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Summary  
Rabies is a fatal zoonotic disease that can affect all mammals. Following the directives of the rabies ordinance of the Government of Hong Kong, all wild macaques captured under an ongoing sterilization program (since 2000) were vaccinated against rabies. The main objective of this study was to assess the serological response to rabies vaccination in the population of Hong Kong macaques.
An inactivated rabies vaccine was subcutaneously administered to captured macaques under anesthesia. In a 2015 field survey, blood samples from the animals were collected and stored in -80℃ freezer. In July 2021, all frozen sera from vaccinated animals were prepared and tested for antibodies against rabies virus using a commercial enzyme-linked immunosorbent assay (ELISA) test. The test results were dichotomized at the recommended cut-off point of the test kit.
Sixty-five samples from the vaccinated macaques were available for this study. All of these animals had received at least one dose of vaccine (1st vaccination) between 2008 and 2015. The interval between the 1st vaccination and blood sampling dates ranged from 21 to 2,779 days. Only five of the 65 macaques had a second vaccination record at the time of sampling; all five had high antibody levels. Among the remaining macaques, 77% (46/60) were positive for rabies antibodies. No specific association was observed between the post-vaccination period and the antibody titer of these macaques and no adverse reactions to vaccination were reported. The current vaccination strategy in Hong Kong macaques appears to effectively elicit rabies antibodies in a high proportion of macaque populations in the wild (78-87%). However, reaching the precise level of protection against a potential challenge with the virus should further be investigated.
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Introduction 
[bookmark: _Hlk86151011]Rabies is a fatal zoonotic disease that can affect all mammals. It is estimated to kill 59,000 people every year across the world, with 95% of cases reported from Africa and Asia (WHO, 2021). In Hong Kong, the last indigenous human case of rabies was reported in 1981, and two imported cases were detected in 2001 and 2014. The last report of rabies in an animal (a dog) in Hong Kong dates back to 1987. However, rabies remains a significant public health concern in China, especially close to the southern borders with Hong Kong, leading to hundreds of human deaths every year (Hou et al., 2012; Feng et al., 2020).
There are approximately 1800 wild monkeys in Hong Kong, distributed in 30 social troops, mainly inhabiting Kam Shan, Lion Rock, and Shing Mun Country Parks (Figure 1). The majority of existing species are considered hybrids of Rhesus Macaque (Macaca mulatta) and Long-tailed Macaque (M. fascicularis) (AFCD, 2021b). The macaques in Hong Kong are in close contact with humans, pets, and other wild animals within their habitat, as they are regularly fed by hikers and tourists despite the ban on feeding wild animals in Hong Kong. There have been several reports of occasional aggressive encounters between the macaques and residents in Hong Kong (AFCD, 2021a). Although rabies has never been reported in Hong Kong macaques, all primates are susceptible to rabies (Gautret, 2020), and there are several reports of rabies in non-human primates in other areas where the pathogen is endemic, leading to human exposures and cases of the disease (Gautret et al., 2014; Kumar Bharti, 2016; Gautret, 2020). The aggressive form of rabies is rarely seen in non-human primates, so it is difficult to differentiate the signs of disease from natural biting patterns in monkeys (Nieves et al., 1996).
In 2000, the Government of the Hong Kong SAR (Agriculture, Fisheries and Conservation Department) initiated a pilot project for the mass capture and sterilization of macaques. Since 2009, that project has substantially been expanded (Martelli et al., 2020). In order to protect the macaques and the public from a rabies outbreak, all captured macaques under the sterilization program (laparoscopic tubectomy) have been vaccinated against rabies using Rabisin® (Merial, Boehringer Ingelheim Animal Health) and tagged as per the directive of The Rabies Ordinance (Cap. 421) of the government. This also included the monkeys that were recaptured 2.5 years or more after their latest vaccination dates.
Although this preventive program has been in place for over 20 years, the immune status of the macaques against the rabies virus has not been evaluated. The objectives of this study were to assess the serological response to rabies vaccination in the population of macaques in Hong Kong, and to provide evidence-based recommendations for the vaccination interval implemented by the Government of the Hong Kong SAR for this wild animal population. 
Materials and Methods 
As a part of the sterilization program of macaques (Martelli et al., 2020), a population survey and trap habituation were carried out between 2009 and 2019. Groups of 15 to 129 macaques were captured in communal traps. Trapping was carried out 10 to 24 times a year. A mobile partition inside the communal trap was used to repeatedly drive smaller groups of 1-4 animals into a small squeeze cage, where they were injected with a combination of anesthetic drugs consisting of 0.05 mg/kg medetomidine (Dorbene®, Laboratories Syva, Spain) and 5 mg/kg ketamine (Ketamine®, Alfasan International BV, Holland). Rabies vaccination was carried out by injecting 1 ml Rabisin® subcutaneously along the dorsum using a 3 ml syringe and a 23-gauge needle (Figure 2).
Between Aug 2015 and Jan 2016, 5 ml blood samples were collected from the saphenous vein of the captured animals, placed into an icebox, and transferred to Ocean Park’s Clinical Laboratory to assess the antibody titer of the vaccinated macaques. Within 12h of collection, samples were processed, and the extracted sera were stored at -80℃ until they could be evaluated. Each macaque was identified uniquely with an interscapular subcutaneous passive integrated transponders (PIT) tag (Avid Identification Systems, CA, USA), corresponding to the collected blood samples, as well as recorded variables such as sex (male or female), age group (subadult or adult), the dates of capture, sampling, and vaccination.  
In July 2021, all frozen sera from vaccinated animals were thawed, prepared, and tested for antibodies against rabies virus using a commercial enzyme-linked immunosorbent assay (ELISA) kit, following the manufacturer’s instructions (BioPro Rabies ELISA Ab kit). The test kit was a blocking-ELISA for the detection of rabies virus antibodies in serum, plasma, or body fluids. All samples were run in duplicates, and the average of the two optical densities was reported for each sample. The percentage of blocking (PB) was determined for each sample by the following formula: [(ODNC – ODSample)/(ODNC - ODPC)] × 100, where ODNC, ODPC, and ODSample were the mean optical densities of the negative control, the positive control, and the macaque serum sample, respectively. Based on the recommended cut-off point, samples with PB ≥ 40% were considered positive for rabies antibodies.
All statistical analyses were performed using Stata v17 (StataCorp LLC, College Station, TX, USA).
Results and Discussion 
[bookmark: _Hlk82446920]Rabisin® (or Imrab®) is an inactivated vaccine licensed for the immunization of dogs, cats, horses, cattle, sheep, and goats by subcutaneous or intramuscular injection. Nonetheless, the vaccine has also been used for immunization in other animal species (Knowlton et al., 2001). There are several reports on the response of macaques to new-generation vaccines for rabies, such as DNA and recombinant vaccines (Lodmell et al., 2001; Lodmell et al., 2002; McKenna et al., 2004), and using other viral vectors for rabies virus antigens (Xiang et al., 2014). However, we only found one publication evaluating the efficacy of a commercial inactivated vaccine Defensor® (SmithKline Beecham, West Chester, PA) in macaques (Nieves et al., 1996). The latter study was conducted on seven juvenile pigtail macaques in an experimental setting, and it concluded that one dose (1 ml) of Defensor® was sufficient to induce high levels of rabies antibodies in the animals, but they recommended annual boosters because of their local circumstances.
Sixty-five blood samples from the vaccinated macaques were available for inclusion in our final dataset; 53 females and 12 males - 62 adults and three subadults. All of these animals had received at least one dose of vaccine (1st vaccination) sometime between March 2008 and January 2016. The interval between the 1st vaccination and blood sampling dates ranged from 21 to 2,779 days (hereafter, post-vaccination period). Only five of the 65 macaques had a second vaccination record at the time of the blood collection. These animals had high antibody levels (PB > 74). Among the remaining macaques that received only one dose of the vaccine, 77% (46/60) were positive for rabies antibodies (PB ≥ 40). The macaques in Hong Kong have been surveyed year-round, five days per week, for population studies and monitoring their potential adverse responses to trapping, sterilization, and rabies vaccination. No adverse reactions were noted following the vaccinations.
A scatter plot was generated (Figure 3) to illustrate the potential association between the post-vaccination period and rabies antibody titer (PB) in the macaque population that had received a single-dose vaccine (n = 60) at the time of sample collection. Only two cases were at 21 days post-1st vaccination when tested, one with PB=98.9 and the other with PB=39.5 (borderline) - perhaps in the path of seroconversion. As shown in Figure 3, no specific association was observed between the post-vaccination period and the antibody titer. Furthermore, the Pearson correlation coefficient was -0.18, indicating a negative but weak correlation between the two variables. Also, in further linear regression analyses, we could not detect any significant associations between the post-vaccination period and the persistence of antibody titers (results not shown). 
According to similar studies in humans, there should have been a decreasing trend in serum antibody titers within 1 to 2 years after the primary vaccination (Mansfield et al., 2016). In our study, 72% of the animals with a post-vaccination period beyond 2.5 years (26/36) were still positive for antibodies (PB ≥ 40). This finding suggests that administering a single-dose vaccine may elicit an adequate antibody response in macaques (at the population level), which could potentially last for five years or longer in the majority of cases. These findings are informative for the wildlife conservation and public health agencies in Hong Kong and other countries/regions with similar ecosystems and circumstances to design and adjust their vaccination campaigns at appropriate booster intervals.          
According to our ELISA test, a serum sample with PB ≥ 70 is considered to have antibody levels ≥ 0.5 IU/ml based on the Fluorescent Antibody Virus Neutralization test, which is recommended as being protective in humans (WHO, 2018). This ELISA kit was initially developed and validated to detect rabies antibodies in domestic and wild carnivores, such as fox and dog sera. The manufacturers recommend using it on fox sera with the cut-off of PB = 40. This was the first time that this ELISA was used for testing sera from macaques. The World Organization for Animal Health (OIE) recommends using ELISA methods for monitoring vaccination campaigns in wildlife populations, “provided the kit used has been validated for the wildlife species under study” (OIE, 2008). One of the limitations of this study is that our test was not validated for macaques. Assuming the application of the test and thresholds are comparable with fox sera, our results suggest 87% (21/24) of the animals tested within 2.5 years of their 1st vaccination had positive levels of antibodies. Overall, 77% (46/60) of all single-vaccinated animals had different levels of immunity to the virus (i.e., PB > 40). The low levels of antibodies in the three cases vaccinated within 2.5 years could be attributed to various reasons, including a natural range of immune responses to vaccination in animals and age differences (Gilbert et al., 2013; Mansfield et al., 2016). 
In conclusion, the current vaccination strategy in the macaque population of Hong Kong appears to effectively elicit rabies antibodies in a high proportion of animals over a long period of time (77-87%). However, reaching the precise level of protection against a potential challenge with the virus should further be investigated and confirmed using diagnostic tests that can be validated for macaques. Our findings support the current recommended vaccination interval (minimum of 2.5 years) and suggested that prolonged intervals (up to 6 years) could still be achieved in a proportion of animals in the field condition.

References 

· AFCD ‘a’ (Agriculture, Fisheries and Conservation Department), Nov 2021, Nuisance Caused by Monkeys. Retrieved from https://www.afcd.gov.hk/english/conservation/con_fau/con_fau_nui/con_fau_nui_str/con_fau_nui_str.html
· AFCD ‘b’ (Agriculture, Fisheries and Conservation Department), Nov 2021, Wild Monkeys of Hong Kong. Retrieved from https://www.afcd.gov.hk/english/conservation/con_fau/con_fau_mon/con_fau_mon_wild/con_fau_mon_wild.html
· Feng, Y., Wang, Y., Xu, W., Tu, Z., Liu, T., Huo, M....Tu, C. (2020). Animal Rabies Surveillance, China, 2004–2018. Emerging Infectious Diseases, 26(12), 2825-2834. https://doi.org/10.3201/eid2612.200303
· Gautret, P., Blanton, J., Dacheux, L., Ribadeau-Dumas, F., Brouqui, P., Parola, P., ... & Bourhy, H. (2014). Rabies in non-human primates and potential for transmission to humans: a literature review and examination of selected French national data. PLOS Neglected Tropical Diseases, 8(5), e2863. DOI: 10.1371/journal.pntd.0002863
· Gautret, P. (2020). Rabies in Nonhuman Primates and Potential Risks for Humans. In Neglected Diseases in Monkeys (pp. 255-273). Springer, Cham. https://link.springer.com/chapter/10.1007/978-3-030-52283-4_11 
· Gilbert, A. T., Fooks, A. R., Hayman, D. T. S., Horton, D. L., Müller, T., Plowright, R., ... & Rupprecht, C. E. (2013). Deciphering serology to understand the ecology of infectious diseases in wildlife. EcoHealth, 10(3), 298-313. DOI: 10.1007/s10393-013-0856-0
· Hou, Q., Jin, Z., & Ruan, S. (2012). Dynamics of rabies epidemics and the impact of control efforts in Guangdong Province, China. Journal of theoretical biology, 300, 39-47. DOI 10.1016/j.jtbi.2012.01.006 
· Knowlton, F. F., Roetto, M., & Briggs, D. (2001). Serological responses of coyotes to two commercial rabies vaccines. Journal of wildlife diseases, 37(4), 798-802. https://doi.org/10.7589/0090-3558-37.4.798 
· Kumar Bharti, O. (2016). Human rabies in monkey (Macaca mulatta) bite patients a reality in India now!. Journal of Travel Medicine, 23(4). https://doi.org/10.1093/jtm/taw028 
· Lodmell, D. L., Parnell, M. J., Bailey, J. R., Ewalt, L. C., & Hanlon, C. A. (2001). One-time gene gun or intramuscular rabies DNA vaccination of non-human primates: comparison of neutralizing antibody responses and protection against rabies virus 1 year after vaccination. Vaccine, 20(5-6), 838-844. https://doi.org/10.1016/S0264-410X(01)00392-9 
· Lodmell, D. L., Parnell, M. J., Bailey, J. R., Ewalt, L. C., & Hanlon, C. A. (2002). Rabies DNA vaccination of non-human primates: post-exposure studies using gene gun methodology that accelerates induction of neutralizing antibody and enhances neutralizing antibody titers. Vaccine, 20(17-18), 2221-2228. https://doi.org/10.1016/S0264-410X(02)00143-3 
· Mansfield, K. L., Andrews, N., Goharriz, H., Goddard, T., McElhinney, L. M., Brown, K. E., & Fooks, A. R. (2016). Rabies pre-exposure prophylaxis elicits long-lasting immunity in humans. Vaccine, 34(48), 5959-5967. https://doi.org/10.1016/j.vaccine.2016.09.058 
· Martelli, P., Krishnasamy, K., Kwan, A., & Wong, A. (2020). Permanent contraception by laparoscopic tubectomy with ovarian conservation in Hong Kong macaques. Japanese Journal of Veterinary Research, 68(4), 209-215. DOI 10.14943/jjvr.68.4.209 
· McKenna, P. M., Aye, P. P., Dietzschold, B., Montefiori, D. C., Martin, L. N., Marx, P. A., ... & Schnell, M. J. (2004). Immunogenicity study of glycoprotein-deficient rabies virus expressing simian/human immunodeficiency virus SHIV89. 6P envelope in a rhesus macaque. Journal of virology, 78(24), 13455-13459. https://doi.org/10.1128/JVI.78.24.13455-13459.2004 
· Nieves, P., Rodriguez, J. F., Kessler, M. J., & Bercovitch, F. (1996). Subcutaneous rabies vaccination of pigtail macaques. Journal of medical primatology, 25(1), 14-16. https://doi.org/10.1111/j.1600-0684.1996.tb00187.x 
· OIE (World Organization for Animal Health), OIE Terrestrial Manual 2008, Chapter 2.1.13, Rabies. Retrieved from https://www.oie.int/fileadmin/Home/eng/Health_standards/tahm/pdf/2.01.13_RABIES.pdf
· Parize, P., Sommé, J., Schaeffer, L., Ribadeau-Dumas, F., Benabdelkader, S., Durand, A., ... & Bourhy, H. (2021). Systematic Booster after Rabies Pre-Exposure Prophylaxis to Alleviate Rabies Antibody Monitoring in Individuals at Risk of Occupational Exposure. Vaccines, 9(4), 309. DOI: 10.3390/vaccines9040309 
· Rabisin Vaccine, Boehringer Ingelheim, Nov 2021. Retrieved from https://www.boehringer-ingelheim.com/animal-health/livestock-products/rabisin-raboral-v-rg
· Rabies ELISA kit information, Nov 2021, BioPro Rabies ELISA Ab kit. Retrieved from https://www.rabieselisa.com/uvod/ 
· Shek, C. T., Chan, C. S., & Wan, Y. F. (2007). Camera trap survey of Hong Kong terrestrial mammals in 2002-06. Hong Kong Biodiversity, 15, 1-11. https://www.afcd.gov.hk/tc_chI/publications/publications_con/files/IssueNo15.pdf
· WHO (World Health Organization), ‎2018‎, WHO expert consultation on rabies: third report, WHO. Retrieved from https://apps.who.int/iris/handle/10665/272364 
· WHO (World Health Organization), Nov 2021, Rabies epidemiology and burden. Retrieved from https://www.who.int/activities/improving-data-on-rabies/rabies-epidemiology-and-burden 
· Xiang, Z. Q., Greenberg, L., Ertl, H. C., & Rupprecht, C. E. (2014). Protection of non-human primates against rabies with an adenovirus recombinant vaccine. Virology, 450, 243-249. https://doi.org/10.1016/j.virol.2013.12.029 


[image: ]

Figure 1. Map of Hong Kong displaying the trapping sites of the macaques (M. Mulatta) for the contraceptive program, between 2009 and 2021. The Occurrence Index refers to the number of photos taken per 100 days. The map is provided by the Agriculture, Fisheries, and Conservation Department, The Government of the Hong Kong SAR (Shek et al., 2007).
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Figure 2. Subcutaneous injection of the rabies vaccine (1 ml) in the interscapular space of a Hong Kong macaque under anesthesia, using a 3 ml syringe and a 23-gouge needle.
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Figure 3. Association between days post-vaccination and ELISA antibody titers against rabies (percentage of blocking) in studied Hong Kong macaques (n = 60). The horizontal reference line indicates the test’s recommended cut-off point to separate antibody-positive (≥ 40) and -negative (< 40) serum samples. The vertical reference line indicates the 2.5-year interval recommended for a booster in the current government vaccination strategy.
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