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Abstract

Background

Establishing a comprehensive and coordinated mechanism for rabies management is
essential for achieving the goal of eliminating the disease. It requires the involvement
of multiple disciplines and departments, as well as the implementation of necessary
policies and measures. The recent COVID-19 pandemic has added further chal-
lenges to the goal, particularly for developing countries like China. However, certain
regions in China are leveraging local advantages and departmental strengths to
actively explore effective strategies.

Principal findings

This review provides an overview of the global prevalence of rabies, international
cooperation efforts, and specific measures. Of particular significance is the analysis
of the transformation of the rabies situation in China as well as an exemplar man-
agement of a rabies case in the Baiyun District of Guangzhou, Guangdong Province.
We also discuss the hopeful action plan based on the One Health concept, aimed at
achieving the goal of rabies elimination by 2030.

Conclusions

Rabies remains a significant threat to public health and economies across most
countries worldwide. Despite this, eliminating rabies is increasingly feasible, with
China showcasing notable progress, including the adoption of the One Health
approach in disease prevention and control strategies.
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Synopsis

The distinction between disease eradication and elimination lies in their scope and
permanence. Eradication involves globally reducing the incidence of infection caused
by a specific agent to zero, requiring no further intervention measures once achieved.
In contrast, disease elimination focuses on reducing the incidence of infection within
a specific geographic area to zero, necessitating ongoing actions to prevent its
transmission or re-emergence. In the long history of humans’ battle against infectious
diseases, the complete eradication of smallpox has undoubtedly been an inspir-

ing achievement. However, emerging and re-emerging infectious diseases have
remained in the forefront of people’s minds, causing significant morbidity, mortality,
and potential economic burdens in impoverished countries and regions worldwide.

It is disappointing that rabies has not been eradicated globally. While high-income
countries have achieved the elimination of canine-mediated rabies through dog vac-
cination and population management programs, there are fewer examples of suc-
cessful large-scale elimination of canine rabies in low- and middle-income countries,
primarily limited to Latin America.

Introduction

Rabies is an acute, lethal zoonotic infectious disease caused by rabies virus (RABV)
infection, and is one of the oldest and most terrifying diseases known to humans [1].
The Lyssavirus rabies, a single negative-stranded RNA virus in the Rhabdoviridae
family, invades the central nervous system through bites or scratches from infected
animals or through contamination of fresh wounds or mucous membranes by infec-
tious material [2,3]. Once a human is bitten by a rabid animal, the clinical manifes-
tations are mainly manical. When clinical signs such as hydrophobia, photophobia,
and laryngeal spasm emerge, the disease becomes usually fatal despite advanced
medical interventions [4]. The Lyssavirus rabies can infect all mammals, however, the
domestic dog is the principal reservoir host of the virus [5,6]. Over 7 million people
worldwide are exposed to the Lyssavirus rabies due to dog bites every year, resulting
in 59,000 deaths, and this number is considered to be an underestimate [7—9]. Unfor-
tunately, most cases of rabies occur in the poorest and most vulnerable communities
in the world [10]. Approximately 40% of the victims are children under the age of 15
living in Asia and Africa [11]. However, the 100% fatality of this disease is counterbal-
anced by its 100% preventability, which encompasses both individual and collective
understanding. Research has shown that receiving rabies vaccination (with additional
equine anti-rabies serum for severely bitten patients) following an animal bite can
generate effective antibodies and prevent the occurrence of fatalities, regardless of
the severity of the case [12]. A more realistic approach to prevention may be the goal
of eliminating rabies, but this depends on the implementation of various necessary
measures, including policies, economic considerations, and execution. For example,
by implementing dog vaccination and population management programs, almost
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every high-income country has eliminated dog-mediated rabies [13]. Recent research on rabies has produced strong evi-
dence to demonstrate the feasibility of eliminating canine rabies through large-scale vaccination of domestic dogs [14].

The International Task Force on the Elimination of Diseases (ITFDE) defines seven curable diseases and advises
bodies such as the World Health Organization on various aspects of disease eradication [15]. Eradicating any infectious
disease in the world is a daunting task, made even more challenging by the interplay of societal factors and the intrinsic
characteristics of specific pathogens. The World Health Organization (WHO), the World Organization for Animal Health
(OIE), the Food and Agricultural Organization of the United Nations (FAO), and the Global Alliance for Rabies Control
(GARC) have established a global goal for the elimination of dog-mediated human rabies deaths by 2030 [16,17].

The COVID-19 pandemic, which erupted in 2019, has caused significant devastation to human society and will con-
tinue to have enduring impacts in the coming years. In fact, factors contributing to this outcome include the virus’s high
transmissibility and variability, as well as policymakers’ strategies for post-COVID era response [18]. By comparison,
despite varying measures and implementations for prevention and control during the COVID-19 pandemic across the
globe, services for neglected tropical diseases (NTDs) were the most severely disrupted and the second most frequently
disrupted by the pandemic [19]. Health services in low- and middle-income countries (LMICs), particularly in Africa and
Asia, face significant challenges with exacerbated limitations on post-exposure prophylaxis (PEP). The control of rabies
in Uganda has deteriorated due to funding deficits and the cancelation of mass dog vaccination, while other countries
facing outbreaks have encountered difficulties in vaccine distribution, production, and research due to disrupted drug
distribution and travel [20]. On the other side, however, the once-in-a-century COVID-19 pandemic appears to have
some silver linings, as it has refocused attention on the threats at the interface of human-animal-environment, and it is
expected to increase investments in “One Health” cooperation, which is a concentrated embodiment of cohesion, sustain-
able approaches, and evidence-based interventions in eliminating rabies [21]. Furthermore, we have gained the following
insights: As demonstrated by the COVID-19 pandemic, effective prevention and response capacity building require the
involvement of multiple stakeholders from different sectors and encourage their participation in decision-making. In addi-
tion, ensuring the effective implementation of policies and measures, rather than false or substandard practices, will be
crucial for the success of rabies elimination programs.

Global situation of rabies endemicity

Scattered monitoring data indicate that over 20,000 Africans die from rabies each year, with most cases occurring in rural
areas with limited access to healthcare and limited monitoring [22,23]. Compared to the southern region, the western,
eastern, and central regions are high-risk areas for rabies due to the lack or high cost of PEP and inadequate risk assess-
ment [24—27]. Some countries have taken measures to control the situation, such as Kenya'’s 15-year strategy to end
dog-mediated human rabies deaths [28]. However, in many areas of Africa, further monitoring, prevention, and control
measures are still needed to reduce the spread and death toll of the disease. Asian countries have taken a series of mea-
sures to prevent and control rabies, such as promoting dose- and cost-sparing intradermal (ID) vaccination, introducing
identification card vaccination, and using anti-RABV monoclonal antibody vaccines [29,30]. Some countries have made
significant progress, with South Korea declaring the elimination of local transmission of canine rabies and a significant
reduction in rabies-related deaths in Sri Lanka, Bhutan, Thailand, and Bangladesh [31,32]. However, the entire Asian
region still faces many challenges, including competing health priorities, a lack of inter-sector coordination and compre-
hensive rabies control programs, inadequate surveillance, and limited access to PEP [33]. The rabies situation in the
Americas exhibits regional disparities. Despite overall progress in rabies control, challenges persist throughout the conti-
nent. In North America, encompassing Canada and the United States, significant advancements have been made through
extensive dog vaccination campaigns, resulting in minimal reported human cases [34]. These countries have also imple-
mented robust wildlife surveillance programs, effectively curbing the transmission of rabies from wildlife to humans. Mex-
ico, Central America, and the Caribbean region have likewise achieved commendable progress in their efforts to control
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rabies. Mexico stands as an exemplary case, undertaking large-scale annual canine vaccination initiatives and earning
recognition from the World Health Organization as a canine-mediated rabies-free nation [35,36]. Within the Caribbean
region, only isolated pockets report instances of rabies, primarily transmitted through bats or mongooses [37]. Neverthe-
less, Haiti bears the greatest burden of rabies in this area and has implemented multifaceted measures to prevent and
control the disease. Unfortunately, they have encountered setbacks due to environmental catastrophes, political instability,
and the ongoing COVID-19 pandemic [38]. In South America, many countries have successfully achieved their targets of

eliminating human rabies cases caused by dogs. Nevertheless, pockets of rabies transmission and outbreaks persist in
certain regions, with Bolivia being particularly affected. Efforts to combat rabies in the Americas are ongoing, with vari-
ous nations implementing comprehensive strategies aimed at further reducing the incidence of this deadly disease [39].
Continuous surveillance, collaboration, and effective implementation of preventive measures will be crucial in achieving
sustained control over rabies throughout the continent. Undeniably, for a considerable period in the future, rabies will
continue to pose significant risks to agriculture, public health, and conservation biology in both tropical and non-tropical

regions (Table 1).

Policy priority and international cooperation

Eliminating rabies is a challenging yet highly valuable endeavor, as it not only benefits the health and well-being of

residents but also serves as a national public good in the context of today’s globalized world. Indeed, achieving this goal

Table 1. Current situation and management experience of rabies around the globe.

Region | Situation Iconic events Limiting/promoting factors Refer-
ence
Europe | Low incidence; Oral rabies vaccination programs have Frequent tourism and communication bring [40]
Risk of travelers importing cases been adopted by all European countries input pressure;
since the late 1980s and are still ongoing. | Regional conflicts may pose a risk of outbreak;
The strong economic foundation of developed
countries supports animal immunity.
Asia Severe mortality and economic A few developed countries (Japan, Limited resource investment, including vaccine | [41]
burden; Singapore, South Korea) have adopted accessibility and improved monitoring systems;
Positive measures and actions are large-scale dog vaccination and stray dog | Lack of political commitment and departmental
being implemented population control plans; coordination;
In 2004, the Asian Rabies Expert Bureau | The public has a low level of education and
(AREB) was established. weak awareness of prevention and control.
Africa A large number of rabies deaths; Tunisia has begun mass vaccination cam- | Insufficient understanding of rabies monitoring | [42,43]
Lack of accurate data paigns for dogs in the 1980s; and burden;
In 2008, the Africa Rabies Expert Bureau | Lower national priority levels;
(AfroREB) was established; Lack of sustainable plans for canine rabies
control.
North A significant reduction in rabies cases | “Plan of Action for the Elimination of Urban | The Pan American Health Organization [44]
America | in the United States and Mexico while | Rabies from the Principal Cities of Latin (PAHO) coordinates canine vaccination,
Haiti still faces challenges America” (OPS, 1983) contact person treatment, and epidemiological
South Most cases of rabies occur in coun- monitoring. [45]
America | tries such as Bolivia and Brazil
Oceania | Free of dog-mediated rabies but high | Australian Veterinary Emergency Plan Strict dog management and legal governance [46,47]
risk of traveler’s cases (AUSVETPLAN) (Animal Health Australia, | tools
2011)
Antarc- | Free of all lyssaviruses but with no — Uninhabited [48]
tica laboratory-based surveillance

Dog-mediated Rabies is an NTDs that poses a threat to practically every nation and area on Earth except for Oceania and Antarctica, where the disease is
absent. Nonetheless, the geographic setting, the support of sources, the direction of policy, and public consciousness all impact the eradication of rabies.

https://doi.org/10.1371/journal.pntd.0013159.t001
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requires a significant investment of public funds and leadership in developing an overall strategy for the elimination or
control of rabies. It is also important to seek support from international organizations, public entities, private partners, and
other stakeholders to bridge funding gaps and promote the development of sustainable rabies planning [49]. Absolutely,
considering the limited financial resources and manpower of public health sectors in many countries, especially devel-
oping ones, it is crucial to prioritize the prevention and control of zoonotic diseases [50,51]. This necessitates the effec-
tive allocation of scarce funds and logistical resources towards activities aimed at reducing the outbreaks of rabies and
minimizing the impact. At the national level, there is a need to reassess and adjust the prioritization of measures to ensure
optimal practical outcomes. These activities encompass the vaccination and management of dogs, post-exposure preven-
tion and treatment for humans, public awareness campaigns, animal surveillance, and various innovations in rabies tech-
nology. Under the ambitious goal of Zero by 2030, the Tripartite has seized the opportunity to launch the United Against
Rabies Forum (UAR Forum) in 2020, aiming to establish a broad and inclusive network of stakeholders to collectively
achieve the goal of rabies elimination [52]. One important initiative of this forum is to bring together organizations and
departments from different countries, engaging in discussions and practical actions based on their respective needs and
available resources [53]. For instance, the UAR forum is dedicated to advocating for the recognition of national strategic
plans for rabies control by the World Organization for Animal Health (WOAH), and linking these plans with the agenda of
the Global Alliance for Vaccines and Immunization (GAVI) regarding the accessibility of PEP [54,55].

Vaccination and management of dogs

The lofty goal of achieving “Zero rabies deaths by 2030” can be accomplished through key actions such as large-scale
dog vaccination campaigns and canine population management to eliminate rabies. Dogs act as maintenance hosts and
reservoirs for canine rabies, and it is ideal to interrupt the transmission of the virus from dogs to other animals, includ-

ing humans, as a preventive measure [56]. Large-scale dog vaccination campaigns are one of the most crucial actions
for controlling rabies. In most Latin American countries, the health authorities coordinate these campaigns annually or
biannually, with extensive intersectoral participation involving the veterinary services, communities and education sec-
tors as part of the planning process [57]. Since 1983, the National Canine Vaccination Program, coordinated by the Pan
American Health Organization (PAHO), has controlled canine rabies in most regions of the Western Hemisphere, reducing
the incidence by over 99%. By focusing on large-scale vaccination of dogs, the control and elimination of this disease can
be achieved with a vaccination coverage rate of 70%, a threshold that has been demonstrated through various studies
[58-60]. Further support for this wise strategy lies in the undeniable economic cost-effectiveness of vaccinating dogs to
prevent human deaths from rabies. A 6-year period cost-benefit analysis study conducted in Bhutan on mass dog vaccina-
tion versus human post-exposure treatment (PET) costs revealed that without a comprehensive dog vaccination program,
relying solely on intensified human PET would impose significant direct healthcare expenses on the government [61].
Furthermore, even accounting for the increased time and resources associated with challenges in capturing stray dogs
for vaccination, it is still much more cost-effective compared to the economic costs of performing sterilization surgeries on
dogs [62,63]. Although culling dogs can more directly control the spread of the RABYV, its effectiveness is limited [64,65].
Moreover, culling not only raises ethical concerns but may also compromise rabies prevention efforts. When animals are
culled, their removal creates ecological vacancies that are rapidly filled by new animals with no immunization history.

This replacement process perpetuates viral transmission by reintroducing susceptible individuals into the population [66].
However, achieving high coverage rates in dog vaccination campaigns remains a challenge for many countries around
the world, leading to hesitancy and difficulties in implementation. Firstly, the success of such campaigns is closely tied

to higher levels of logistical, political, and economic development. In many countries with endemic rabies, the lack of
adequate logistical infrastructure hinders the implementation of vaccination programs that can achieve sufficient herd
immunity (estimated at 70%) [17]. Furthermore, many veterinarians in Africa and Asia lack experience or confidence in
handling dogs or implementing veterinary interventions involving pet dogs. This often results in inappropriate or ineffective
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vaccination or management of both owned and stray dogs [43]. Lastly, the effectiveness of mass dog vaccination cam-
paigns requires a more comprehensive monitoring system involving multiple sectors, including human health and vet-
erinary departments, to assess the actual impact achieved [57]. This monitoring helps to evaluate the effectiveness of
the vaccination efforts and make necessary adjustments to ensure optimal outcomes. During the COVID-19 pandemic,
rabies surveillance in countries where it is endemic has been weakened. In 25% of these countries, staff who conduct
rabies surveillance have been reassigned to COVID-19 response efforts [20]. Combining efforts to improve immunization
coverage and strengthen the management of dogs is essential, as it is evident that administering vaccines to dogs alone
cannot achieve optimal results [67,68]. One crucial factor lies in the disparity of vaccine coverage between urban and rural
areas, which consequently leads to a deficiency in overall immunization efficacy. Hence, it is imperative to implement a
comprehensive set of measures aimed at mitigating the stray dog population. These measures encompass establishing
dedicated shelters and organizing adoption initiatives, implementing comprehensive sterilization programs for stray dogs,
regulating responsible ownership practices, and fostering public awareness campaigns [69]. Finally, oral rabies vaccination
(ORV) may be the most cost-effective yet overlooked tool in the fight against rabies. Compared to conventional capture-
vaccinate-release, ORV requires fewer human resources and expertise, particularly with regard to vaccinating wild animals
where immunization can be challenging [70]. Attenuated live RABV vaccines and vector-based vaccines are currently the
main types of ORV and have been proven to induce an immune response in dogs [71]. However, modified live virus vaccines
and vector-based vaccines pose respective risks due to production process limitations: the former carries the potential for
virulence reversion leading to rabies, while the latter may result in vector-related hazards and reduced efficacy [72].

Post-exposure prophylaxis (PEP) and treatment

Although rabies is almost 100% fatal once symptoms appear, timely PEP can be effective in preventing both death and
complications [7]. The earliest vaccine against rabies for humans was developed by Louis Pasteur in 1885, who tracked
rabid rabbits and used their spinal cords as raw material, and such types of neurotropic vaccines were widely applied for

a considerable period of time. Technological innovations have resulted in fewer adverse reactions and increased effective-
ness of rabies vaccines. Since the 1950s, purified duck embryo vaccines (PDEVs), human diploid cell vaccine (HDCV),
purified chick embryo cell vaccine (PCECV), primary hamster kidney cell vaccine (PHKCV), and purified Vero cell rabies
vaccine (PVRV) have successively come into existence [73]. A meta-analysis of PCECVs currently administered via the
IM or ID route for the PET showed that each dose of PCECV 22.5 IU can effectively prevent rabies [74]. Mentioned above
and approved for use are all inactivated vaccines, and lower cost, shorter immunization procedures for attenuated live
vaccines and alternative viral vector vaccines may be ideal alternatives in the future [75]. The emerging mRNA vaccines
have recently attracted widespread attention, with a study showing that an optimized mRNA construct (LVRNAOO1)
expressing the RABV-G protein provides dogs with a strong immune response and a 100% survival rate after live virus
infection [76]. In cases of direct exposure, such as being bitten by a dog or contamination of skin or mucous membranes
with animal saliva, the combined use of PEP and human rabies immune globulin (HRIG) is the optimal preventive mea-
sure [77]. The Rabies Post-Exposure Prophylaxis Guidelines from the Advisory Committee on Immunization Practices rec-
ommend that individuals with normal immune function and no previous vaccination receive PEP consisting of four doses
of rabies vaccine and one dose of immune globulin, administered over a 2-week period [78]. Research has also indicated
that in areas where rabies is prevalent and residents or travelers may have difficulty accessing timely and sufficient PEP, a
single-visit Pre-Exposure Prophylaxis program appears to provide adequate protection for most healthy individuals without
compromised immune function [79]. This approach would be beneficial in mitigating vaccine shortages and addressing the
limited accessibility of high-cost HRIG. Access to human rabies PEP may be influenced by socioeconomic status, thereby
posing challenges for achieving comprehensive coverage in many developing countries. In China, despite the availability
of safer and more effective rabies vaccines, barriers such as high acquisition costs, limited financial subsidies, and inade-
quate community awareness hinder access to treatment for individuals at high risk of rabies [80,81].
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Post-vaccination evaluation of rabies vaccines

The serum rabies virus-neutralizing antibody (RVNA) is the primary indicator used to assess the effectiveness of rabies
vaccines [82]. Current recommended quantitative detection methods for rabies-neutralizing antibodies by WHO and
WOAH include the Rapid Fluorescent Focus Inhibition Test (RFFIT) and Fluorescent Antibody Virus Neutralization test
(FAVN) [83]. The threshold level of RVNA is 0.5 IU/ml, which can be considered to induce an effective immune response
against the virus. The National Disease Control and Prevention Administration of China has issued the “Guidelines for the
Prevention and Disposal of Rabies Exposure (2023 Edition)”, which recommends that quarantine, veterinary and technical
personnel, animal management and breeding personnel in the agricultural sector, laboratory personnel engaged in RABV
work, medical personnel and caregivers caring for rabies patients, field workers, and tourists traveling to rabies epidemic
areas should undergo pre-exposure immunization. Following the initial exposure, it is recommended to administer the
rabies vaccine as early as possible. The immunization protocol should adhere to the latest nationally approved rabies
vaccine products, which include two vaccination programs: a 5-dose regimen (administered on days 0, 3, 7, 14, and 28)
and a “2-1-1” regimen (two doses on day 0, with each dose administered in the left and right deltoid muscles, followed by
doses on days 7 and 21). In principle, rabies prevention and treatment clinics should be equipped with at least two differ-
ent types of rabies vaccines. Corresponding management measures should be implemented based on the level of rabies
exposure (Three grades: The Grade | involves wound cleansing only, the Grade Il includes vaccination, and the Grade lll
necessitates both vaccination and passive immunization agents.). A systematic review and meta-analysis indicated that
the human rabies vaccine for the Chinese population after PEP has good immunogenicity, with the RVNA level increasing
to over 0.5 IU/mL 7 days after the administration [84]. Nonetheless, prior research has demonstrated that immunized dogs
and cats have inadequate antibody titers, which may raise their risk of Lyssavirus rabies transmission [85,86]. This may
be related to multiple factors, including vaccine type and batch, vaccination time and dosage, animal species, etc. [87].
Therefore, it is necessary to monitor RVNA for vaccinated animals and assess the risks to decide whether to strengthen
vaccination. The concept of advancing the checkpoint included in One Health may suggest the need for regular antibody
detection by vaccinated wildlife practitioners and pets to prevent rabies spillover.

Animal surveillance and border control

Excellent control strategies should be based on the establishment and improvement of a rabies surveillance and manage-
ment system, complemented by the implementation of strict policy regulations, widespread public awareness campaigns,
and education on prevention [88,89]. Two important groups, including domesticated animals and wild animals, are the
primary hosts of the Lyssavirus rabies. Domesticated animals such as dogs and cats, and wild animals such as raccoons,
skunks, bats, and foxes, respectively serve as vectors and reservoirs for the virus and form two interrelated cycles of
transmission, namely urban and sylvatic cycles [90]. Indeed, simulations that bridge phylodynamics and spatial epide-
miology suggest that human-mediated dispersal of infected dogs may continue to play a significant role in the spread of
RABYV within geographically established areas where the virus has been present for many years [91]. Additionally, inter-
national travel activities can also lead to potential rabies outbreaks as travelers may come into contact with rabid animals
[92]. Therefore, conducting ongoing surveillance of animal rabies is crucial for controlling the disease at its source and
disrupting transmission chains. Since 2004, China has initiated annual surveillance of animal rabies, supported by finan-
cial resources to facilitate animal diagnosis, monitoring, and vaccination activities [93]. Animal surveillance may play a
crucial role in border control, as it is not only significant for the prevention and control of rabies in endemic countries but
also has significant implications for the public health policies of regions where rabies has never occurred [94,95]. China is
a multilateral country that borders up to 14 countries, all of which are high-risk countries for rabies. It is worth noting that
Yunnan, a province in southern China that borders Myanmar, Laos, and Vietnam, experienced a large-scale outbreak of
rabies in the 1980s (Fig 1A). Futhermore, the significant lack of data from countries such as India, Myanmar, Bhutan, and
Nepal indicate highly inadequate rabies surveillance, posing potential risks of rabies transmission and outbreaks (Fig 1B).
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Fig 1. (A) Countries bordering China that are at high risk for rabies. (B) The number of rabies deaths in 11 countries including China,

India, and Myanmar from 2010 to 2020. (The base layer of the map is from the U.S. Geological Survey, USGS, http://www.usgs.gov). (The risk
categorization information is taken from the UK government website [98]; the triangle red mark indicates nations that are bordering China and
are considered to be at high risk of contracting rabies.)

https://doi.org/10.1371/journal.pntd.0013159.9001

The aforementioned suggests that China should focus on emergency response plans, effective defensive barrier con-
struction, and control of wildlife and dogs at national borders. Generally, geopolitical boundaries do not directly prevent the
transmission of infectious diseases. However, it is common for countries to establish control measures focused on their
borders. Zhenyang Guo et al. collected nucleoprotein sequences from samples isolated from various locations in South-
east Asia and analyzed their phylogenetic and geographical relationships, indicating that national geographical boundaries
and border controls are effective barriers preventing the spread of rabies from China to adjacent regions [96]. Analysis of
a series of transboundary raccoon-specific variants of the rabies virus (RRV) outbreaks in the eastern Canadian provinces
that border the United States suggests that high local infection pressure may cause RRV to spread through the areas of
vaccination across the international boundary, and this highlights the necessity of coordinated surveillance programs [97].

Data-based publicity and education

A data-driven quantitative assessment is necessary for any disease control action that requires capital investment to
consider affordability and the social-economic benefits it brings. Undoubtedly complex and requiring careful planning, the
process of achieving the goal of eliminating rabies by 2030 can face a barrier to progress in the early stages due to a lack
of data on the burden of rabies [99]. Therefore, organizing international experts to assess the national burden of rabies,
developing a comprehensive monitoring system, and establishing a real-time cost-effectiveness model for control mea-
sures will provide clear and definitive guidance for the elimination of rabies [22,100,101]. In the 1980s, China introduced
an important policy aimed at raising public awareness of rabies prevention and the behavior of rabid dogs to help high-risk
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populations, including economically disadvantaged rural areas, significantly reduce the risks associated with rabies [88]. In
recent years, there has been a greater emphasis on the development of communication tools in the international commu-
nity. Established through collaboration between the World Health Organization, the Food and Agriculture Organization, the
World Organization for Animal Health, and the Global Alliance for Rabies Control, the “United Against Rabies” partnership
aims to advocate for rabies control efforts globally [102]. The Pasteur Institute has developed courses for rabies control
officials, training a significant number of advocates and experts, thereby strengthening countries’ capacity to develop and
implement effective rabies control programs [103]. In addition, regional rabies awareness campaigns are widely being
established. This includes the Pan-African Rabies Control Network (PARACON) and the ASEAN Rabies Elimination
Strategy established in 2015. These initiatives aim to promote collaboration, information sharing, and coordinated efforts
among countries within a specific region to eliminate rabies [49,100,104].

Other innovations that are beneficial to the goal

In fact, the low laboratory diagnostic capacity for rabies in humans and animals has been a contributing factor to under-
reporting of cases and suboptimal surveillance outcomes. Although China has reported a large number of human and
animal rabies cases, the majority have not been laboratory-confirmed and have only been diagnosed based on clinical
presentations and retrospective epidemiologic surveys, which could potentially lead to confusion with other types of
encephalitis or the neglect of asymptomatic carriers of the virus [105]. The direct fluorescent antibody test (DFAT), which
has been certified by the WHO and OIE, has long been considered the global standard procedure for diagnosing rabies
[106]. Other methods include enzyme-linked immunosorbent assay (ELISA), direct rapid immunohistochemical test
(dRIT), and real-time reverse transcription-polymerase chain reaction (RT-PCR) [107]. Recently, a chip-based RT-PCR
detection method called Truenat Rabies (Molbio Diagnostics) has emerged, which allows for semi-quantitative detection
of the Lyssavirus rabies [108]. Truenat not only improves the sensitivity, specificity, and diagnostic accuracy of rabies
detection but also is more accessible in most developing countries. With the rapid development of internet technology
and a significant increase in the number of users, the surveillance of infectious diseases, especially zoonosis, is entering
a new era. Due to the real-time and comprehensive nature of the internet, the collection of informal reports of human and
animal diseases as well as environmental change data can be utilized to complement traditional monitoring tasks [109].
Internet biosurveillance, an internet-based tool developed and applied to achieve early warning and situational awareness
of public health threats, has proven beneficial in triggering public health responses to mitigate infectious disease out-
breaks [110]. A further example of practical application is during a rabies outbreak in the Kilombero Valley in 2007, where
Katie Hampson and colleagues conceived a large-scale rabies surveillance system that was subsequently developed and
deployed in southern Tanzania [111]. Since 2011, the mobile-phone-based surveillance system has been applied among
frontline health and veterinary workers to collect a large amount of data on rabies exposure and requests for PEP, which
holds significant value in improving the healthcare systems in LMICs.

Rabies in China

China was previously considered a high-burden country for rabies, and the establishment of the National Infectious Dis-
ease Report Information System (NIDRIS) in 1950 facilitated the concrete reporting of rabies cases [112]. This system’s
implementation provided a crucial foundation for accurate surveillance and monitoring of rabies cases, thus promoting
the advancement of rabies control efforts in China. Rabies, as a legally class Il notifiable infectious disease in China,
recorded nearly 108,412 cases from 1950 to 2004, exhibiting three distinct peaks, with the highest reaching 7,037 cases
[113]. From 2005 to 2012, 30 provinces in China reported 19,221 cases of human and animal rabies, primarily concen-
trated in rural areas of the southern and eastern regions [114]. Subsequently, there has been an unprecedented reduc-
tion in the number of rabies cases on the Chinese mainland, with only 136 cases reported in 2021, and this number may
even decrease to double digits in 2022. Undoubtedly, this reduction could be attributed to the strict control measures
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implemented during the COVID-19 pandemic, which have minimized opportunities for human contact with infected
animals. Subsequently, several significant outbreaks of rabies occurred in mainland China, but fortunately, the Chinese
government proposed effective policies that gradually reduced the number of cases [115]. China has unique national
conditions, with a massive population base and vast areas of population residence, which have resulted in the significant
economic burden of vaccination. Furthermore, the urbanization process has also exacerbated difficulties in managing and
monitoring dogs [116]. It is worth noting that the decreased number of rabies cases in mainland China can be attributed
to the increased availability of efficacious and safe cell-culture rabies vaccines rather than the implementation of dog
control measures [117]. By comparison, a recent study that utilized the updated national data to predict the future bur-
den of human rabies and evaluate the cost-effectiveness of comprehensive rabies control strategies in China suggests
that expanding the vaccination coverage of dogs, rather than increasing the accessibility of PEP, is crucial to achiev-

ing China’s elimination goal as early as 2033 [118]. Indeed, this change in approach reflects a shift in the situation and
strategy of rabies prevention and control in China. As a result, the Chinese government and relevant organizations have
taken a series of control strategies and measures to actively respond to the current rabies situation in China. Currently,
China adopts a joint mechanism to combat rabies, with the government taking the lead, multiple departments coordinat-
ing efforts, and active participation from the entire society. In line with international guidelines, China has implemented
key measures for rabies control, including canine management, PEP and treatment for humans, animal monitoring and
reporting, as well as extensive societal-level awareness campaigns [119]. As the largest developing country, China faces
the challenge of vaccinating nearly 60 million dogs in rural areas, which puts a strain on its immunization planning capac-
ity. Additionally, the issue of substandard quality rabies vaccines for animals, along with the low income levels prevalent
in rural areas, greatly hinders the expansion of vaccine coverage rates [120].It is not surprising to observe that the preva-
lence of Lyssavirus rabies neutralizing antibody (VNA) positivity is significantly higher in developed regions of China com-
pared to rural areas, and this discrepancy reflects the imbalance in the risk of rabies outbreaks and the focus of control
efforts [121]. In addition, inadequate awareness education makes it difficult to ensure that patients receive appropriate or
timely wound treatment, PEP, or rabies immunoglobulin after exposure [122].

Baiyun strategy: A case of rabies disposal

Guangdong Province may be one of the provinces in China with the most significant changes in the rabies situation, as it
was once a high-incidence province and had an impact on neighboring provinces and even the national epidemic. From
2007 to 2011, Guangdong Province ranked second in the country in terms of the number of rabies cases, reaching 1,485,
second only to Guangxi with 1,778 cases [123]. In stark contrast, from 2016 to 2020, Guangdong Province reported only
99 cases of rabies. Guangzhou, a crucial and diverse city in southern China and also the capital of Guangdong Province,
encompasses both rural and urban administrative areas. In the process of rabies prevention and control, Guangzhou has
undergone challenging but relatively successful exploration, leading to the establishment of a collaborative and compre-
hensive rabies control system involving multiple departments [88]. Proudly supporting this assertion are the remarkable
data from 2014 and 2015, during which there were no reported cases in Guangzhou. This experience provides valuable
lessons for other countries and regions facing similar rabies challenges. Baiyun district in the northern part of Guang-
zhou’s old town has a registered population of 1.2 million people, but a significantly higher resident population of 3.6
million people, mainly migrant workers, posing risks for zoonotic disease transmission like rabies. However, as a key area
of focus for rabies prevention and control in Guangzhou, the Baiyun District Center for Disease Prevention and Control
has developed its own unique management system. The following is a detailed account of the handling process under
the “Baiyun Model” based on the preliminary epidemiological investigation report regarding a suspected case of rabies in
Jiahe Street, Baiyun District.

On April 5th, 2023, a suspected case of rabies was reported to Baiyun CDC by Guangzhou Medical University Affiliated
Hospital (Hospital Eight), where the patient was admitted. The center immediately launched an emergency response and
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began investigating the case. The investigation revealed that the patient had been keeping four cats in a factory, one of
which had gone missing, and then returned on April 1st with symptoms of illness, scratching and biting the patient. The
patient subsequently went to Hospital Eight for the rabies vaccination and the immunoglobulin injection before returning
home. On April 4th, the patient developed symptoms such as fear of wind and water, difficulty breathing, fever with the
highest temperature at 37.5 °C, muscle pain, mental tension, poor appetite, and sleep. On April 6th, the provincial CDC
laboratory reported that the nucleic acid test results of the patient’s sputum and cerebrospinal fluid samples for Lyssavirus
rabies were negative, while another sample tested positive using second-generation gene sequencing at Hospital Eight’s
laboratory. On April 7th, Hospital Eight collected new samples of the patient’s saliva and cerebrospinal fluid and sent them
to the Guangdong Provincial CDC for Lyssavirus rabies nucleic acid testing. The saliva sample tested strongly positive for
RABYV nucleic acid, while the cerebrospinal fluid sample tested weakly positive.

Upon receiving the case report, the center promptly reported it to the higher-level administrative and professional
departments. An immediate case investigation and a suspected exposure investigation were initiated, and terminal disin-
fection was carried out at the patient’s residence and workplace. Saliva and cerebrospinal fluid specimens were collected
from the case and temporarily stored at the laboratory of the Eighth Hospital since the provincial CDC was unable to
receive the samples on April 5. The patient’s five family members and employees have been vaccinated against rabies.
In addition to receiving the rabies vaccine, the wife and employees have also received rabies immunoglobulin, while the
others have not. Ten medical staff involved in the treatment at Jiahe Yimin Hospital were equipped with personal protec-
tive measures throughout the treatment process and were vaccinated against rabies on April 5 (without receiving rabies
immunoglobulin). It is recommended that the 13 medical staff involved in the treatment at the Eighth Hospital be vacci-
nated with both the rabies vaccine and immunoglobulin. The local street authority investigated the factory and surround-
ing residents of the case and recommended that residents who were bitten by cats or dogs 10 days ago should receive
rabies vaccination. The Health Department of Baiyun District investigated and found that in the past week, a total of 11
patients with Class Il exposure who were bitten by stray dogs were treated at three animal bite treatment clinics located
near the epidemic site. These patients have been notified to receive rabies immunoglobulin. On April 5th, the Agriculture
and Forestry Department of the district disposed of the remaining two animals involved in the outbreak and collected
brain tissue samples from these animals. The samples were sent to relevant units of the Guangdong Provincial Academy
of Agricultural Sciences for Lyssavirus rabies pathogen testing, and the results were negative. On April 6th, the Agricul-
tural and Rural Bureau of Baiyun District administered veterinary rabies vaccines to 149 dogs, cats, and other animals in
Changhong Village near the epidemic site. A comprehensive campaign to prevent rabies has been carried out throughout
the district, including the dissemination of preventive knowledge and the promotion of responsible pet ownership. Resi-
dents are educated on the importance of reporting stray dogs and cats promptly. In the event of an accidental animal bite
or scratch, individuals are advised to proactively seek treatment at nearby rabies disposal clinics for human rabies vacci-
nation and immunoglobulin prophylaxis to reduce the risks. A total of 15,678 informational leaflets have been distributed,
reaching 6,895 households through door-to-door campaigns and being forwarded to 10 resident groups online.

The handling process of this case withessed a closely-knit and highly efficient joint prevention and control network
formed by the CDC, hospitals, the Agricultural Veterinary Bureau, the Public Security Bureau, laboratories, Community
Health Service Centers, and the local street authority. It is noteworthy that the One Health Research Center (OHRC) at
Sun Yat-sen University provided professional guidance in the field of zoonotic disease prevention and control, while the
Key Laboratory for Quality Monitoring and Evaluation of Vaccines and Biological Products (NMPA) and the Baiyun CDC
signed a strategic cooperation agreement, offering relevant support. Under the guidance of OHRC at Sun Yat-sen Univer-
sity, BYCDC has developed a new model of joint prevention and control of rabies with multiple departments, such as the
agricultural department, community health service centers, hospitals, and the laboratory (Fig 2). On a macro level, NMPA
& OHRC is a professional academic research center for one health, coordinating cooperation among various depart-
ments and conducting interdisciplinary, cross-departmental, and cross-regional exchange activities. This interdisciplinary,
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Fig 2. A multi-sectoral coordination mechanism for rabies prevention and control, established under the One Health framework. OHRC, One
Health Research Center; BYCDC, Baiyun District Center for Disease Prevention and Control; CHSC, Community Health Service Centers; PSB&AVB,
Public Security Bureau and Agricultural Veterinary Bureau. (Open Clipart (https://openclipart.org/) under Creative Commons Zero 1.0 Public Domain
License.).

https://doi.org/10.1371/journal.pntd.0013159.g002

interdepartmental, and interregional collaboration, which aligns with the One Health concept, has played a crucial role in
reducing the cost of rabies control and elimination as well as enhancing efficiency [124—126]. However, unexpected issues
arose during the handling process of this case. Even though canines are the primary hosts of rabies, especially in urban
areas, it was surprising that the culprit in this case was a cat [127,128]. This, to some extent, reflects insufficient animal
surveillance efforts and limited coverage of rabies vaccination among animals. Given the ongoing process of urbaniza-
tion, the urban populations of both domestic and stray cats have witnessed a precipitous rise, consequently amplifying
associated risks to public health. While the goal of “Elimination Rabies By 2030” prioritizes interventions targeting canine-
mediated occurrences and transmissions, the potential contribution of other animal reservoirs, notably feral cats, is often
underestimated. Through concerted collaborative efforts, it is imperative to acknowledge that the realization of this overar-
ching goal hinges upon the comprehensive incorporation of multifaceted uncertainties. Therefore, both scientific research
entities and public health agencies are urged to intensify their focus on expanding the scope of preventive measures and
surveillance protocols targeting infectious reservoirs. Additionally, there was a significant delay in reporting the case from
the time of the incident to the manifestation of symptoms, potentially resulting in serious consequences [3]. Therefore, it
is necessary to establish a comprehensive system for vaccine administration registration and timely reporting, as well as
organizing assessments and providing recommendations [129]. These measures would be ideal for completing the last
mile in ensuring effective control and prevention of rabies.

Conclusion

Rabies continues to pose a threat to the health and lives of people in the vast majority of countries worldwide, caus-
ing incalculable economic burdens. However, eliminating rabies is not an impossible task; on the contrary, it is a highly
achievable goal as more and more countries are joining the effort. China, once an area severely affected by rabies as a
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developing country, has made significant improvements in recent years. Throughout the entire effort to combat rabies,
numerous invaluable experiences are worthy of reference., including the One Health concept that guides strategies for
zoonotic disease prevention and control, which is being implemented in many regions across China.

Key learning points

+ The One Health strategy is crucial for achieving the goal for the elimination of dog-mediated human rabies
deaths by 2030.

» Large-scale vaccination and management of dogs serve as core interventions.
» Cross-border transmission risks necessitate enhanced coordinated surveillance.

+ Animal surveillance should prioritize attention to the diversity of potential animal reservoirs.
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