight between microbial pathogens and human is likely to have shaped human evolution over the millennia through selection of alleles that were advantageous in the new ecosystem (55). Natural selection includes positive selection (selection of advantageous alleles), purifying selection (removal of disadvantageous alleles), and balanced selection (maintenance of polymorphism via heterozygote statute). Remarkably, ancient trans-species polymorphisms have been described for the major histocompatibility complex (HLA in humans) believed to result from its role in the recognition of pathogens. Consequently, HLA antigens from different species share identical epitopes (56, 57). Conversely, as humans dispersed throughout the world, populations encountered new pathogens providing strong selective pressures. The transcriptional responses of macrophages to Listeria spp. or Salmonella spp., indicated that the immune response varied between African and European individuals living in America, suggesting ancestry differences in immune response to pathogens (58). The extinction of entire tribes of Native Americans was partly linked to the importation of smallpox by Europeans in the Western Hemisphere (59). After European contact, the Native American population showed a marked decrease in HLA-DQA1 alleles, likely due to gene selection (60). The distribution of ABO alleles across human and NHP reflects the persistence of an ancestral polymorphism that originated at least 20 My ago (61). These antigens are associated with an immune response produced in the gut after contact with bacteria and viruses carrying A-like and B-like antigens and are known to act as cellular receptors for pathogens (62). In countries highly exposed to Plasmodium falciparum (the agent of malaria), adaptation selected defense mechanisms preventing the most serious consequences of the disease. Persons who expressed sickle hemoglobin or those who present glucose-6-phosphate dehydrogenase deficiency, evaded the worst complications of malaria (63, 64). The chemokine receptor mutant CCR5-delta32, expected to have been selected by bubonic plague or smallpox (65), confers resistance to HIV by preventing the virus co-receptor's expression at the cells surface (66).Yet, what is true for host-pathogen interaction after a long co-evolution is generally not for EID insofar as the new human host is not supposed to have undergone genetic selection driven by this emerging pathogen.

It is likely that only some of the microorganisms that are potentially pathogenic for human have been identified to date. In the early 2000s, it was estimated that infectious diseases were responsible for 15 million of 57 million annual deaths of humans. Among the causative pathogens, the deadliest infectious disease in humans was caused by HIV, a retrovirus which found its origin in wildlife NHP (67). Each year, about 2 million people died from AIDS, but fortunately this number has more recently dropped to about 1 million and HIV is no longer the deadliest pathogen for humans (68). Currently, Mycobacterium tuberculosis, the causative agent of tuberculosis, kills 1.7 million people annually from tuberculosis, making it the leading cause of death from infectious disease (69). This pathogen is sometimes found in NHP. In addition, more than 1.6 million people die from diarrheal disease caused by infectious pathogens, and 800,000 from malaria. Rare outbreak of malaria in human found their origin in NHP (70). Contacts between species that do not meet naturally put both species at risk for infectious diseases and the risk is magnified when they are genetically close (71). As NHP and particularly great apes are our closest relatives, protein sequence homologies are very high between great apes and humans and it seems reasonable to hypothesize that their pathogens are more likely to jump and easily adapt to humans (e.g., find an appropriate cellular receptor). Therefore, it is not surprising that NHP share many diseases with humans (72). Although the risk of accidental transmission is likely very low, the NHP pathogens which have not yet crossed the species barrier represent a possible threat for humans. The fact that almost 7.5 billion people populate Earth to date and that the human population is growing steadily is probably a factor contributing to increase this risk.

Humans are nowadays very often in contact with pets or farm animals such as cattle, pigs, poultry, and horses. Although there are many infectious diseases typically found in people working with livestock, according to the microorganisms-driven genetic selection theory humans should have less to fear from livestock than from wild animals regarding the risk of deadly zoonotic diseases since they shared the same ecosystem with livestock for millennia. This does not mean humans should not remain vigilant (this is the reason why milk pasteurization exists and why meat must be cooked before consumption) and not worry about pathogens abnormally present in their livestock because of the interconnectedness of different ecosystems. Despite veterinary cares, these animals may serve as intermediate for transmission of wildlife-borne pathogens (including NHP-borne pathogens on rare occasions) to the livestock owners and thereby represent the main source of human infectious disease and pandemics (Figure 3). According to WHO (73), a zoonosis is any disease or infection that is naturally transmissible from vertebrate animals to humans. Today, as was the case centuries ago, most EID in humans originate from zoonoses after hazardous events, the occurrence of which is impossible to predict (23). EID can refer to different epidemiological situations: (i) the disease is caused by a newly identified pathogen and did not exist previously in humans (e.g., AIDS or SARS); (ii) the disease existed before but a new etiological agent was discovered (e.g., hepatitis C); or, (iii) the disease existed before and the causative agent was identified, but it appeared for the first time in a geographic area where no case had been diagnosed previously (e.g., West Nile Virus epidemic in the USA) (74). An EID is obviously unusual; it is surrounded by uncertainty and anxiety. Epidemics of Ebola Filovirus in 1977, AIDS/HIV in 1983, Hantavirus in 1993, Influenza A/H5N1 in 1997, Nipahvirus in 1998, Severe Acute Respiratory Syndrome/SARS-Coronavirus in 2003, and MERS-Coronavirus in 2012, were of zoonotic origin (23).
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FIGURE 3. Left panel: Pathogens flow at the human-livestock-wildlife interface. Many factors associated to this interaction network contribute to a trend toward the globalization of the distribution of pathogens: Ecosystems evolution, extensive agriculture, and water control projects, anarchic urbanization, migration of humans and animals, agroecology and livestock-wildlife interactions, spread of vectors, climate change, human behaviors, development of regional, and international transports. Right panel: NHP can be sometimes wildlife ecosystem actors and sometimes actors of the human ecosystem, especially when they are kept as pets. At the level of wild ecosystems, NHP are not the only source of pathogens, they are important players alongside other actors such as bats, rodents, or birds. When NHP come in close contact with humans as pets they can either directly transmit pathogens to humans or infect actors of the human ecosystem such as farm animals (livestock, cattle, poultry) or pets that can become intermediates in the transmission of pathogen to humans. Of course, most pathogens transmitted to humans by farm animals or pets do not originate from NHP. The figure summarizes examples of pathogens' transmitted from cattle, poultry, or pets to humans. The SARS-like bat CoV was transmitted to humans after evolution in the Himalayan palm-civet. The MERS-like bat CoV, originated in vespertilionid bats and evolved in dromedary prior to its transmission to human. The Hendra virus was passed from the Pteropus bat to horses, followed by transmission from horses to humans. Pteropus bats were also responsible for Nipah virus transmission to pigs which infected humans. In fact, bats are among the major reservoirs of viruses (including lyssavirus, filoviruses, coronaviruses, and paramyxoviruses), and a threat because they are adapted to flight on long distances, thus dispatching pathogens to a larger area. For the same reasons of mobility over long distance, birds are also exquisitely adapted to carry pathogens (such as influenza viruses) to farm animals before being passed on to humans. Pigs play a role in the transmission of influenza A/H1N1 to humans. Transmission of A/H7N2 to humans by cats was reported. Poultry was involved in the transmission of A/H5N1 to humans. Viruses can also be transmitted in unconventional manners such as the West Nile virus, a vector-borne pathogen maintained in a bird-mosquito cycle that infects horses and contaminated a veterinarian during the brain autopsy of a horse, or a pig found carrying a rabies virus. Investigation of wounds of humans bitten by farm animals has often shown the presence of Actinobacillus lignieresii, A. suis, Staphylococcus aureus, Prevotella melaninogenica, Escherichia coli, and Pasteurella multocida among others. In the USA, dogs cause about 1,000,000 bite cases/year (Bic/y) and cats 400,000 Bic/y for 90 million pets. Infection rates was about 15% following dog bites and 40% following cat bites and almost half of the wounds were polymicrobial with aerobic and anaerobic organism. There is a specific concern for rabies transmission. Most deaths from rabies occur in India, Africa, Latin America and Southeast Asia with a hotspot in Thailand were 10% of stray dog in Bangkok, are infected with rabies (compared to 1% in the US). Children have developed tularemia after contact with hamsters carrying Francisella tularensis. Guinea pig and rat pets could possibly spread Junin virus through their urine, feces and saliva. Cases of children bitten by rats infected by Leptospira were reported. The bites of monkeys kept as pet are also a source of concern.




DOCUMENTED EVIDENCE OF TRANSMISSION OF PATHOGENS FROM HUMAN TO NHP

Due to the growing human-NHP interface, all great ape species are considered to be endangered (75). In particular, gorillas (Figure 4) that spend most of their lives at ground level rather than in the trees like most other NHP are critically endangered. This ecological disaster has had surprising consequences by attracting more curious nature lovers into places where apes still live (Figure 5). Hundreds of tourists flock each year to wildlife national parks to view the last apes in their natural forest environment (92, 93). In the national parks of Rwanda, Democratic Republic of Congo (DRC) and Uganda, almost 500 gorillas acclimated to the presence of humans. NHP from some groups of mountain gorillas (Gorilla gorilla beringei) can be exposed up to 2,000 h of human visits/year (94). The influx of tourist brings in “eco-dollars” which found preservation of wildlife and help the local economy, but these practices can also introduce human pathogens in the ecosystem increasing the risk of accelerating the disappearance of great apes (36, 95).
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FIGURE 4. Great apes in their ecosystem. Upper panel: bonobo in RDC. Bonobos inhabit mature, mixed-species lowland forests located primarily on terra firma, but they can be found in secondary forests, occasionally in seasonally inundated areas, and in the forest of savannah mosaics. They appear to be more arboreal—adapted for living in trees—than other African great apes; lower panel: gorilla in Republic of the Congo. Gorillas spend most of their live at ground level rather than in the trees like most other primates. There are at least five different gorilla ecosystems, depending on geographical location (Picture credit: Oleg Mediannikov). In wild gorillas, infection with human metapneumovirus, human respiratory syncytial virus, human adenovirus, human measles virus, human gut Salmonella and Campylobacter were reported Knowledge about great apes microbial flora (Retroviruses, Adenoviruses, Mycobacterium tuberculosis, Microsporidia, Cryptosporidium, or Giardia), remains to be further documented (76, 77). Apes in African parks showed a high prevalence of parasitic gastroenteritis which could pose a severe threat to tourism; furthermore, visiting tourists showed high prevalence of malaria (78). Among apes, chimpanzees are particularly threatened by infectious disease as a result of their gregarious organization (79, 80).



[image: Figure 5]
FIGURE 5. Global distribution of apes. The number of chimpanzees was estimated one million 50 years ago. A decade ago, the estimated number of chimpanzees was 250,000 individuals in a wild area extending from Western Africa (Gabon) to Central Africa (81), and it is likely about 200,000 individuals to date. The population of bonobos is estimated to be 20,000 individual living in DRC (82); The mountain gorilla population comprises about 1,000 individuals in two populations; the first lives in the Uganda's Bwindi national park (Napa) (83) and the second in the Virunga mountains a wildlife area shared by the Uganda's Mgahinga Napa, the Rwanda's volcanoes Napa, and the Virunga Napa of DRC (84). A population of about 4,000 Grauer's gorillas (eastern lowland gorillas) is found in DRC, mostly in the Kahuzi-Biega and Maiko Napa (85). About 250 Cross River gorilla live in Cameroun and Nigeria (86). The population of orangutans in Borneo is about 100,000 individuals, 6% live in captivity (87), and 15,000 individuals live in Sumatra (88). The global demand for natural resources eliminated more than 100,000 Bornean orangutans in the past decades with projection below 50,000 individuals in 2025 (89). The population of gibbon is about 47,000 in Thailand; 4,500 agile gibbons in the Bukit Barisan Selatan NP of Indonesia; 5,000 sylver gibbons in Java; and, 2,000 individuals in China (90). There are other places where apes have been acclimated in Napa from the US and Europe (e.g., among 9 zoos/parks presenting bonobos in Europe, “Vallée des singes”/monkey valley park, France, maintains 20 captive/semi-free bonobos originating from DRC or born in captivity). Pictures of apes are from the sponsored shutterstock free website https://pixabay.com/fr/. Illegal trade with some zoos is also a threat for apes. The international trafficking of apes was well-documented in a report from UNEP and UNESCO (91).


The threat is a direct function of the pathogens' mode of transmission and their ability to survive in aerosols, soil, water, food, or feces. Several diseases affecting NHP have been considered to be of human origin; they include: (i) respiratory viral pathogens such as measles virus, influenza virus, respiratory syncytial virus, rhinovirus, adenovirus, cytomegalovirus, and bacteria such as Streptococcus pneumoniae or Mycobacterium tuberculosis; (ii) enteric pathogen virus such as poliovirus, coxsackie virus, herpes simplex virus, Hepatitis virus, or bacteria such as Salmonella spp., Shigella spp., Campylobacter spp.; and, (iii) parasites such as, Giardia lamblia or Schistosoma spp. The diversity of human pathogens found in NHP leaves no doubt as to the susceptibility of great apes to pathogens widely present in humans. In recent years, primatologists pointed out the misdeeds and risks of ecotourism and have advocated: (i) to limit the frequency and duration of visits; (ii) to reduce the number or visitors; (iii) to prohibit access to people with known diseases; (iv) to banish the ecotourists' consumption of food on wildlife site; (v) to define a minimum distance of observation or physically separate NHP and visitors in wildlife parks; and, (vi) to wear a facemask (93).

In 1965, an outbreak of polio was observed among NHP at the Yerkes Primate Center, USA (96). In 1971, a deadly outbreak of influenza virus was reported in gibbons (97), followed by another outbreak in NHP in 1978. In 1996, a new influenza virus outbreak, probably transmitted by veterinarians, killed 11 chimpanzees in Tanzania. In 1988, a measles virus outbreak, probably of human origin, killed 6 gorillas and sickened 27 more in Rwanda (98). During the next few years, other outbreaks of measles, polio, and scabies in great apes were reported (99). A case of hepatitis in a captive group of great apes was found after contact with an HAV-infected staff member (94). In addition, HBV was found to be highly prevalent (60%) in a colony of 143 ourangutans (Pongo pygmaeus) (100). Human herpesvirus 1 (HHV1) can kill New World monkey (NWM), as was suggested after a man was bitten by his pet, a marmoset monkey (genus Callithrix), which had acute stomatitis. For exclusion of possible pathogen transmission, a sample from the marmoset's oral mucosa was tested and found positive for HHV1 and despite treatment, this NWM died 2 days later (101). Human metapneumovirus infection was reported in wild mountain gorillas in Rwanda (102). Simultaneous detection of a human respiratory syncytial virus (HRSV) infection in western lowland gorillas and in the local human population was reported (103). Evidence of high prevalence (22%) of human coronaviruses (HCoV) in baboons (Papio hamadryas) of the kingdom of Saudi Arabia, was reported (104). It was recently reported that human adenoviruses (HAdV-B and HAdV-E) are frequently found in wild gorillas (55%) and chimpanzees (25%) (105). However, using a Bayesian ancestral host reconstruction method these authors found that the human HAdV-B circulating in humans are of zoonotic origin (multiple cross-species transmission events between gorillas and chimpanzees) and were transmitted to humans more than 100,000 years ago. Transmission of human pathogens to NHP is not limited to viruses. During the mid 80s, a tuberculosis outbreak (caused by meat contaminated with bovine tuberculosis that was found by the NHP in an open garbage of a tourist lodge) afflicted a troop of savana baboons (Papio anubis) living in the Maasai Mara Reserve of Kenya and half of the males died (106). Mycobacterium tuberculosis and M. bovis can be acquired from infected humans or ruminants (107). In 1988, an outbreak of respiratory illness affected more than 20 gorillas in the Volcanoes National park in Rwanda. Five animals succumbed to the disease and, beside measles, the NHP had seroconverted to Mycoplasma pneumoniae a pathogen of probable human origin (108). Attempts to investigate NHP microbiome suggested that bacterial diversity is shaped by ecology, life history and physiology rather than phylogenetic relationships (109). In Uganda, it was observed that the number of gorillas carrying human gut Salmonella or Campylobacter had doubled in 4 years, and Shigella was isolated for the first time in this group of apes, probably because of ecotourism (110). What concerns wild NHP also applies to animal in captivity; outbreaks of human metapneumovirus, human respiratory syncytial virus and Streptococcus pneumoniae have caused the death of captive chimpanzees (111, 112) (Figure 6).
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FIGURE 6. Left schematic representation of interspecies transmission of pathogens from humans to NHP. Right Human diseases threatening monkeys/apes. This schematic representation summarizes the known infectious pathogens (virus, bacteria, and parasites) reported to have been transmitted to NHP after contact with infected humans. The risk of infection is a direct consequence of the pathogen's mode of transmission and its ability to survive in aerosols, soil, water, food, or feces.


Regarding pathogens that pass from humans to NHP (named reverse zoonotic disease transmission) and are capable to infect a variable diversity of hosts (also named wide host plasticity) (113–115), it can be hypothesized that bidirectional transmission (pathogen passed back from NHP to humans) (116), is likely to occur. For example, this could be the case for fecal bacteria repeatedly ingested by different hosts or pathogens transmitted by a blood-feeding insect.



BACTERIAL AND/OR PARASITE RISKS FOR HUMANS SHARING THE NHP'S ECOSYSTEMS

Pathogen transmission from NHP to humans can occur by air droplets, fecal-oral contamination, cutaneous contact, bite or by an arthropod vector (Figure 7). There are serious risks that humans can be bitten by monkeys when they keep them as pets, when scientists maintain monkeys for medical research, when staff members handle NHP in zoos or national parks, when travelers visit sites with high prevalence of free-roaming monkeys, and when ecotourists escape from conventional sightseeing to meet great apes in Africa. NHP bites remain poorly documented to date. Incidence and type of NHP bites will depend on geographic location, industrialized vs. developing country, ecosystems, and cultural factors (117). According to WHO, monkey bites accounts for 2 to 21% of animal bites injuries worldwide. Among 332 patients who sought medical attention for bite wounds in 1975 in USA, five (1.7%) claimed to be injured by monkeys (118). A retrospective analysis of incidents caused by NHP in the UK on primatologists indicated that 85 Cynomolgus monkey bites had occurred over a 6 year period (119) [Tribe and Norenux2c 1983]). In 1 year, 55 patients presented to St Bernard's Hospital, Gibraltar, with a primate bite (120).
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FIGURE 7. Left panel: schematic representation of interspecies transmission of pathogens from NHP to humans. Right panel: Monkey and ape transmission of pathogens to humans. This illustration summarizes some of the known cases of pathogen interspecies transmission.


Most frequently (75%), bites are located on the hands, arms and legs (121). Depending on the force of the animal bite it might cause a crush injury with a variable amount of tissue damage. The severity of the injury ranges from superficial abrasion to crush wounds and major tissue loss. The risk of infection increases with the size of tissue destruction. Bacteria isolated from humans bitten by monkeys cover a large spectrum of species including Streptococcus spp., Enterococcus spp., Staphylococcus spp., Neisseria spp., Haemophilus spp., Bacteroides spp., and Fusobacterium spp. (122). A bacteriological analysis of 17 rhesus monkeys indicated that Neisseria spp., Streptococcus spp. and Haemophilus parainfluenzae, were the species most frequently isolated from the tongue microbiota of these animals (123). The sub-gingival microbiota of macaques (M. mulatta) was found to include Haemophilus spp., Fusobacterium cleatum, Peptostreptococcus micros, Streptococcus spp., Actinobacillus actinomycetemcomitans, Wolinella spp., Campylobacter spp., Eikenella corrodens, and spirochetes (124). Regarding respiratory pathogens, Klebsiella pneumoniae was found in the nose and throat of NHP (125). Tuberculosis is rare in wild NHP, yet animals carrying Mycobacterium tuberculosis could infect back humans (Table 1). Natural infections with Mycobacterium leprae was reported in chimpanzees and sooty mangabeys (Cercocebus atys) (126). Recently, different strains of Mycobacterium leprae were isolated from NHP, including chimpanzees, sooty mangabeys and cynomolgus macaques (127). Mycobacterium orygis was found in captured rhesus monkeys (128). As far the fecal-oral transmission, Shigella flexneri and S. sonnei infections are common in NHP, as well as enteropathogenic Escherichia coli, Salmonella enteritidis, S. typhimurium, Campylobacter fetus, C. jejuni, Helicobacter pylori, and many others (129). Special attention should be drawn to endemic Treponema pallidum infection with genital stigmata in NHP from Guinea, Senegal, and Tanzania. Many NHP in Africa, including Papio papio, P. anubis, P. cynocephalus, Chlorocebus pygerythrus, and Cercopithecus mitis, were found to suffer from treponematoses (130). An isolate called Fribourg-Blanc obtained from a baboon lymph node was found to be genetically linked to Treponema pallidum pertenue, the causative agent of human yaws and, could be transmitted to humans by contact (131, 132). Vigilance is required regarding Bacillus anthracis, since anthrax killed chimpanzees and gorillas in West and Central Africa (133).


Table 1. The table illustrates some examples of bacteria that infect NHP and can possibly be transmitted by NHP to humans as well as the expected health consequences for the infected people.

[image: Table 1]

Regarding parasites, many NHP have been found infected with Trypanosoma cruzi, a pathogen isolated in 1924 from South American squirrel monkeys (Chrysothrix sciureus), that causes anorexia, weight loss, dehydration in monkeys and Chagas disease in humans. Natural T. cruzi infection has been reported for several NHP such as marmosets, spider, cebus, rhesus monkeys, and gibbons (134) and could be transmitted to humans via triatomine bugs after feeding on infected animals. Giardia lamblia, an enteric flagellate, induces diarrhea in monkeys and children (135). The parasite Entamoeba histolitica, common in OWM, has been reported in most NHP including the great apes (gibbons, orangutans, and chimpanzees) as a cause of severe enteric disease. It can infect humans as well, leading to dysentery. OWM such as mangabeys and great apes such as chimpanzees can carry either Schistosoma mansoni or S. haematobium (136). Leishmania major has been identified in wild gorillas' feces (137).

Several other parasites such as Amoeba, Toxoplasma, Babesia, Cryptosporidia, Coccidia, nematodes, and cestodes can be found in NHP possibly presenting a risk for humans (138).

The Plasmodia that infect great apes are usually of a different group than those found in OWM, and they are related to parasites inducing malaria in humans. Indeed, characterization of Laverania spp. found in various apes identified lineages in eastern chimpanzees as well as western lowland gorillas that were nearly identical to P. falciparum and P. vivax (139, 140). Among others, P. knowlesi that circulates in cynomolgus, leaf monkey and pig-tailed macaques in Southeast Asia inducing moderate symptoms in these natural hosts, can be fatal for rhesus monkeys. In contrast, P. cynomolgi, found in cynomolgus, toque monkeys, pig-tailed macaques, Formosan rock macaque and leaf monkeys, induces moderate symptoms in rhesus monkeys (141). To note, P. cynomolgi, P. siminovale and P. inui are related to P. vivax, P. ovale and P. malariae in humans, respectively. Cross infection of P. knowlesi has been documented in humans (70, 142, 143). Other plasmodia are found in great apes such as P. pitheci in orangutans in Borneo, and P. rodhaini in chimpanzees and gorillas. African apes can be considered as the source of parasites responsible for the human malaria.

Other blood sucking insects such as flies, ticks, fleas, sandflies, lice could also transmit pathogens from NHP to human; tsetse flies might transfer trypanosomiasis and lice can transfer Bertiella mucronata tapeworm (144).



VIRAL RISKS FOR HUMANS WHO SHARE ECOSYSTEMS WITH NHP

It is impossible to describe herein all the viruses of NHP considered at risk of transmission to humans. We can, however, draw attention to enteroviruses that have a wide distribution in monkeys and can be transmitted to humans. Enteroviruses A and B have been isolated from OWM, macaques (M. mulatta and M. nemestrina), sooty mangabeys (C. atys) and baboons (Papio doguera) with diarrheal disease (145). Members of human enteroviruses (HEV-A) presented VP1 sequences that were more similar to those of some simian enteroviruses than to those of the others HEV (146). More recently, new simian enteroviruses have been isolated from chimpanzees, including a D type enterovirus (EV111) that was found phylogenetically related to a human isolate from the DRC (147). It was also recently reported that Mountain gorillas (Gorilla beringei) are widely infected (43%) with lymphocryptoviruses (148).

The risk for retroviruses transmission from NHP to humans has been deeply studied. These viruses include simian immunodeficiency virus (SIV), simian T-cell lymphotropic virus (STLV), simian type D retrovirus (SRV), and simian foamy virus (SFV). The emergence of HIV-1 and HIV-2 in humans, has been linked to cross-species transmission of SIVcpz from chimpanzees (Pan troglodytes) and SIVsm from sooty mangabeys (Cercocebus atys) (1). The seroprevalence of SIV in monkey is high, about 35%. African green monkeys (AGM) vervet (Chlorocebus pygerythrus), grivet (C. aethiops), sabaeus (C. sabaeus), and tantalum (C. tantalus) are the natural hosts of SIVagm, and do not show symptoms of immunodeficiency. SIVmac infection of macaques, is often accompanied by lymphadenopathy and immunodeficiency (149). Accidental transmission of a SIVmac to a laboratory worker after a dirty needle prick, has been reported. NHP are also natural hosts for STLV-I (150). STLV-I is frequently found (5–45%) in OWM, gorillas (Gorilla gorilla), chimpanzees (Pan troglodytes), and baboons, whereas the related STLV-II infects bonobos (Pan paniscus) and cause lymphomas in baboons (151). Cross-species transmission to humans might result from bushmeat hunting or animal bite (152). It is worth noting that 5% of humans infected with HTLV-I, the human counterpart of STLV-I, suffer from adult-T leukemia or tropical spastic paraparesis (153). Actually, four subtypes of STLV, which have their HTLV counterpart, have been identified. The SRV was found in pigtailed macaques, crab-cating macaques, rhesus macaques, celebes macaques and cynomolgus monkeys (154), and it induced deadly hemorrhagic disease in captive rhesus macaques (M. mulatta) and Japanese macaques (M. fuscata) colonies (155). SRV-2 was reported to cross species barriers since it has been found in healthy persons occupationally exposed to infected NHP (156). Another simian retrovirus, SFV, present in the saliva of infected animals, is widespread (up to 70% prevalence) in NWM, OWM and apes (157). The human foamy virus isolated from a Kenyan patient in 1971 and considered non-pathogenic, was phylogenetically linked to a chimpanzee-like SFV. Transmission of SFV to humans during monkey bites was documented in hunters living in Cameroun and a person who has had contact with macaques (M. fascicularis) in Indonesia (158). SFV infection has been reported in 1–4% of persons who worked with NHP in zoos, primate centers, and laboratories and up to 24% in workers after bite or scratch by gorillas or chimpanzees (159–161).

It is necessary to keep in mind that the encephalomyocarditis virus (EMCV) a picornavirus, induces outbreaks of fatal myocarditis in NHP. It was responsible for heart failure, renal failure and cerebral infarction causing the death of bonobos (Pan paniscus); gibbons (Hylobates lar) (162), Macaca sylvanus (163), and Papio hamadryas (164). EMCV was described as an encephalitis-type illness in humans rarely resulting in severe clinical symptoms (165). EMCV was reported as being responsible of a deadly disease causing up to 100% mortality in apes (162) In Peru, human febrile illness caused by EMCV infection in two patients has been reported, and the reservoir of the virus has not been identified (166). This virus did not spread in the human population.

Rabies is a zoonotic disease characterized by severe neurologic signs caused by rabies virus (genus Lyssavirus). This disease is responsible for almost 55,000 human deaths every year, mostly in Asia and Africa. Natural rabies was described a long time ago in laboratory monkeys (167). In countries of endemic canine rabies, cases of rabies attributed to NHP are often underreported (168, 169). Survey studies in Brazil indicated that the white-tufted marmoset (Callithrix jacchus) was a source of human rabies in the state of Ceara (170). Between 1990 and 2016, at least 19 human cases of rabies following the incident with C. jacchus were registered (171). Another report described that 11.1% of free-ranging capuchin monkeys (Cebus apella) had antibodies against rabies virus. Rabies was also reported in great apes such as chimpanzees. In India, rabies was reported in macaques (M. mulatta) (169). In Thailand, an Asian country known to be at high risk for rabies, a study of 2,622 Thai children consulting for possible rabies virus exposure revealed that stray dogs were involved in 86.3%, cats in 9.7% and NHP in 1% of cases and, a meta-analysis of data in the city's urban population confirmed these percentages, the mean animal bites being 992 Bic/y, with 657 bites from dogs, 324 bites from cats, and 11 bites (1.1%) from monkeys (172). This observation contrasts with another meta-analysis indicating that among 2,000 travelers in Southeast Asia seeking care for rabies post-exposure prophylaxis, 31% consulted after they had been injured by NHP (173). The difference between indigenous populations and travelers might be explained by frequenting old Khmer temples where long-tail macaques (M. fascicularis) are used to being fed by tourists, and sometime bite visitors. In India, rabies is not a notifiable disease, yet there are a few reports of human rabies following exposure to NHP (174). For example, a young boy from Australia developed rabies after he returned to his country following a trip to Northern India during which he was bitten on his finger by a wild monkey (175).

The Cercopithecine herpesvirus 8/B virus commonly infects rhesus, cynomolgus, stump-tailed and other macaques. It is highly prevalent (90%) in adult macaques (M. mulatta and M. fascicularis). Related viruses named SA8 and Herpes papio 2 were isolated from vervet (Cercopithecus aethiops) and baboon (Papio), respectively (176). Asymptomatic macaques can shed virus in oral and genital secretions. This herpesvirus provokes conjunctivitis, flu-like symptoms and might cause ascending paralysis and a potentially fatal meningoencephalitis in humans (117). There are documented cases of Cercopithecine herpesvirus transmission to humans by NHP bites, scratches and contacts (urine, feces, and brain). Davenport et al. reported the cases of three workers from the same animal research facility in Michigan, USA, who were infected with Cercopithecine herpesvirus by macaques; clinical symptoms varied from self-limited aseptic meningitis to fulminant encephalomyelitis and death; two patients survived after treatment with ganciclovir (177). Transmission of Cercopithecine herpesvirus by scratches and percutaneous inoculation with contaminated materials was also documented (178). A woman working in a primate center was exposed to biological material from a rhesus macaque which splashed into her eye, and she died from Cercopithecine herpesvirus infection (179). About 50 human cases have been reported among which 29 were fatal. Acyclovir treatment reversed the neurological symptoms and was life-saving in a few cases. Specific public health measures are required considering that seroprevalence in macaques of temples in Nepal and Bali was 65 and 80%, respectively (35). It was claimed that monkey temple workers had developed an immune response against Cercopithecine herpesvirus without disease, suggesting these workers might present a natural resistance to Cercopithecine herpesvirus. Although tourists are immunologically naive, there is a lack of evidence of Cercopithecine herpesvirus infections among travelers, all reported cases being laboratory workers (Table 2). Recently, this virus was found in 14% of free-ranging rhesus macaques of Silver Springs State Park, a popular public park in Florida USA (182). This population of wild NHP, breeding very rapidly, is currently considered as a public health threat.


Table 2. Pathogenic NHP' viruses represent a major threat to humans, due to the severity of symptoms in infected persons.
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The monkeypox virus (MPXV), isolated in 1958 from cynomolgus monkeys (M. fascicularis) is a zoonotic virus endemic in Western and Central Africa. MPXV was then found in monkeys caged in zoos and primate research facilities (183). Yet, the main host of MPXV appear to be wild squirrels. A serosurvey conducted on almost 2,000 NHP in West Africa, revealed that 8% of vervet (C. aethiops) and 6% of colobus monkeys had antibodies against MPXV (184). A similar seroprevalence was found in Cercopithecus ascanius from DRC. In captive animals, outbreaks of MPXV have been recorded in rhesus monkeys, pig-tailed macaques, squirrel monkeys, owl-faced monkeys, African green monkeys, baboons, orangutans, gorillas, chimpanzees, and gibbons (185). MPXV was also isolated from a sooty mangabey (Cercocebus atys) found dead with pox-like lesions in Tai National Park in Ivory Coast. In 2014, a monkeypox outbreak among chimpanzees was reported in a sanctuary in Cameroon with 6 out of 72 monkeys infected by MPXV; the sick animals lacked appetite and showed gradual appearance of vesicles and nodules on the forelimbs and the face and one died from the disease (186). Humans can be infected with monkeypox and the disease, characterized by a flu syndrome, rash, pustules, occurs sporadically in villages within the tropical rain forest of West and Central Africa. Between 1970 and 1983, 155 human cases have been reported (80% expected to be of animal origin) (187). Person-to-person transmission of MPXV through respiratory droplets or body fluids, has contributed to a larger outbreak in human populations with a case fatality rate up to 10% (188). Since 2016, human monkeypox cases were reported in DRC (>1,000 cases reported per year; incidence rate: 5.53 cases per 10,000 people), Republic of the Congo (88 cases/y), Nigeria (89 cases/y), Central African Republic (19 cases/y), Liberia (2 cases/y), and Sierra Leone (1 case/y) (189). Smallpox vaccine confers partial cross-protection to monkeypox, reducing the case fatality rate. In Nigeria, an outbreak of human MPXV was reported by the end of 2017 with 146 suspected cases and 42 laboratory confirmed cases (190). Two human cases of MPXV infection were reported in the United Kindom (191). The first case was a Nigerian who traveled to England and upon arrival to UK presented fever, lymphadenopathy and a rash in the groin area that had developed the day before leaving Nigeria and the second was a UK resident who returned from a 3 week holiday in Nigeria. He presented fever, lymphadenopathy, a scrotal lump, and rash on the face and hands that had become pustular. The origin of infection was likely a contact with a person carrying infected lesions.

The transmission of the Marburg virus (MARV), from NHP to laboratory workers in 1967, is quite interesting to analyze regarding the spread of the pathogen via inter- and intra-species events. The source of the human outbreak was traced back to African green monkeys (Chlorocebus aethiops); indeed, these MARV-infected animals were imported in Europe from the Lake Kyoga region of Uganda for further experimentation in animal facilities in Marburg, Germany, aimed at obtaining kidney cells required to culture the poliomyelitis vaccine. Thirty-one persons (25 staff members and 6 secondarily infected humans) developed severe hemorrhagic fever, among which 6 died from the disease (192). Eight years after the isolation of this first filovirus, MARV was found to cause the death of a young Australian who had traveled throughout Zimbabwe. In the following years, only sporadic outbreaks affected small numbers of individuals in Africa (193). Yet, there were two large MARV outbreaks reported, first in the DRC from 1998–2000, associated with persons who engaged in illegal mining activities, and second in Angola from 2004 to 2005. In 2014, a single fatal case of MARV was identified in a healthcare worker in Kampala, Uganda (194). Another filovirus, the Ebola virus (EBOV), emerged in Africa in 1976. This virus is expected to be transmitted to humans by bats (23) and NHP are considered as intermediate host (195). However, each human outbreak of the Zaire EBOV strain (ZEBOV) was linked to reports of gorilla and chimpanzee carcasses in neighboring areas of Gabon and Congo, the sick persons having had contact with the NHP carcasses (196). It has been estimated that the ZEBOV outbreak killed 5,000 gorillas in West Africa in 2002–2003 (197). Moreover, a member of the Ebola virus family, the Reston ebolavirus (RESTV), was discovered in 1989 after an outbreak of hemorrhagic fever in cynomolgus macaques shipped from the Philippines to Reston, Virginia, USA (198). Seropositivity to the RESTV was estimated to be of 10% in rhesus, African green and cynomolgus monkeys. Several outbreaks of the death of monkeys were reported in cynomologus macaques caged in primate facilities in Sienna (Italy, 1992), in Alice (Texas, 1993), and in Manila (Philippines, 1996 and 2015) (199). Humans cases of RESTV infection remained asymptomatic, but surveillance is required to limit the risk of transmission of a mutant virus to humans.



DISCUSSION

Since the dawn of time, humans knew that the changing ecosystem exposes them to becoming sick. Today, traveling to regions of the world where hygienic conditions remain inadequate (lack of drinkable water, lack of sewerage), and touching wildlife with a special attraction for NHP, may still have undesirable consequences, especially that of being contaminated by a foreign pathogen infecting the NHP (the five main routes of pathogen' transmission being aerosol, direct contact, fomite, oral and vector). Conversely, there is also a risk of introduction of new infectious pathogens in the visited ecosystem. The “One Health” concept recognizes that human and animal health are intimately connected (39). Implementing this concept requires tracking the spread of pathogens from wildlife to humans. Insofar as part of the threat is unknown, it remains important to identify which behaviors increase exposure, how to quickly identify the type of pathogen which has passed the species barrier, how important is the risk to the health of the infected individual and that of the people he/she frequents, and what measures need to be taken. To this end, a public health approach to the problem is required. The risks will be very different depending on whether it involves bushmeat, contacts with NHP in laboratory, or NHP living in their natural ecosystem. The risk will also vary depending on the frequency of contact, the time spent in close proximity with NHP, the prevalence of the microorganism in the NHP population, the route of transmission (direct or indirect), the ability of hosts to transmit the pathogen, the time of incubation, the number of secondary infections produced in a completely susceptible population by an infected individual—known as R0 (basic reproduction ratio: for a pathogen to invade and spread, R0 must be >1)—(200, 201). Unfortunately, emergence of a new pathogen in the human ecosystem is impossible to predict (202, 203), and there is no guarantee of quick identification (e.g., HIV was discovered decades after its introduction and spread in the human population). Over the past decade, EID have increased, prompting the need for faster outbreak detection, monitoring, early warning, reports and intervention (74).

As for hunting, butchering, and consumption of NHP, serious health crises are very rare even if there are examples of major EID such as HIV or Ebola virus (2, 196). There is still no vaccine against HIV while the results for Ebola vaccine trials are encouraging (204, 205). An Ebola vaccine should help to prevent the spread of disease in countries where the epidemic is rife (206). Due to inadequate hygiene conditions (lack of drinkable water, lack of sewerage), bacterial, viral and parasitic intestinal infections are common, but they are rarely serious and most of them can be treated fairly easily. However, this can become a serious medical problem if the infected individual is sick in a rural area far away from any hospital. Regarding NHP caged in zoos, primate centers, and laboratories, the pathogens can be transmitted by scratches, bites, percutaneous inoculation, or contact with body fluids. In these working environments, (i) professionals have a good knowledge of the risks; (ii) the risk is limited because animals are subject to pre-import surveillance and post-import quarantine (e.g., in Europe Council Directive 92/65/EEC of 13 July 1992 laying down animal health requirements governing trade in and imports) (207); (iii) the workers adopt preventives measures (e.g., vaccine), and laboratory biosafety equipment with protective masks, glasses, gloves (208); and, (iv) prophylaxis actions are rapidly set up after an incident. In these workplaces, the pathogen is easy to identify because: (i) NHP are caged; (ii) the natural history of the animal involved in the incident is known; (iii) all NHP have regular veterinary and serological monitoring; (iv) the animal can be placed in quarantine and be subject to enhanced biological and veterinary surveillance. However, cases of accidental transmission of Marburg virus and Cercopithecine herpesvirus to laboratory staff should not be forgotten (179, 192). These accidents should serve as examples to strictly apply the precautionary principle in laboratories. Another source of worry comes from in situ NHP recovery centers, such as the Pan African sanctuary Alliance (209) in Africa or Wildlife Alliance in Asia (210), where there exist primate nurseries attended daily by workers and volunteers who come into very close contact with the animals to save them but also share microorganisms. It could become a potential public health problem and a conservation problem when trying to reintroduce these animals in a wild ecosystem. What remains the most difficult biohazard threat to assess is associated with the illegal detention of NHP as pets and tourists contact with NHP during trips (211). When an incident involves a wild NHP, it is frequently difficult to know the species and natural history of the NHP and the pathogens borne by this wild animal.

Whatever their destination, travelers are frequently victims of health problems because they are foreigners to the visited ecosystems. The ill rate of travelers varies from 15 to 70% according to the destinations, the conditions of stay and the epidemiological survey carried out. Diarrhea—mainly associated with bacteria or virus infections with a preponderance of bacterial infections—is still the most common undesirable incident encountered when traveling abroad (212, 213). It is followed by upper respiratory diseases, dermatitis and fever. Beside these common disorders, the threat might change in nature as more travelers end up moving into area where wildlife is present. Coming into contact with wildlife increases the risks of meeting pathogens whose presence was limited to weakly anthropized ecosystems. On some tourist sites in Thailand, Indonesia, India or Bali, it is not rare (incidence about 1/1,000) to be bitten by an NHP during feeding of the animals or when tourists refuse to give them food (214). As described in this review, when humans got into contact with NHP they could also come into contact with known pathogens such as C. tetani, rabies, Herpes B, monkeypox, Marburg, or Ebola viruses, and other pathogens—known or so far unknown—which could pass the species barriers. Rabies is a small part of the problem since high-risk travelers are usually vaccinated (215). On the other hand, there is no vaccine for most pathogens present in the NHP to which these tourists could be exposed. If we take the example of the Cercopithecine herpesvirus which can cause a potentially fatal meningoencephalitis in humans (case fatality rate above 50%), the review of the scientific literature indicates that the virus is widespread in wild NHP groups and those living in freedom on tourist sites (prevalence of 60 to 90% in adult macaques depending the NHP group studied). Although hundreds of thousands of tourists come annually into contact with these infected NHP, there is so far a lack of evidence of Cercopithecine herpesvirus infections among travelers. Yet, several serious cases have been reported in primate center research workers. A single case of human-to-human transmission of Cercopithecine herpesvirus was reported in a woman who became infected after applying hydrocortisone cream to her husband's Cercopithecine herpesvirus skin lesions (216). Recently, genomic sequence variations between Cercopithecine herpesvirus isolated from different macaque species have been reported confirming the existence of different genotypes of Cercopithecine herpesvirus (217). This might suggest that some genotypes of this Herpesvirus might be more suitable than others to cross the species barrier. There has also been no report of serious case in the population of people living in close proximity with NHP and it was claimed that monkey temple Thai workers had developed a protective immune response (not scientifically demonstrated) against the Cercopithecine herpesvirus. What this example tells us is that, despite knowing the threat, no current model can predict the probability of transferring Cercopithecine herpesvirus infection to tourists after an incident involving a NHP. The situation is totally different in Central Africa with the monkeypox virus threat. The seroprevalence of MPXV ranges between 5 and 10% in several NHP groups. Humans can be infected by MPXV and develop a Flu syndrome with a case fatality rate up to 10%. Once transmitted to humans, the virus is very contagious and person-to-person transmission of MPXV occurs through respiratory droplets or body fluids leading to larger outbreaks in human populations. However, there is evidence suggesting that without repeated zoonotic introductions of the virus, human infections would eventually cease to occur (218). In both cases discussed above, the threat is known and it is possible to take preventive measures or to promptly set up therapy after infection of an individual. Of course, it's even worse if we do not know the nature of the threat (unknown pathogen) and if a human undergoes a long incubation period during which the infectious agent is present, but it is not yet causing clinical signs. Travelers should endorse responsibility for taking protective measures aimed at reducing exposure to pathogens. They should follow strict hygiene protocols, including the appropriate vaccination, maintenance of distance with NHP, and not feeding wild NHP (219). It can't be ascertained that travelers are always aware of the biohazard risks. There is therefore a need for more information to travelers via public health professionals, national authorities, and media. In addition, proactive approaches to surveillance, health assessment and monitoring of NHP populations, should be encouraged.

Professionals in charge of travel medicine know perfectly that they should recommend standard vaccination (including tetanus, rabies) according to National Advisory Committees, and the greatest caution to those who wish to meet NHP in their natural environment (220). Pre- and post-travel clinical surveillance is strongly recommended. Even in the absence of animal scratches or bites, travelers/ecotourists should be encouraged to self-screen clinical signs following any meeting with NHP. Tetanus is a preventable disease that is declining worldwide due to vaccination, but surveillance is still required. Before a stay in an area known as high-risk for rabies, preventive vaccine (pre-exposure) may be recommended. In all cases of scratches and bites by NHP, medical consultation is needed. If it is assumed that it is not possible to predict which pathogen could be transmitted to humans during an incident involving a NHP, emergency physicians and medical professionals not familiar with the field of primatology must adopt an attitude based on the precautionary principle (221). In cases of suspected or proven exposures, post-exposure prophylaxis (PEP) with anti-rabies immunoglobulins (not always available on site) should be started. Pre-exposure rabies vaccine exempts of PEP. In case of superficial NHP scratches, patients often underestimate the seriousness of injuries. Wounds should be cleaned immediately by a 15 min deep irrigation with soapy water, and when possible by saline or antiseptic solution (e.g., chlorhexidine gluconate or povidone-iodine/betadine) to remove foreign bodies and pathogens. The injury may affect different layers of skin. Ischemic lesions promote microbial proliferation. Patients can be divided into low- and high-risk groups depending on the location and importance (superficial or severe) of the injury and the medical state (if known) of the animal that caused the injury. After adequate cleansing, evaluation of the risk of pathogen transmission (the patient's vaccine statute against tetanus and rabies should be questioned), examination, assessment of health status and investigation of any unusual symptom of the offending animal is required (when possible). Blood samples from the NHP and the victim should be collected and immediately sent for serological testing (a rapid transport time of the samples is critical; adequate information should be given to the laboratory for the research of unusual pathogens). In addition, buccal and conjunctival swabs from NHP should be used for culture and rapid PCR-identification of pathogens. The culture of pathogens classified BSL-3 or BSL-4 (for biosafety level), requires specialized facilities (e.g., herpes B virus that is of major concern with NHP bite, is classified BSL-4) (222). The victim should be directed to an emergency medical service where he/she should be considered for immunoprophylaxis and broad coverage antibiotic treatment against NHP's bacteria (such as Amoxicillin clavulanate and moxifloxicin or fluoroquinolone and metronidazole) (172). To prevent viral infections, initiating PEP with an antiviral drug such as valacyclovir (1g by mouth every 8 h for 14 days), or acyclovir (800 mg by mouth five times daily for 14 days or 5 mg/kg/8 h intraveinously for 3 days) and anti-rabies prophylaxis (20 IU/kg infiltrate around the wound and any remaining amount intramuscularly), may be needed (180, 181). Parenteral ganciclovir (5 mg/kg intravenously every 12 h for 2 days) is reserved for treatment of infection with central nervous system symptoms.

Post-exposure clinical survey of the patient is necessary to identify possible signs of illness (such as fever, pain, or shock). If there is evidence for a new pathogen, warning signal are needed for early detection and control of new infectious disease, and biosurveillance of humans and NHP in the area of emergence should be established to determine its evolutionary potential, its impact on health and the ability of leaders and stakeholders to control the phenomenon. The most serious risk for public health is a deadly pathogen able to spread through human-to-human transmission with high R0, or a deadly pathogen transmitted from NHP to humans via a flying blood-sucking vector insect.



AUTHOR CONTRIBUTIONS

CD, OM, HM, and DR conceived the paper. CD wrote the paper.



FUNDING

This work was supported by the French Government under the Investissements d'avenir (Investments for the Future) program managed by the Agence Nationale de la Recherche (reference: Méditerranée Infection 10-IAHU-03). The images are available under a Creative Commons CCBY 3.0 license. Pictures of apes are from the free sponsored website https://pixabay.com/fr/.



ACKNOWLEDGMENTS

We thank Bernard Davoust (Veterinary doctor) and Matthieu Million (Medical doctor), for their critical reading of the manuscript. We thank Magdalen Lardière and Maureen Laroche for English editing.



REFERENCES

 1. Gao F, Bailes E, Robertson DL, Chen Y, Rodenburg CM, Michael SF, et al. Origin of HIV-1 in the chimpanzee Pan troglodytes troglodytes. Nature. (1999) 397:436–41. doi: 10.1038/17130

 2. Hahn BH, Shaw GM, De Cock KM, Sharp PM. AIDS as a zoonosis: scientific and public health implications. Science. (2000) 287:607–14. doi: 10.1126/science.287.5453.607

 3. Covey R, McGraw WS. Monkey in a West African bushmeat market: implications for cercopithecid conservation in Eastern Liberia. Trop Conserv Sci. (2014) 7:115–25. doi: 10.1177/194008291400700103

 4. Brashares JS, Golden CD, Weinbaum KZ, Barrett CB, Okello GV. Economic and geographic drivers of wildlife consumption in rural Africa. Proc Natl Acad Sci USA. (2011) 108:13931–6. doi: 10.1073/pnas.1011526108

 5. Shanee N, Mendoza AP, Shanee S. Diagnostic overview of the illegal trade in primates and law enforcement in Peru. Am J Primatol. (2017) 79:e22516. doi: 10.1002/ajp.22516

 6. Estrada A, Garber PA, Rylands AB, Roos C, Fernandez-Duque E, Di Fiore A, et al. Impending extinction crisis of the world's primates: why primates matter. Science Adv. (2017) 3:e1600946. doi: 10.1126/sciadv.1600946

 7. KWATA (2019). Available online at: https://www.kwata.net/la-gestion-des-ressources-naturelles.html

 8. Ahmadi S, Maman S, Zoumenou R, Massougbodji A, Cot M, Glorennec P, et al. Hunting, sale, and consumption of bushmeat killed by lead-based ammunition. Int J Env Res Pub Health. (2018) 15:1140. doi: 10.3390/ijerph15061140

 9. Fa JE, Seymour S, Dupain J, Amin R, Albrechtsen L, Macdonald D. Getting to grips with the magnitude of exploitation: bushmeat in the Cross-Sanaga rivers region, Nigeria and Cameroun. Biol Conserv. (2006) 129:497–510. doi: 10.1016/j.biocon.2005.11.031

 10. Fa JE, Olivero J, Farfan MA, Marquez AL, Duarte J, Nackoney J, et al. Correlates of bushmeat in markets and depletion of wildlife. Conserv Biol. (2015) 29:805–15. doi: 10.1111/cobi.12441

 11. Van Lavieren E. The illegal trade in Barbary macaques from Morocco and its impact on the wild population. TRAFFIC Bull. (2008) 21:123–30.

 12. Smith KM, Zambrana-Torrelio C, White A, Asmussen M, Machalaban C, Kennedy S, et al. Summarizing US wildlife trade with an eye toward assessing the risk of infectious disease introduction. Ecohealth. (2017) 14:29–39. doi: 10.1007/s10393-017-1211-7

 13. Nijman V, Nekaris KAI, Donati G, Bruford M, Fa J. Primate conservation: measuring and mitigating trade in primates. Endang Species Res. (2011) 13:159–61. doi: 10.3354/esr00336

 14. Bonwitt J, Dawson M, Kandeh M, Ansumana R, Sahr F, Brown H, et al. Unintended consequences of the “bushmeat ban” in West Africa during the 2013-2016 Ebola viru disease epidemic. Soc Sci Med. (2018) 200:166–73. doi: 10.1016/j.socscimed.2017.12.028

 15. Eves HE, Hutchins M, Bailey ND. The Bushmeat Crisis Task Force (BCTF). Conservation in the 21st Century. Chapter 17. (2008). pp. 327–44.

 16. CITES/GRASP. Report. Orang Utan Technical Mission Indonesia (2006).

 17. Smith KM, Anthony SJ, Switzer WM, Epstein JH, Seimon T, Jia H, et al. Zoonotic viruses associated with illegally imported wildlife products. PLoS ONE. (2012) 7:e29505. doi: 10.1371/journal.pone.0029505

 18. Temmam S, Davoust B, Chaber AL, Lignereux Y, Michelle C, Monteil-Bouchard S, et al. Screening for viral pathogens in African simian bushmeat seized at a French airport. Transbound Emerg Dis. (2017) 64:1159–67. doi: 10.1111/tbed.12481

 19. Evans W. African Monkey Meat That Could be Behind the Next HIV. Independent journal (2012). Available online at: https://www.independent.co.uk/life-style/health-and-families/health-news/african-monkey-meat-that-could-be-behind-the-next-hiv-7786152.html (accessed May 25, 2012).

 20. Wood KL, Tenger B, Morf NV, Kratzer A. Tengwood organization. Report to Cites: CITES-Listed Species at Risk From Illegal Trafficking in Bushmeat; Results of a 2012 Study in Switzerland's International Airports. An unpublished Report to CITES, Switzerland (2014). p. 127.

 21. Haddad NM, Brudvig LA, Clobert J, Davies KF, Gonzales A, Holt RD Habitat fragmentation and its lasting impact on earth's ecosystems. Sci Adv. (2015) 1:e1500052. doi: 10.1126/sciadv.1500052

 22. Espinosa S, Branch LC, Cueva R. Road development and the geography of hunting by and Amazonian indigenous group: consequences for wildlife conservation. PLoS ONE. (2014) 9:e114916. doi: 10.1371/journal.pone.0114916

 23. Afelt A, Devaux C, Serra-Cobo J, Frutos R. Bat, bat-borne viruses, and environmental changes. In: Mikkola H, editor. Bats. London, UK: IntechOpen (2018). p. 113–32.

 24. Poulsen JR, Clark CJ, Mavah G, Elkan PW. Bushmeat supply and consumption in a tropical logging concession in northern Congo. Conserv Biol. (2009) 23:1597–608. doi: 10.1111/j.1523-1739.2009.01251.x

 25. Bersacola E, Bessa J, Frazao-Moreira A, Biro D, Sousa C, Hockings KJ. Primate occurrence across a human-impacted landscape in Guinea-Bissau and neighbouring regions in West Africa: using a systematic literature review to highlight the next conservation steps. Peer J. (2018) 6:e4847. doi: 10.7717/peerj.4847

 26. da Silva A, Canale GR, Kierulff MC, Duarte GT, Paglia AP, Bernardo CS. Hunting, pet trade, and forest size effects on population viability of a critically endangered neotropical primate, Sapajus xanthosternos (Wied-Neuwied, 1826). Am J Primatol. (2016) 78:950–60. doi: 10.1002/ajp.22565

 27. Estrada A, Garber PA, Mittermeier RA, Wich S, Gouveia S, Dobrovolski R, et al. Primates in peril: the significance of Brazil, Madagascar, Indonesia and the Democratic Republic of the Congo for global primate conservation. Peer J. (2018) 6:e4869. doi: 10.7717/peerj.4869

 28. Millot O. Monkeys of bad compagny. Libération (2000 October 13).

 29. Shepherd CR. Illegal primate trade in Indonesia exemplified by surveys carried out over a decade in North Sumatra. Endang Species Res. (2010) 11:201–5. doi: 10.3354/esr00276

 30. Svensson MS, Shanee S, Shanee N, Bannister FB, Cervera L, Donati G, et al. Disappearing in the night: an overview on trade and legislation of night monkeys in South and Central America. Folia Primatol. (2016) 87:332–48. doi: 10.1159/000454803

 31. Ni Q, Wang Y, Weldon A, Xie M, Xu H, Yao Y, et al. Conservation implications of primate trade in China over 18 years based on web news reports of confiscations. Peer J. (2018) 6:e6069. doi: 10.7717/peerj.6069

 32. Gettleman J. Smuggled, beaten and drugged: the illicit global ape trade. The New York Times (2017 Novemeber 4). Available online at: https://www.nytimes.com/2017/11/04/world/africa/ape-trafficking-bonobos-orangutans.html

 33. Balansard I, Cleverley L, Cutler KL, Spångberg MG, Thibault-Duprey K, Langermans JA. Revised recommendations for health monitoring of non-human primate colonies (2018): FELASA Working Group Report. Lab Anim. (2019) 53:429–46. doi: 10.1177/0023677219844541

 34. Conly JM, Johnston BL. The infectious diseases consequences of monkey business. Can J Infect Dis Med Microbiol. (2008) 19:12–4. doi: 10.1155/2008/970372

 35. Jones-Engel L, Engel GA, Heidrich J, Chalise M, Poudel N, Viscidi R, et al. Temple monkeys and health implications of commensalism, Kathmandu, Nepal. Emerg Infect Dis. (2006) 12:900–6. doi: 10.3201/eid1206.060030

 36. Dunay E, Apakupakul K, Leard S, Palmer JL, Deem SL. Pathogen transmission from humans to great apes is a growing threat to primate conservation. Ecohealth. (2018) 15:148–62. doi: 10.1007/s10393-017-1306-1

 37. Nijman V. Orangutan trade, confiscations, and lack of prosecutions in Indonesia. Am J Primatol. (2017) 79. doi: 10.1002/ajp.22652

 38. Possas C, Lourenço-de-Oliveira R, Tauil PL, de Paula Pinheiro F, Pissinatti A, Venancio da Cunha R, et al. Yellow fever outbreak in Brazil: the puzzle of rapid viral spread and challenges for immunisation. Mem Inst Oswaldo Cruz. (2018) 113:e180278. doi: 10.1590/0074-02760180278

 39. Zinsstag J, Schelling E, Wyss K, Mahamat MB. Potential of cooperation between human and animal health to strengthen health systems. Lancet. (2005) 366:2142–5. doi: 10.1016/S0140-6736(05)67731-8

 40. Lagier JC, Bilen M, Cadoret F, Drancourt M, Fournier PE, La Scola B, et al. Naming microorganisms: the contribution of the, IHU, Méditerranée Infection, Marseille, and France. New Microbes New Infect. (2018) 26:S89–95. doi: 10.1016/j.nmni.2018.08.006

 41. ICTV taxonomy. Viral Taxa. (2018). Available online at: https://talk.ictvonline.org/taxonomy/w/ictv-taxonomy

 42. Colson P, Levasseur A, La Scola B, Sharma V, Nasir A, Pontarotti P, et al. Ancestrality and mosaicism of giant viruses supporting the definition of the fourth TRUC of microbes. Front Microbiol. (2018) 9:2668. doi: 10.3389/fmicb.2018.02668

 43. Doolittle RF, Feng DF, Tsang S, Cho G, Little E. Determining divergence times of the major kingdoms of living organisms with a protein clock. Science. (1996) 271:470–7. doi: 10.1126/science.271.5248.470

 44. Raoult D, Forterre P. Redefining viruses: lessons from mimivirus. Nat Rev Microbiol. (2008) 6:315–9. doi: 10.1038/nrmicro1858

 45. Devaux C, Raoult D. The microbiological memory, an epigenetic regulator governing the balance between good health and metabolic disorders. Front Microbiol. (2018) 9:1379. doi: 10.3389/fmicb.2018.01379

 46. Feng DA, Cho G, Doolittle RF. Determining divergence times with a protein clock: update and reevaluation. Proc Natl Acad Sci USA. (1997) 94:13028–33. doi: 10.1073/pnas.94.24.13028

 47. Youle M, Haynes M, Rohwer F. Scratching the surface of biology's dark matter. In: Witzany G, editors. Viruses: Essential Agents of Life. New York, NY: Springer (2012). pp. 61–83.

 48. Schopf JW. Microfossils of the early archean apex chert: new evidence of the antiquity of life. Science. (1993) 260:640–6. doi: 10.1126/science.260.5108.640

 49. Eme L, Spang A, Lombard J, Stairs CW, Ettema TJG. Archaea and the origin of eukaryotes. Nat Rev Microbiol. (2017) 15:711–23. doi: 10.1038/nrmicro.2017.133

 50. Stauffer RL, Walker A, Ryder OA, Lyons-Weiler M, Hedges SB. Human and ape molecular clocks and constraints on paleontological hypotheses. J Hered. (2001) 92:469–74. doi: 10.1093/jhered/92.6.469

 51. Moorjani P, Amorim CEG, Arndt PF, Przeworski M. Variation in the molecular clock of primates. Proc Natl Acad Sci USA. (2016) 113:10607–12. doi: 10.1073/pnas.1600374113

 52. Tishkoff SA, Pakstis AJ, Stoneking M, Kidd JR, Destro-Bisol G, Sanjantila A, et al. Short tandem-repeat polymorphism/Alu haplotype variation at the PLAT locus: implications for modern human origins. Am J Hum Genet. (2000) 67:901–25. doi: 10.1086/303068

 53. Yi S, Elisworth DL, Li WH. Slow molecular clocks in Old World monkeys, apes, and humans. Mol Biol Evol. (2002) 19:2191–8. doi: 10.1093/oxfordjournals.molbev.a004043

 54. Ford SA, Kao D, Williams D, King KC. Microbe-mediated host defence drive the evolution of reduced pathogen virulence. Nat Commun. (2016) 7:13430. doi: 10.1038/ncomms13430

 55. Karlsson EK, Kwiatkowski DP, Sabeti PC. Natural selection and infectious disease in human populations. Nat Rev Genet. (2014) 15:379–93. doi: 10.1038/nrg3734

 56. Rebai N, Mercier P, Kristensen T, Devaux C, Malissen B, Mawas C, et al. Murine H-2Dd-reactive monoclonal antibodies recognize shared antigenic determinant(s) on human HLA-B7 or HLA-B27 molecules or both. Immunogenetics. (1983) 17:357–70. doi: 10.1007/BF00372455

 57. Spurgin LG, Richardson DS. How pathogens drive genetic diversity: MHC, mechanisms and misunderstandings. Proc Biol Sci. (2010) 277:979–88. doi: 10.1098/rspb.2009.2084

 58. Nédélec Y, Sanz J, Baharian G, Szpiech ZA, Pacis A, Dumaine A, et al. Genetic ancestry and natural selection drive population differences in immune responses to pathogens. Cell. (2016) 167:657–69.e21. doi: 10.1016/j.cell.2016.09.025

 59. O'Fallon BD, Fehren-Schmitz L. Native Americans experienced a strong population bottleneck coincident with European contact. Proc Natl Acad Sci USA. (2011) 108:20444–8. doi: 10.1073/pnas.1112563108

 60. Lindo J, Huerta-Sanchez E, Nakagome S, Rasmussen M, Petzell B, Mitchell J, et al. A time transect of exomes from a native American population before and after European contact. Nat Commun. (2016) 7:13175. doi: 10.1038/ncomms13175

 61. Ségurel L, Thompson EE, Flutre T, Lovstad J, Venkat A, Margulis SW, et al. The ABO blood group is a trans-species polymorphism in primates. Proc Natl Acad Sci USA. (2012) 109:18493–8. doi: 10.1073/pnas.1210603109

 62. Borén T, Falk P, Roth KA, Larson G, Normark S. Attachment of Helicobacter pylori to human gastric epithelium mediated by blood group antigens. Science. (1993) 262:1892–5. doi: 10.1126/science.8018146

 63. Ruwende C, Khoo SC, Snow RW, Yates SN, Kwiatkowski D, Gupta S, et al. Natural selection of hemi- and heterozygotes for G6PD deficiency in Africa by resistance to severe malaria. Nature. (1995) 376:246–9. doi: 10.1038/376246a0

 64. Modiano D, Luoni G, Sirima BS, Simporé J, Verra F, Konaté A, et al. Haemoglobin C protects against clinical Plasmodium falciparum malaria. Nature. (2001) 414:305–8. doi: 10.1038/35104556

 65. Galvani AP, Slatkin M. Evaluating plague and smallpox as historical selective pressures for the CCR5-delta32 HIV-resistance allele. Proc Natl Acad Sci USA. (2003) 100:15276–9. doi: 10.1073/pnas.2435085100

 66. Stephens JC, Reich DE, Goldstein DB, Shin HD, Smith MW, et al. Dating the origin of the CCR5-delta32 AIDS-resistance allele by the coalescence of haplotypes. Am J Hum Genet. (1998) 62:1507–15. doi: 10.1086/301867

 67. WHO. The World Health Report 2007- A Safer Future: Global Public Health Security in the 21st Century. Geneva: World Health Organization (2008). Available online at: http://www.who.int/whr/2007/en/index.html

 68. WHO. HIV/AIDS. (2019). Available online at: https://www.who.int/features/qa/71/en

 69. WHO. Tuberculosis. (2019). Available online at: https://www.who.int/immunization/diseases/tuberculosis/en/

 70. Law YH. Rare human outbreak of monkey malaria detected in Malaysia. Sci News. (2018) 194:22. doi: 10.1038/d41586-018-04121-4

 71. Narat V, Alcayna-Stevens L, Rupp S, Giles-Vernick T. Rethinking human-nonhuman primate contact and pathogenic disease spillover. Ecohealth. (2017) 14:840–50. doi: 10.1007/s10393-017-1283-4

 72. Davoust B, Levasseur A, Mediannikov O. Studies of nonhuman primates: key sources of data on zoonoses and microbiota. New Microbes New Infect. (2018) 26:S104–8. doi: 10.1016/j.nmni.2018.08.014

 73. WHO. Zoonoses. (2019). Available online at: https://www.who.int/topics/zoonoses/en/

 74. Devaux CA. Emerging and re-emerging viruses: a global challenge illustrated by chikungunya virus outbreaks. World J Virol. (2012) 1:11–22. doi: 10.5501/wjv.v1.i1.11

 75. IUCN. International Union for Conservation of Nature's Red List of Threatened Species. (2018). Available online at: https://www.iucnredlist.org/ (accessed February, 2019).

 76. Michel AL, Venter L, Espie IW, Coetzee ML. Mycobacterium tuberculosis infections in eight species at the National zoologic gardens of South Africa, 1991-2001. J Zoo Wildl Med. (2003) 34:384–90. doi: 10.1638/02-063

 77. Wevers D, Metzger S, Babweteera F, Bieberbach M, Boesch C, Cameron K, et al. Novel adenoviruses in wild primates: a high level of genetic diversity and evidence of zoonotic transmissions. J Virol. (2011) 85:10774–84. doi: 10.1128/JVI.00810-11

 78. Odeniran PO, Ademola IO, Jegede HO. A review of wildlife tourism and meta-analysis of parasitism in Africa's national parks and game reserves. Parasitol Res. (2018) 117:2359–78. doi: 10.1007/s00436-018-5958-8

 79. Carne C, Semple S, Morrogh-Bernard H, Zuberbühler K, Lehmann J. The risk of disease to great apes: simulating disease spread in Orang-Utan (Pongo pygmaeus wurmbii) and Chimpanzee (Pan troglodytes schweinfurthii) association network. PLoS ONE. (2014) 9:e95039. doi: 10.1371/journal.pone.0095039

 80. Gogarten JF, Dux A, Mubemba B, Pléh K, Hoffmann C, Mielke A, et al. Tropical rainforest files carrying pathogens form stable associations with social nonhuman primates. Mol Ecol. (2019) 8:4242–58. doi: 10.1111/mec.15145

 81. Butynski TM. The robust chimpanzee Pan troglodytes: taxonomy, distribution, abundance, and conservation status. In: Kormos R, Boesch C, Bakarr MI, Butynski TM, editors. West African Chimpanzees, Status Survey and Conservation Action Plan. Gland; Cambridge: IUCN/SSC Primate Specialist Group (2003). pp. 5–12.

 82. Sop T, Mundry R, Colleen S, Kühl HS. Report on Estimated Trends in Abundance of Bonobos (Pan paniscus). (2016). Available online at: http://www.iucnredlist.org/details/biblio/15932/0

 83. Roy J, Vigilant L, Gray M, Wright E, Kato R, Kabano P, et al. Challenges in the use of genetic mark-recapture to estimate the population size of Bwindi mountain gorillas (Gorilla beringei beringei). Biol. Conserv. (2014) 180:249–61. doi: 10.1016/j.biocon.2014.10.011

 84. Gray M, Roy J, Vigilant L, Fawcett K, Basabose B, Cranfield M, et al. Genetic census reveals increased but uneven growth of a critically endangered mountain gorilla population. Biol Conserv. (2013) 158:230–8. doi: 10.1016/j.biocon.2012.09.018

 85. Plumptre A, Nixon S, Caillaud D, Hall JS, Hart JA, Nishuli R, et al. Gorilla beringei ssp. graueri. (errata version published in 2016) The IUCN Red List of Threatened. Species 2016: e.T39995A102328430 (2016).

 86. Oates JF, McFarland KL, Groves JL, Bergl RA, Linder JM, Disotell TR. The Cross River Gorilla: the natural history and status of a neglected and critically endangered subspecies. In: Taylor A, Goldsmith M, editors. Gorilla Biology: A Multidisciplinary Perspective. Cambridge: Cambridge University Press (2003). pp. 472–97.

 87. Ancrenaz M, Gumal M, Marshall AJ, Meijaard E, Wich SA, Husson S. Pongo pygmaeus. The IUCN Red List of Threatened Species 2016: e.T17975A17966347 (2016).

 88. Wich SA, Singleton I, Nowak MG, Utami Atmoko SS, Nisam G, Arif SM, et al. Land-cover changes predict steep declines for the Sumatran orangutan (Pongo abelii). Sci Adv. (2016) 2:e1500789. doi: 10.1126/sciadv.1500789

 89. Voigt M, Wich SA, Ancrenaz M, Meijaard E, Abram N, Banes GL, et al. Global demand for natural resources eliminated more than 100,000 Bornean orangutans. Current Biol. (2018) 28:761–9. doi: 10.1016/j.cub.2018.01.053

 90. IUTC. International Union for Conservation of Nature's Red List of Threatened Species. (2018). Available online at: https://www.iucnredlist.org/#

 91. Stiles D, Redmond I, Cress D, Nellemann C, Formo RK. Stolen Apes: The Illicit Trade in Chimpanzees, Gorillas, Bonobos and Orangutans. A Rapide Response Assessment. United Nations Environment Programme. GRID-Arendal (2013). Available online at: www.grida.no

 92. Foster JW. Mountain Gorilla conservation: a study in human values. J Am Vet Med Assoc. (1992) 200:629–33.

 93. Gilardi KV, Gillespie TR, Leendertz FH, Macfie EJ, Travis DA, Whittier CA, et al. Best Practice Guidelines for Health Monitoring and Disease Control in Great Ape Populations. Gland: IUCN SSC Primate Specialist Group (2015). p. 56.

 94. Homsy J. Tourism, great apes and human diseases. A Critical Analysis of the Rules Governing Park Management and Tourism for the Wild Mountain Gorilla. Report of a consultation for the International Program of the Conservation of Gorillas (PICG) (1999).

 95. Ryan SJ, Walsh PD. Consequences of non-intervention for infectious disease in African great Apes. PLoS ONE. (2011) 6:e29030. doi: 10.1371/journal.pone.0029030

 96. Froeschle J, Allmond B. Polio outbreak among primates at Yerkes Primate Center. Lab Prim Newslett. (1965) 4:6.

 97. Johnsen DO, Wooding WL, Tanticharoenyos P, Karnjanaprakorn C. An epizootic of A2/HongKong/68 influenza in gibbons. J Infect Dis. (1971) 123:365–70. doi: 10.1093/infdis/123.4.365

 98. Willy ME, Woodward RA, Thornton VB, Wolff AV, Flynn BM, Heath JL, et al. Management of a measles outbreak among Old World nonhuman primates. Lab Anim Sci. (1999) 49:42–8.

 99. Ferber D. Human diseases threaten great apes. Science. (2000) 289:1277–8. doi: 10.1126/science.289.5483.1277

 100. Warren KS, Niphuis H, Heriyanto Verschoor EJ, Swan RA, Heeney JL. Seroprevalence of specific viral infections in confiscated orangutans (Pongo pygmaeus). J Med Primatol. (1998) 27:33–7. doi: 10.1111/j.1600-0684.1998.tb00066.x

 101. Huemer HP, Larcher C, Czedik-Eysenberg T, Nowotny N, Reifinger M. Fatal infection of a pet monkey with Human herpesvirus. Emerg Infect Dis. (2002) 8:639–42. doi: 10.3201/eid0806.010341

 102. Palacios G, Lowenstine LJ, Cranfield MR, Gilardi VK, Spelman L, Lukasik-Braum M, et al. Human metapneumovirus infection in wild mountain gorillas, Rwanda. Emerg Infect Dis. (2017) 17:711–13. doi: 10.3201/eid1704.100883

 103. Grützmacher KS, Köndgen S, Keil V, Todd A, Feistner A, Herbinger I, et al. Codetection of respiratory syncytial virus in habituated wild Western Lowland gorillas and humans during respiratory disease outbreak. Ecohealth. (2016) 13:499–510. doi: 10.1007/s10393-016-1144-6

 104. Olarinmoye AO, Olugasa BO, Niphuis H, Herwijnen RV, Verschoor E, Boug A, et al. Serological evidence of coronavirus infections in native hamadryas baboons (Papio hamadryas hamadryas) of the kingdom of Saudi Arabia. Epidemiol Infect. (2017) 145:2030–37. doi: 10.1017/S0950268817000905

 105. Hoppe E, Pauly M, Gillespie TR, Akoua-Koffi C, Hohmann G, Fruth B, et al. Multiple cross-species transmission event of human Adenoviruses (HAdV) during hominine evolution. Mol Biol Evol. (2018) 32:2072–84. doi: 10.1093/molbev/msv090

 106. Sapolsky RM, Share LJ. A pacific culture among wild baboons: its emergence and transmission. PLoS Biol. (2004) 2:e106. doi: 10.1371/journal.pbio.0020106

 107. Fourie PB, Odendaal MW. Mycobacterium tuberculosis in a closed colony of baboons (Papio ursinus). Lab Anim. (1983) 17:125–8. doi: 10.1258/002367783780959376

 108. Hastings BE, Kenny D, Lowenstine LJ, Foster JW. Mountain gorillas and measles: ontogeny of a wildlife vaccination program. In: Proceedings of the American Association of Zoo Veterinarians Annual Meeting. Calgary, AL (1991). pp. 198–205.

 109. Gogarten JF, Davies TJ, Benjamino J, Gogarten JP, Graf J, Mielke A, et al. Factors influencing bacterial microbiome composition in a wild non-human primate community in Taï National Park, Côte d'Ivoire. ISME J. (2018) 12:2559–74. doi: 10.1038/s41396-018-0166-1

 110. Nizeyi JB, Innocent RB, Erume J, Kalema GR, Cranfield MR, Graczyk TK. Campylobacteriosis, salmonellosis, and shigellosis in free-ranging human-habituated mountain gorillas of Uganda. J Wildl Dis. (2001) 37:239–44. doi: 10.7589/0090-3558-37.2.239

 111. Unwin S, Chatterton J, Chantrey J. Management of severe respiratory tratc disease caused by human respiratory syncytial virus and Streptococcus pneumoniae in captive chimpanzees (Pan troglodytes). J Zoo Wildl Med. (2013) 44:105–15. doi: 10.1638/1042-7260-44.1.105

 112. Stentiks CA, Kondgen S, Silinski S, Speck S, Leendertz FH. Lethal pneumonia in a captive juvenile chimpanzee (Pan troglodytes) due to human-transmitted human respiratory syncytial virus (HRSV) and infection with Streptococcus pneumoniae. J Med Primatol. (2009) 38:236–40. doi: 10.1111/j.1600-0684.2009.00346.x

 113. Messenger AM, Barnes AN, Gray GC. Reverse zoonotic disease transmission (zooanthroponosis): asystematic review of seldom-documented human biological threats to animals. PLoS ONE. (2014) 9:e89055. doi: 10.1371/journal.pone.0089055

 114. Antonovics J, Wilson AJ, Forbes MR, Hauffe HC, Kallio ER, et al. The evolution of transmission mode. Philos Trans R Soc Lond B Biol Sci. (2017) 372:20160083. doi: 10.1098/rstb.2016.0083

 115. Hassell JM, Begon M, Ward MJ, Fèvre EM. Urbanization and disease emergence: dynamics at the wildlife-livestock-human interface. Trends Ecol Evol. (2017) 32:55–67. doi: 10.1016/j.tree.2016.09.012

 116. Epstein JH, Price JT. The significant but understudied impact of pathogen transmission from humans to animals. Mt Sinai J Med. (2009) 76:448–55. doi: 10.1002/msj.20140

 117. Ostrowski SR, Leslie MJ, Parrott T, Abelt S, Piercy PE. B-virus from pet macaque monkeys: an emerging threat in the United States? Emerg Infect Dis. (1998) 4:117–21. doi: 10.3201/eid0401.980117

 118. Kizer KW. Epidemiological and clinical aspects of animal bite injuries. JACEP. (1979) 8:134–41. doi: 10.1016/S0361-1124(79)80339-1

 119. Tribe GW, Noren E. Incidence of bites from cynomolgus monkeys, in attending animal staff-−1975-80. Lab Anim. (1983) 17:110. doi: 10.1258/002367783780959574

 120. Campbell AC. Primate bites in Gibraltar-minor casualty quirk?. Scott Med J. (1989) 34:519–20. doi: 10.1177/003693308903400503

 121. Talan DA, Citron DM, Abrahamian FM, Moran GJ, Goldstein EJC. Bacteriologic analysis of infected dog and cat bites. N Engl J Med. (1999) 340:85–92. doi: 10.1056/NEJM199901143400202

 122. Goldstein EJ, Pryor EP, Citron DM. III. Simian bites and bacterial infection. Clin Infect Dis. (1995) 20:1551–2. doi: 10.1093/clinids/20.6.1551

 123. Rayan GM, Flournoy DJ, Cahill SL. Aerobic mouth flora of the rhesus monkey. J Hand Surg Am. (1987) 12:299–301. doi: 10.1016/S0363-5023(87)80296-4

 124. Eke PI, Braswell L, Arnold R, Fritz M. Sub-gingival microflora in Macaca mulatta species of rhesus monkeys. J Periodontal Res. (1993) 28:72–80. doi: 10.1111/j.1600-0765.1993.tb01053.x

 125. Snyder SB, Lund JE, Bone J, Soave OA, Hirsch DC. A study of Klebsiella infections in owl monkeys. JAVMA. (1970) 157:1935–39.

 126. Meyers WM, Walsh GP, Brown HL, Binford CH, Imes GD Jr, et al. Leprosy in a mangabey monkey–naturally acquired infection. Int J Lepr Other Mycobact Dis. (1985) 53:1–14.

 127. Honap TP, Pfister LA, Housman G, Mills S, Tarara P, Suzuki K, et al. Mycobacterium leprae genomes from naturally infected nonhuman primates. PLoS Negl Trop Dis. (2018) 12:e0006190. doi: 10.1371/journal.pntd.0006190

 128. Rahim Z, Thapa J, Fukushima Y, van der Zanden AGM, Gordon SV, Suzuki Y, et al. Tuberculosis caused by Mycobacterium orygis in dairy cattle and captured monkeys in Bangladesh: a new scenario of tuberculosis in South Asia. Transbound Emerg Dis. (2017) 64:1965–9. doi: 10.1111/tbed.12596

 129. Armitage GC, Newbrun E, Hoover CI, Anderson JH. Periodontal disease associated with Shigella flexneri in rhesus monkeys. Clinical, microbiologic and histopathologic findings. J Periodontal Res. (1982) 17:131–44. doi: 10.1111/j.1600-0765.1982.tb01139.x

 130. Knauf S, Gogarten JF, Schenemann VJ, De Nys HM, Düx A, Strouhal M, et al. Nonhuman primates across sub-Saharan Africa are infected with yaws bacterium Treponema pallidum subsp. pertenue. Emerg Microbes Infect. (2018) 7:157. doi: 10.1038/s41426-018-0156-4

 131. Zobanikova M, Strouhal M, Mikalova L, Cejkova D, Ambrozova L, Pospisilova P, et al. Whole genome sequence of the Treponema Fribourg-Blanc: unspecified simian isolate is highly similar to the yaws subspecies. PLoS Negl Trop Dis. (2013) 7:e2172. doi: 10.1371/journal.pntd.0002172

 132. Knauf S, Liu H, Harper KN. Treponemal infection in nonhuman primates as possible reservoir for human yaws. Emerg Infect Dis. (2013) 19:2058–60. doi: 10.3201/eid1912.130863

 133. Leendertz FH, Yumlu S, Pauli G, Boesch C, Couacy-Hymann E, Vigilant L, et al. A new Bacillus anthracis kills will chimpanzees and gorilla in West and Central Africa. PLoS Pathog. (2006) 2:e8. doi: 10.1371/journal.ppat.0020008

 134. Dunn FL, Lambrecht FL, du Plessis R. Trypanosomes of South American monkeys and marmosets. Amer J Trop Med Hyg. (1963) 12:524–34. doi: 10.4269/ajtmh.1963.12.524

 135. Mohammed Mahdy AK, Lim YA, Surin J, Wan KL, Al-Mekhlafi MS. Risk factors for endemic giardiasis: highlighting the possible association of contaminated water and food. Trans R Soc Trop Med Hyg. (2008) 102:465–70. doi: 10.1016/j.trstmh.2008.02.004

 136. Else JG, Satzger M, Sturrock RF. Natural infections of Schistosoma mansoni and S. haematobium in Cercopithecus monkeys in Kenya. Ann Trop Med Parasitol. (1982) 76:111–2. doi: 10.1080/00034983.1982.11687512

 137. Hamad I, Forestier CL, Peeters M, Delaporte E, Raoult D, Bittar F. Wild gorillas as a potential reservoir of Leishmania major. J Infect Dis. (2015) 211:267–73. doi: 10.1093/infdis/jiu380

 138. Sleeman JM, Meader LL, Mudakikwa AB, Foster JW, Patton S. Gastrointestinal parasites of montain gorillas (Gorillas gorillas berinngei) in the Parc National des Volcans, Rwanda. J Zoo Wildk Med. (2000) 31:322–8. doi: 10.1638/1042-7260(2000)031[0322:GPOMGG]2.0.CO;2

 139. Liu W, Li Y, Learn GH, Rudicell RS, Robertson JD, Keele BF, et al. Origin of the human malaria parasite Plasmodium falciparum in gorillas. Nature. (1963) 467:420–5. doi: 10.1038/nature09442

 140. Liu W, Li Y, Shaw KS, Learn GH, Plenderleith LJ, Malenke JA, et al. African origin of the malaria parasite Plasmodium vivax. Nat Commun. (2014) 5:3346. doi: 10.1038/ncomms4346

 141. Lambrecht FL, Dunn FL, Eyles DE. Isolation of Plasmodium knowlesi from Philippine macaques. Nature. (1961) 191:1117–8. doi: 10.1038/1911117a0

 142. Chin W, Contacos PG, Coatney GR, Kimball HR. A naturally acquired quotidian-type malaria in man transferable to monkeys. Science. (1965) 149:865. doi: 10.1126/science.149.3686.865

 143. Müller M, Schlagenhauf P. Plasmodium knowlesi in travellers, update 2014. Int J Infect Dis. (2014) 22:55–64. doi: 10.1016/j.ijid.2013.12.016

 144. Locker Pope B. Some parasites of the Howler monkey of Northern Argentina. J Parasitol. (1966) 52:166–8. doi: 10.2307/3276409

 145. Nix WA, Jiang B, Maher K, Strobert E, Oberste MS. Identification of enteroviruses in naturally infected captive primates. J Clin Microbiol. (2008) 46:2874–8. doi: 10.1128/JCM.00074-08

 146. Oberste MS, Jiang X, Maher K, Nix WA, Jiang B. The complete genome sequences for three simian enteroviruses isolated from captive primates. Arch Virol. (2008) 153:2117–22. doi: 10.1007/s00705-008-0225-4

 147. Harvala H, Sharp CP, Ngole EM, Delaporte E, Peeters M, Simmonds P. Detection and genetic characterization of enteroviruses circulating among wild populations of chimpanzees in Cameroon: relationship with human and simian enteroviruses. J Virol. (2011) 85:4480–6. doi: 10.1128/JVI.02285-10

 148. Smiley Evans T, Lowenstine LJ, Gilardi KV, Barry PA, Ssebide BJ, et al. Mountain gorilla lymphocryptovirus has Epstein-Barr virus-like epidemiology and pathology in infants. Sci Rep. (2017) 7:5352. doi: 10.1038/s41598-017-04877-1

 149. Letvin NL, Daniel MD, Sehgal PK, Desrosiers RC, Hunt RD, Waldron LM, et al. Induction of AIDS-Iike disease in macaque monkeys with T-cell tropic retrovirus STLVIII. Science. (1985) 230:71–3. doi: 10.1126/science.2412295

 150. Fultz PN. Simian T-lymphotropic virus type 1. In: Levy JA, editor. The Retroviridae, Vol. 3. New York, NY: Plenum Press (1994). pp. 111–31.

 151. Voevodin A, Samilchuk E, Schatzl H, Boeri E, Franchini G. Interspecies transmission of macaque simian T-cell leukemia/lymphoma virus type 1 in baboons resulted in an outbreak of malignant lymphoma. J Virol. (1996) 70:1633–9.

 152. Kazanji M, Mouinga-Ondémé A, Lekana-Douki-Etenna S, Caron M, Makuwa M, Mahieux R, et al. Origin of HTLV-1 in hunters of nonhuman primates in Central Africa. J Infect Dis. (2015) 211:361–5. doi: 10.1093/infdis/jiu464

 153. Mesnard JM, Barbeau B, Devaux C. HBZ, a new important player in the mystery of adult T-cell leukemia. Blood. (2006) 108:3979–82. doi: 10.1182/blood-2006-03-007732

 154. Liska V, Lerche NW, Ruprecht RM. Simultaneous detection of simian retrovirus type D serotypes 1, 2, and 3 by polymerase chain reaction. AIDS Res Hum Retroviruses. (1997) 13:433–7. doi: 10.1089/aid.1997.13.433

 155. Okamoto M, Miyazawa T, Morikawa S, Ono F, Nakamura S, Sato E, et al. Emergence of infectious malignant thrombocytopenia in Japanese macaques (Macaca fuscata) by SRV-4 after transmission to a novel host. Sci Rep. (2015) 5:8850. doi: 10.1038/srep08850

 156. Lerche NW, Switzer WM, Yee JL, Shanmugam V, Rosenthal N, Chapman LE, et al. Evidence of infection with simian type D retrovirus in persons occupationally exposed to nonhuman primates. J Virol. (2001) 75:1783–9. doi: 10.1128/JVI.75.4.1783-1789.2001

 157. Hussain AI, Shanmugam V, Bhullar VB, Beer BE, Vallet D, Gautier-Hion A, et al. Screening for simian foamy virus infection by using a combined antigen Western blot assay: evidence for a wide distribution among Old World primates and identification of four new divergent viruses. Virology. (2003) 309:248–57. doi: 10.1016/S0042-6822(03)00070-9

 158. Wolfe ND, Switzer WM, Carr JK, Bhullar VB, Shanmugam V, Tamoufe U, et al. Naturally acquired simian retrovirus infections in central African hunters. Lancet. (2004) 363:932–7. doi: 10.1016/S0140-6736(04)15787-5

 159. Sandstrom PA, Phan KO, Switzer WM, Fredeking T, Chapman L, Heneine W, et al. Simian foamy virus infection among zoo keepers. Lancet. (2000) 355:551–2. doi: 10.1016/S0140-6736(99)05292-7

 160. Lambert C, Couteaudier M, Gouzil J, Richard L, Montange T, et al. Potent neutralizing antibodies in humans infected with zoonotic simian foamy viruses target conserved epitopes located in the dimorphic domain of the surface envelope protein. PLoS Pathog. (2018) 14:e1007293. doi: 10.1371/journal.ppat.1007293

 161. Switzer WM, Bhullar V, Shanmugam V, Cong ME, Parekh B, Lerche NW, et al. Frequent simian foamy virus infection in persons occupationally exposed to nonhuman primates. J Virol. (2004) 78:2780–9. doi: 10.1128/JVI.78.6.2780-2789.2004

 162. Jones P, Cordonnier N, Mahamba C, Burt FJ, Rakotovao F, Swanepoel R, et al. Encephalomyocarditis virus mortality in semi-wild bonobos (Pan paniscus). J Med Primatol. (2011) 40:157–63. doi: 10.1111/j.1600-0684.2010.00464.x

 163. Cardeti G, Mariano V, Eleni C, Aloisi M, Grifoni G, Sittinieri S, et al. Encephalomyocarditis virus infection in Macaca sylvanus and Hystrix cristata from an Italian rescue centre for wild and exotic animals. Virol J. (2016) 13:193. doi: 10.1186/s12985-016-0653-9

 164. Vyshemirskii OI, Agumava AA, Kalaydzyan AA, Leontyuk AV, Kuhn JH, Shchetinin AM, et al. Isolation and genetic characterization of encephalomyocarditis virus 1 from a deceased captive hamadryas baboon. Virus Res. (2018) 244:164–72. doi: 10.1016/j.virusres.2017.11.001

 165. Dick GW, Best AM, Haddow AJ, Smithburn KC. Mengo encephalomyocarditis; a hitherto unknown virus affecting man. Lancet. (1948) 6521:286–9. doi: 10.1016/S0140-6736(48)90652-7

 166. Oberste MS, Gotuzzo E, Blair P, Nix WA, Ksiazek TG, Comer JA, et al. Human febrile illness caused by encephalomyocarditis virus infection. Peru Emerg Infect Dis. (2009) 15:640–6. doi: 10.3201/eid1504.081428

 167. Boulger LR. Natural rabies in a laboratory monkey. Lancet. (1966) 1:941–3. doi: 10.1016/S0140-6736(66)90945-7

 168. Blaise A, Parola P, Brouqui P, Gautret P. Rabies postexposure prophylaxis for travelers injured by nonhuman primates, Marseille, France 2001-2014. Emerg Infect Dis. (2015) 21:1473–6. doi: 10.3201/eid2108.150346

 169. Bharti OK. Human rabies in monkey (Macaca mulatta) bite patients a reality in India now! J Travel Med. (2016) 23:1–2. doi: 10.1093/jtm/taw028

 170. Favoretto SR, de Mattos CC, Morais NB, Alves Araujo FA, de Mattos CA. Rabies in Marmosets (Callithrix jacchus) Ceara, Brazil. Emerg Inf Dis. (2001) 7:1062–5. doi: 10.3201/eid0706.010630

 171. Kotait I, Oliveira RN, Carrieri ML, Castilho JG, Macedo CI, Pereira PMC, et al. Non-human primates as a reservoir for rabies virus in Brazil. Zoonoses Pub Health. (2019) 66:47–59. doi: 10.1111/zph.12527

 172. Riesland NJ, Wilde H. Expert review of evidence bases for managing monkey bites in travelers. J Travel Med. (2015) 22:259–62. doi: 10.1111/jtm.12214

 173. Gautret P, Blanton J, Dacheux L, Ribadeau-Dumas F, Brouqui P, Parola P, et al. Rabbies in nonhuman primates and potential for transmission to humans: a literature review and examination of selected French national data. PLoS Negl Trop Dis. (2014) 8:e2863. doi: 10.1371/journal.pntd.0002863

 174. Mani RS, Sundara Raju YG, Ramana PV, Anand AM, Bhanu Prakash B. Human rabies followed a non-human primate bite in India. J Travel Med. (2016) 23:taw007. doi: 10.1093/jtm/taw007

 175. Centers for Disease Control and Prevention (CDC). Imported human rabies—Australia 1987. MMWR Morb Mortal Wkly Rep. (1988) 37:351–3.

 176. Tyler SD, Severini A. The complete genome sequence of herpesvirus Papio 2 (Cercopithecine Herpesvirus 16) show evidence of recombination events among various progenitor Herpesviruses. J Virol. (2006) 80:1214–21. doi: 10.1128/JVI.80.3.1214-1221.2006

 177. Davenport DS, Johnson DR, Holmes GP, Jewett DA, Ross SC, Hilliard JK. Diagnosis and management of human B virus (Herpesvirus simiae) infections in Michigan. Clin Infect Dis. (1994) 19:33–41. doi: 10.1093/clinids/19.1.33

 178. Cohen JI, Davenport DS, Stewart JA, Deitchman S, Hilliard JK, Chapman LE, et al. Recommendations for prevention of and therapy for exposure to B virus (Cercopithecine Herpesvirus 1). Clin Infect Dis. (2002) 35:1191–203. doi: 10.1086/344754

 179. Centers for Disease Control and Prevention (CDC). Fatal Cercopithecine herpesvirus 1 (B virus) infection following a mucocutaneous exposure and interim recommendations for worker protection. MMWR Morb Mortal Wkly. Rep. (1998) 47:1073–6.

 180. Col FN. Monkey bite exposure treatment protocol. J Spec Oper Med. (2010) 10:48–9.

 181. Mease LE, Baker KA. Monkey bites among US military members, Afghanistan, 2011. Emerg Inf Dis. (2012) 18:1647–9. doi: 10.3201/eid1810.120419

 182. Wisely SM, Sayler KA, Anderson CJ, Boyce CL, Klegarth AR, Johnson SA. Macacine Herpesvirus 1 antibody prevalence and DNA shedding among invasive Macaques, Silver Spring stat park, Florida, USA. Emerg Infect Dis. (2018) 24:345–51. doi: 10.3201/eid2402.171439

 183. Arita I, Henderson DA Smallpox and monkeypox in non-human primates. Bull World Health Org. (1968) 39:277–83.

 184. Breman JG, Bernadou J, Nakano JH. Poxvirus in West African nonhuman primates: serological survey results. Bull World Health Org. (1977) 55:605–12.

 185. Robinson AJ, Kerr PJ. Poxvirus infections. In: Williams ES, Baker IK, editors. Infectious Diseases of Wild Mammals, 3rd ed. Ames, IA: Iowa State Univ Press (2001). pp. 179–81.

 186. Herriman R. Monkeypox outbreak among chimpanzees reported in Cameroon sanctuary. Outbreak News Today (2014 July 21).

 187. Arita I, Jezek Z, Khodakevich L, Ruti K. Human monkeypox: a newly emerged orthopoxvirus zoonosis in the tropical rain forests of Africa. Am J Trop Med Hyg. (1985) 34:781–9. doi: 10.4269/ajtmh.1985.34.781

 188. Olson VA, Shchelkunov SN. Are we prepared in case of a possible smallpox-like disease emergence? Viruses. (2017) 9:242. doi: 10.3390/v9090242

 189. Durski KN, McCollum AM, Nakazawa Y, Petersen BW, Reynolds MG, Briand S, et al. Emergence of monkeypox- West and Central Africa, 1970-2017. Morbid Mortal Weekl Rep. (2018) 67:306–10. doi: 10.15585/mmwr.mm6710a5

 190. Yinka-Ogunleye A, Aruna O, Ogoina D, Aworabhi N, Eteng W, Badaru S, et al. Reemergence of human monkeypox in Nigeria, 2017. Emerg Infect Dis. (2018) 24:1149–51. doi: 10.3201/eid2406.180017

 191. Vaughan A, Aarons E, Astbury J, Beadsworth M, Beck CR, Chand M, et al. Two cases of monkeypox imported to the United Kingdom, september 2018. Euro Surveill. (2018) 23:1800509. doi: 10.2807/1560-7917.ES.2018.23.38.1800509

 192. Slenczka W, Klenk HD. Forty years of marburg virus. J Infect Dis. (2007) 196:S131. doi: 10.1086/520551

 193. Brauburger K, Hume AJ, Mühlberger E, Olejnik J. Forty-five years of Marburg virus research. Viruses. (2012) 4:1878–927. doi: 10.3390/v4101878

 194. Nyakarahuka L, Ojwang J, Tumusiime A, Balinandi S, Whitmer S, Kyazze S, Kasozi S, et al. Isolated case of Marburg virus disease, Kampala, Uganda, 2014. Emerg Infect Dis. (2017) 23:1001–4. doi: 10.3201/eid2306.170047

 195. Ayouban A, Ahuka-Mundeke S, Butel C, Mbala Kingebeni P, Loul S, Tagg N, et al. Extensive serological survey of multiple African non-human primate species reveals low prevalence of IgG antibodies to four Ebola virus species. J Infect Dis. (2019) 220:1599–608. doi: 10.1093/infdis/jiz006

 196. Leroy EM, Rouquet P, Formenty P, Souquière S, Kilbourne A, Froment JM, et al. Multiple ebolavirus transmission events and rapid decline of central Africa wildlife. Science. (2004) 303:387–90. doi: 10.1126/science.1092528

 197. Bermejo M, Rodriguez-Teijeiro JD, Illera G, Barroso A, Vilà C, Walsh PD. Ebola outbreak killed 5000 gorillas. Science. (2006) 314:1564. doi: 10.1126/science.1133105

 198. Geisbert TW, Jahrling PB, Hanes MA, Zack PM. Association of Ebola-related Reston virus particles and antigen with tissue lesions of monkeys imported into the United States. J Comp Path. (1992) 106:137–52. doi: 10.1016/0021-9975(92)90043-T

 199. Demetria C, Smith I, Tan T, Villarico D, Simon EM, Centeno R, et al. Reemergence of Reston ebolavirus in Cynomolgus monkeys, the Philippines, 2015. Emerg Infect Dis. (2018) 24:1285–91. doi: 10.3201/eid2407.171234

 200. VanderWaal KL, Ezenwa VO. Heterogeneity in pathogen transmission: mechanisms and methodology. Fonctional Ecol. (2016) 30:1606–22. doi: 10.1111/1365-2435.12645

 201. Van den Driessche P. Reproduction numbers of infectious disease models. Infect Dis Model. (2017) 2:288–303. doi: 10.1016/j.idm.2017.06.002

 202. Calvignac-Spencer S, Leendertz SAJ, Gillespie TR, Leendertz FH. Wild great apes as sentinels and sources of infectious disease. Clin Microbiol Infect. (2012) 18:521–7. doi: 10.1111/j.1469-0691.2012.03816.x

 203. Afelt A, Frutos R, Devaux C. Bat, coronaviruses, and deforestation: toward the emergence of novel infectious diseases? Front Microbiol. (2018) 9:702. doi: 10.3389/fmicb.2018.00702

 204. Heger E, Schuetz A, Vasan S. HIV vaccine efficacy trials: RV144 and beyond. Adv Exp Med Biol. (2018) 1075:3–30. doi: 10.1007/978-981-13-0484-2_1

 205. Marzi A, Mire CE. Current Ebola virus vaccine progress. BioDrugs. (2019) 33:9–14. doi: 10.1007/s40259-018-0329-7

 206. Delgado R, Simón F. Transmission, human population, and pathogenicity: the Ebola case in point. Microbiol Spectr. (2018) 6:MTBP-0003-2016. doi: 10.1128/microbiolspec.MTBP-0003-2016

 207. EUR-Lex. Access to European Union Law. Document 01992L0065-20141229 (1992). Available online at: https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A01992L0065-20141229

 208. WHO. Global Health Security. Epidemic Alert and Response Laboratory Biosafety Manual. (2003). Available online at: https://www.who.int/csr/resources/publications/biosafety/Labbiosafety.pdf

 209. PASA. Pan African Sanctuary Alliance. (2019). Available online at: http://www.grands-singes.com/pages/association.html

 210. Wildlife Alliance (2019). Available online at: https://www.wildlifealliance.org/

 211. Grant ET, Kyes RC, Kyes P, Trinh P, Ramirez V, et al. Fecal microbiota dysbiosis in macaques and humans within shared environment. PLoS ONE. (2019) 14:e0210679. doi: 10.1371/journal.pone.0210679

 212. Van Hatten JM, Arcilla MS, Grobusch MP, Bart A, Bootsma MC, van Genderen PJ, et al. Travel-related acquisition of diarrhoeagenic bacteria, enteral viruses and parasites in a prospective cohort of 98 Dutch travellers. Travel Med Infect Dis. (2017) 19:33–3. doi: 10.1016/j.tmaid.2017.08.003

 213. Lääveri T, Vilkman K, Pakkanen S, Kirveskari J, Kantele A. Despite antibiotic treatment of travellers' diarrhoea, pathogens are found in stools from half of travellers at return. Travel Med Infect Dis. (2018) 23:49–55. doi: 10.1016/j.tmaid.2018.04.003

 214. Vodopija R, Vojvodic D, Sokol K, Racz A, Beljak ZG, Baranj N, et al. Monkey bites and injuries in the Zagreb antirabies clinic in 2014. Act Clin Croat. (2018) 57:593–601. doi: 10.20471/acc.2018.57.03.25

 215. Gautret P, Parola P. Rabies pretravel vaccination. Curr Opin Infect Dis. (2012) 25:500–6. doi: 10.1097/QCO.0b013e3283567b35

 216. Mustafa M, Yusof IM, Tan TS, Muniandy RK, Rahman MDS. Monkey bites and Herpes B virus infection in humans. Int J Pharma Sci Invent. (2015) 4:1–5.

 217. Eberle R, Maxwell LK, Nicholson S, Black D, Jones-Engel L. Genome sequence variation among isolates of monkey B virus (Macacine alphaherpesvirus 1) from captive macaques). Virology. (2017) 508:26–35. doi: 10.1016/j.virol.2017.05.001

 218. Reynolds MG, Doly JB, McCollum AM, Olson VA, Nakazawa Y. Monkeypox re-emergence in Africa: a call to expand the concept and practice of One Health. Expert Rev. Anti Infect Ther. (2019) 17:129–39. doi: 10.1080/14787210.2019.1567330

 219. Carne C, Semple S, MacLarnon A, Majolo B, Maréchal L. Implications of tourist-Macaque interactions for disease transmission. EcoHealth. (2017) 14:704–17. doi: 10.1007/s10393-017-1284-3

 220. Bair-Brake H, Wallace RM, Galland GG, Marano N. The pretravel consultation. Counseling and advice for travelers. Travel Yellow Book, Chapter 2. Environmental Hazards-Animal Associated Hazards. Atlanta, GA: Centers for Disease Control and Prevention (2018).

 221. Johnston WF, Yeh J, Nierenberg R, Procopio G. Exposure to Macaque monkey bite. J Emerg Med. (2015) 49:634–7. doi: 10.1016/j.jemermed.2015.06.012

 222. Eberle R, Jones-Engel L. Questioning the extreme neurovirulence of Monkey B virus (Macacine alphaherpesvirus 1). Adv Virol. (2018) 2018:5248420. doi: 10.1155/2018/5248420

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Devaux, Mediannikov, Medkour and Raoult. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fpubh-07-00305-g005.gif
it moto monio mee 2o o
ot 010 o B soi0 5

iobaldisibutionofopes
@Chimpanices Oonobes () Gorlles @ Oranguans @ Givbons






OPS/images/fpubh-07-00305-g006.gif





OPS/images/fpubh-07-00305-g003.gif





OPS/images/fpubh-07-00305-g004.gif





OPS/images/fpubh-07-00305-t002.jpg
Pathogens.

Rabies virus

Symptoms in monkey/ape

Neurological symptoms
(aggression, fear, salivation,
paralysis)

Herpes B virus  Asymptomatic

Monkeypox
virus

Marburg virus;

Ebola virus

Yelow fever
virus

Fever, facial edema, Pox-like
lesions
Fatal cases

Severe hemorthagic fever
Fatal cases

Hemorrhagic fever
Fatal cases

Transmission to human

Bite (saliva), soratches, licking.
Animals can be contagious 2 wesks
before the onset of symptoms

Contact (mucosal, urine, feces)
Bite

Bite, soratches, scraping, cough,
respiratory droplets, insufficiently
cooked meat consumption

Contact (blood, body flids)
Bite

Mosaquito vector

Symptoms in human

Incubation: weeks to months
Neurological symptoms
Nearly 100% fatal cases

Incubation: 3 days to & weeks
Flu-like symptoms.

Fatal meningoencephalitis cases (up to 70%)

Incubation: 14 days
Pox-like lesions (rash with vesicles and
pustules)

Polyadenopathy, diarhea

Fatal cases (up 1o 10%)

Incubation: 2 days to 3 weeks. Severe
hemorrhagic fever. Nausea, vomiting,
diarthea. Fatal hemorrhagic cases
(around 50%)

Incubation: 3 days to 2 weeks.
Hemorrhagic disease

Nausea, vomiting, diarthea, jaundice
Symptoms disappear in 3-4 days
Toxic phase in a small % of cases.
Fatal cases (around 50%)

What to do?

Preventive rabies vaccine
Post-exposure prophylaxis
(anti-rabies immunoglobuiins)
Broad antibiotics coverage (to avoid
bacterial infections related to bite)
Post-exposure prophylaxis acyclovir
therapy

Smallpox vaccine confer partial
cross-immunity

Symptoms treatment

Antiviral therapy under
evaluation (cidofovir)

Vaccine under evaluation.
Symptoms treatment (fever, pain,
dehydration)

Antiviral therapy under evaluation
Preventive YFV vaccine (99%
immunity).

Symptoms treatment (fever,

pain, dehydration)

The table summarizes which viruses known to infect NHP, can be transmitted to humans and their deleterious effects for the infected people. The medications mentioned n the right
column (pre-exposure prophylaxis, post-exposure prophylaxs, and/or post-infection medication) are indicative but protocols should be adapted to each clinical situation. For more
detail see (171, 179, 180). Also see: WHO guide for rabies pre and post exposure prophylaxis in humans: https://www.who.int/rabies/PEP_Prophylexis_guideline_15_12_2014.pa;
CDC B vitus: https://www.cdc. gov/herpesbvirus/prevention. htmi; CDC Monkeypox: https://www.cde. gov/poxvirus/monkeypox/clinicians/treatment html; WHO Ebola: https://www.
who.int/cst/resources/publications/ebole/ patient-care-CCUs/en/; CDC Marburg: hitps://www.cdc.gov/vhi/marburg/treatment/index.htmi; COC Yelow fever: https://www.cdc.gov/
yellowfever/index.htmi.
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Pathogens

Symptoms in monkey/ape

Transmission to
human

Symptoms in human

What to do?

Campylobacter jejuni;
Enterotoxigenic
Escherichia coli

Klebsiella pneumoniae

Streptococeus
peumoniae

Streptococcus pyogenes;
Staphylococcus aureus

Mycobacterium
tuberculosis

Treponema pallidum
pertenue

May be asymptomatic.
Diarrhea, blood-tinged feces,
nausea, rapid dehydration,
prostration Fatal cases
Coughing, sneezing, dyspnea,
pyrexia, lose weight

Coughing, sneezing, dyspnea,
pyrexia, lose weight

Oral microbiota
May be asymptomatic

May be asymptomatic:
Cough, lose appetite or weight and
‘abdominal symptoms short before
death

Fatal cases

May be asymptomatic:

Skin lesions.

Fecal-oral transmission
contaminated water

Coughing, respiratory
droplets, body fluids.

Coughing, respiratory
droplets, body fluids

Bite

Goughing, respiratory
droplets

Skin-to-skin contact

Incubation: 12h to 7 days.
Fever, diarthea, nausea vomiting,
rapid dehydration

Incubation: 1 day to 4 weeks
Pneumonia; fever, cough, shortness
of breath

Incubation: 1 day to 4 weeks
Pneumonia: fever, cough, shortness of
breath

Meningitis

May cause necrotizing celluitis

Incubation: 2 to 12 weeks
Tuberculosis may infect any part of the
body but most commonly occurs in
the lungs.

Incubation: 1 to 24 weeks

Yaws primariy infects children

Lesions: bumps on the skin of the face,
hands, feet, and genital area

Maintain normal fluid and electrolyte
balance

Antibiotics (ciprofioxacin,
azithromycin, ifaximin)

Severe: meropenem.

Non-severe: ceftriaxone, cefotaxine,
ciprofioxacin (and secondarily
adapted to antibiotic-resistance
profile) Hydration. Oxygen
Amoxicillin.

Hydration. Oxygen

Post-exposure prophylaxis
Broad antibiotic coverage (amoxicilin
clavulanic acid)

Preventive TB vaccine (ow efficiency).
Antibiotics isoniazid, ritampicin,
pyrazinamide, ethambutol)

Antibiotics (benzathine-
benzylpenicillin)

The medication mentionedin the right column is indlcative but must obviously be adapted according to the characteristics of the pathogen and the patient's symptoms. For more detal
see MSD Manual. Bacterial diseases of non-humn primates: hitps://www.mscvetmanual.com/exotic-end-leboratory-animels/nonhumen-primetes/becterial-ciseases-of-nonhuman-
primates. About the parasites that can be passed from NHP o humans (not shown), the majorty of them are transmitted by the fecal-oral route and cause gastrointestinal symptoms
in humans. The treatment will depend on the nature of the parasite and the symptoms. Usuall, mebendazole, albendazole, and ivermectin are used for antiheimenthic medications,
praziquantel is used for treatment of cestodes and trematodes, metronidazole, benzimidazole, artemisin, mefloquine are usedin the treatment of intestinal protozoa. It is worth noting
that maleria can be transmitted to human by infected NHP in areas where the mosquito vectors are present. Artemisin-based combination therapies are usually the first ine treatment

for malaria. However, chloroquine is the preferred treatment when the parasite is sensitive to the drug. For more detail see WHO, International travel and health -chapter 7-Malaria:

https://www.who.int/ith/2017-ith-chapter7.paf; MSD Manual. Parasitic diseases of non-human primates: https://www.msdvetmanual. com/exotic-and-laboratory-animals/nonhuman-
primates/parasitic- diseases-of-nonhuman-primates.
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