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Abstract

:

Simple Summary


Dogs are considered man’s best friend, with many owners sharing a close relationship with their dogs. This affection increased during the COVID-19 pandemic, as owners spent more time with their canines during the lockdowns and quarantines. During this time, owners noted how their dogs helped reduce their stress and anxiety. Yet, of concern is the known natural infection/transmission of SARS-CoV-2 reported in numerous animals (e.g., cats, minks, deer), necessitating the need to determine if dogs can contract or spread SARS-CoV-2. In this review, we focused on the human–canine interface of COVID-19 and the positives and negatives of this interface. We found that dogs can get COVID-19 from their owners but are asymptomatic when infected—it is unclear if it affects the health of dogs. Research is inconclusive on if dogs can transmit SARS-CoV-2 to their owners. Although dogs could be hosts, they are beneficial beyond just stress relief. Sniffer dogs can rapidly detect COVID-19-positive individuals in crowds, with almost 80% success in distinguishing between positive and negative people. Overall, we emphasize that more research is needed to understand the role of dogs in the interspecies spread and even contraction of SARS-CoV-2.




Abstract


COVID-19 is one of the deadliest epidemics. This pandemic is caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), but the role of dogs in spreading the disease in human society is poorly understood. This review sheds light on the limited susceptibility of dogs to COVID-19 infections which is likely attributed to the relatively low levels of angiotensin-converting enzyme 2 (ACE2) in the respiratory tract and the phylogenetic distance of ACE2 in dogs from the human ACE2 receptor. The low levels of ACE2 affect the binding affinity between spike and ACE2 proteins resulting in it being uncommon for dogs to spread the disease. To demonstrate the role of dogs in spreading COVID-19, we reviewed the epidemiological studies and prevalence of SARS-CoV-2 in dogs. Additionally, we discussed the use of detection dogs as a rapid and reliable method for effectively discriminating between SARS-CoV-2 infected and non-infected individuals using different types of samples (secretions, saliva, and sweat). We considered the available information on COVID-19 in the human–dog interfaces involving the possibility of transmission of COVID-19 to dogs by infected individuals and vice versa, the human–dog behavior changes, and the importance of preventive measures because the risk of transmission by domestic dogs remains a concern.
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1. Introduction


Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which emerged in Wuhan, China, in 2019, is the etiological agent of the COVID-19 pandemic. It has spread to over 600 million people worldwide, with a death toll of more than 6.5 million as of October 2022. COVID-19 has become one of the most important economic, health, and humanitarian problems of the 21st century.



The outbreak of SARS-CoV-2 has prompted intensive research into its epidemiological aspects in both humans and animals. To understand its transmission dynamics, risk factors, and clinical characteristics, studies have been carried out in both populations. SARS-CoV-2 is primarily spread through respiratory droplets when an infected individual sneezes, talks, or coughs [1,2]. There has been speculation that the virus is present on surfaces or objects and can spread through aerosol transmission in specific situations [3]. This virus is highly contagious, with its basic reproductive number (R0) estimated to range between two and three [4]. Research has indicated multiple potential risk factors for serious illness and death from COVID-19 in humans, most notably older age and comorbid conditions such as obesity, diabetes, and cardiovascular disease [1]. Manifestations of the virus vary drastically, from asymptomatic to deadly or life-threatening conditions. Common symptoms include fever, cough, shortness of breath, and fatigue, with anosmia and ageusia reported in some cases. In extreme circumstances, COVID-19 led to pneumonia, acute respiratory distress syndrome (ARDS), and organ failure [1,2].



In addition to the major COVID-19 outbreaks, hospitalizations, and deaths in humans, there were initial reports of the disease in a number of animal hosts (cats, tigers, dogs, minks, deer, and lions) [5,6,7,8,9,10,11,12,13,14,15]. Currently, numerous species have been identified and reported to be infected with SARS-CoV-2, including raccoons, hamsters, ferrets, coatimundi, fishing cats, hippopotamuses, snow leopards, pangolins, gorillas, hyenas, otters, rabbits, puma, armadillo, red fox, coati, cattle, Eurasian beaver, binturong, lynx, leopard, manatee, black-tailed marmoset, giant anteater, squirrel monkey, and mandrill. Such findings provide valuable insight into the transmission of SARS-CoV-2 across the animal kingdom [5,6,7,8,9,10,11,12,13,14,16,17,18,19,20,21], as well as highlighting the problem of zoonotic diseases, i.e., diseases that can spread from animals to humans. It is thought that the virus jumped from bats to humans through an intermediate host such as a pangolin [22,23]. Recent studies have revealed the ability of SARS-CoV-2 to move from one host to another, such as being able to proliferate in ferrets, which are commonly used as animal models to study human respiratory viruses, as well as infect cats, dogs, and a number of non-human primates [1,2,3,4,5,6,7,8,9,10]. This raises concerns about the possibility of pet animals to serve as a reservoir for the virus. The overwhelming majority of infectious diseases in humans are of animal origin, with roughly 75% of them being zoonotic [24,25]. This draws attention to the need for more robust surveillance, coupled with intensive research, in order to better understand how zoonotic illnesses can affect human health. Moreover, certain factors, such as the destruction of natural habitats and the close proximity of wildlife, livestock, and people, all contribute to the emergence of zoonotic diseases. This is especially poignant in the case of SARS-CoV-2, where animal markets and the wildlife trade played a critical role in the virus’ spread and emergence. Consequently, a One Health approach, which unites human, animal, and environmental health, and bears in mind their mutual dependence, is imperative in combating zoonotic diseases [26,27]. This approach highlights the necessity of cooperation among human healthcare professionals, veterinarians, and environmental scientists to pinpoint and lessen the chances of new disease emergences. This should involve recognizing the essential host species and intermediate host species participating in disease transmission and examining the virus’ genetic makeup and its capacity to adjust to new host species. Moreover, research should be conducted to upgrade our comprehension of the mechanisms of zoonotic disease emergence and transmission.



One way to track disease emergencies and outbreaks is through geographic information systems (GIS), which provide a powerful means for evaluating and representing partial data across many sectors, including veterinary science [28]. By enabling the integration, control, and analysis of different types of data, such as population distribution, clinic localities, and disease outbreak records, GIS technology has become a vital instrument for veterinary professionals, researchers, and policymakers in their attempts to tackle multifaceted problems related to animal health and welfare [29,30]. In the veterinary sector, a primary application of GIS has been in the field of disease monitoring and outbreak. GIS technology has been instrumental in addressing outbreaks through its capacity to compile, store, and analyze vast spatial data on the progression, position, and seriousness of epidemics [29,31]. GIS technologies can be used to identify high-risk areas, track the spread of diseases, and develop strategies for controlling and preventing further outbreaks. For instance, GIS can assist in recognizing areas where the risk of disease transmission is elevated and help devise targeted control measures to be implemented. Additionally, GIS can be employed to map the locations of veterinary clinics, animal hospitals, and other animal health services and resources. These data can be deployed to discern regions that lack adequate veterinary services and create plans to expand access to animal health care during normal times and during pandemics [32]. On top of that, GIS can be utilized for plotting the positions of animal feed and supply stores, aside from other necessary resources for animal health and welfare [29,33]. GIS technology can be employed in animal welfare research and management. It can be utilized to plot the location of animal welfare facilities, such as shelters and sanctuaries, and to analyze the factors that affect animal well-being and the impact of the pandemic on them [34]. Additionally, GIS can record and examine the movements of animals/wild animals to detect potential hazards to animal populations, such as habitat destruction [34,35]. Furthermore, GIS is used in veterinary epidemiology, which is the study of the distribution and causes of animal diseases [36]. GIS can be employed to map the propagation of diseases, recognize risk factors, and develop disease control techniques [29,37]. It can also be used to monitor the spread of diseases and to assess the efficiency of disease control efforts. To sum up, GIS technology has become a critical instrument for veterinary experts, researchers, and decision-makers trying to comprehend and tackle complicated matters related to animal health and welfare [29,33,38]. The capability to assess and visualize spatial data facilitates the construction of more proficient and precisely tailored tactics for disease observation, outbreak management, and animal well-being [35]. As the technology advances, the potential utilization of GIS in the veterinary sector will continue to proliferate and play an ever more critical role in deconstructing the troubles confronting animal health and welfare. In addition to GIS as a tool to map and trace the spread and distribution of infectious diseases, loop-mediated isothermal amplification (LAMP) assay has been established as a swift, straightforward, and cost-effective molecular technique that can be employed as a point-of-care surveillance tool for infectious diseases in both human and animal populations [39,40,41,42,43,44,45,46]. Its notable sensitivity, specificity, and capacity to detect minimal levels of pathogenic DNA/RNA render it an invaluable tool to monitor and control the transmission of infectious diseases, particularly in scenarios that necessitate speedy results [40,41,42,43,44,45,46,47].



Genetics and genetic evolution help to improve our understanding of the evolution of the virus, which helps in applying novel technologies, like GIS. Using whole genome sequencing (WGS) data, SARS-CoV-2 is classified as a β-coronavirus of the subgenus Sarbecovirus within the family Coronaviridae. Its RNA genome (approximately 30 kb) encodes four structural proteins and 16 non-structural proteins [48]. The structural proteins are membrane (M), spike (S), nucleocapsid (N), and envelope (E) [49]. The S protein of coronaviruses resembles a crown that forms a spike on its surface and is critical to host receptor recognition, host range determination, viral tissue tropism, binding, entry, fusion, and induction of T cell response and neutralizing antibodies [50,51]. The specific form of the viral envelope is formed by the M protein, which also mediates inflammatory responses and forms ribonucleoproteins. While the N protein supports vital entry and survival in host cells, the E protein enhances pathogenicity and acts as an ion channel [50]. Owing to its high mutation rate, SARS-CoV-2 acclimates to a wide host range [52].



In light of conflicting reports regarding the role of domestic animals in the emergence of the pandemic, there has been growing concern among pet owners. For this reason, further research is needed to better understand the dynamics of the disease, particularly with regard to the ability of the virus to jump species and be transmitted from people to animals and conversely. Through a literature review of papers published in scientific journals, this study highlights reported cases of COVID-19 infection, susceptibility, and spread in dogs and focuses on different aspects of the human–dog interface during the COVID-19 pandemic. Despite the numerous cases of SARS-CoV-2 transmission, caution and additional research are needed to better understand the dynamics of disease transmission through the environment and between species. Future human–animal research can contribute to the development and enforcement of measures to prevent further COVID-19 transmission. This review covers the present scenario and anticipated outlook of COVID-19 in dogs.




2. Human–Canine Interface: SARS-CoV-2 Infection, Susceptibility, Epidemiology, and Transmissibility in Dogs


2.1. SARS-CoV-2 Infection of Dogs


In 2018, over 470 million dogs were owned worldwide [53], with the highest number of dog owners in the United States, China, and Russia. Initial reports of canine susceptibility to SARS-CoV-2 were published in Hong Kong, where 2 of 27 dogs tested positive [54]. As of February 27, 2020, the first dog had been diagnosed [17]. A Pomeranian was identified as SARS-CoV-2 RNA positive via a nasal and oral cavity swab. The owner was also infected with the virus, implying a possible transmission from human to dog. The viral titers in the dog samples were very low, and there were no clinical signs, but a genetic analysis showed a close association between canine and human viruses. A few days later, blood tests revealed the presence of neutralizing antibodies. After being quarantined for three days, the dog passed away due to unrelated health reasons, not from SARS-CoV-2 [54,55]. On 18 March 2020, a second dog tested positive [54]. Several weeks after testing positive for SARS-CoV-2 RNA, a 2.5-year-old German shepherd developed neutralizing antibodies. Presumably, the dog was infected by the COVID-19-positive owner [54,55].



However, most data pointed to the low susceptibility of dogs to SARS-CoV-2, especially to the early viral variants, as monitored dogs did not show infection or clinical signs [56]. An earlier report from France described an absence of SARS-CoV-2 infections among dogs exposed to COVID-19 patients at a veterinary campus [57]. In fact, none of 21 pets (9 cats and 12 dogs) showed signs of infection, even though they lived in close contact with their owners (including a group of 20 veterinary students, 2 of whom tested positive for COVID-19) who showed clinical signs of infection (fever, anosmia, cough,). Based on molecular PCR tests or immunoprecipitation assay, no detection of SARS-CoV-2 RNA or antibodies was found in the pet’s blood 30 days following the index case [57]. Similarly, two dogs whose owners were hospitalized for COVID-19 were quarantined from 18–20 March 2020. One of these dogs was diagnosed as positive for SARS-CoV-2, and the virus could be recovered from it. However, throughout the quarantine duration, no clinical signs were seen [58,59], highlighting that even though dogs may have tested positive for SARS-CoV-2, this dog did not display obvious signs of infection (e.g., coughing, fever). Similarly, in early 2020, no viral RNA was found in 12 dogs residing with people reported to be infected with COVID-19 in northern Spain [60]. These data show that dogs did not have a pronounced role at the beginning of the pandemic.



Examples of human-to-animal transmission indicate that mainly cats show clinical signs, with rare signs in dogs [61]. Although dogs and cats are affected by SARS-CoV-2, it remains uncertain whether they can transmit the virus to humans. Within domestic animals, infection is possible in ferrets and cats, but unlikely in dogs, pigs, and chickens [62]. Cats have become infected by respiratory droplets from other animals, including rom humans [63,64,65]. Dogs can be infected experimentally and when infected show signs of fever, weight loss, and viral shedding via feces, nasal secretions, and urine [64]. Furthermore, lung tissue from the experimentally infected dogs showed mild interstitial pneumonia, and elevated lactate dehydrogenase levels [64].



Of concern is that the new mutations of SARS-CoV-2 appear to be more pathogenic to dogs. Currently, there are almost 70 diagnosed cases of dogs (diagnosed by reverse transcription-quantitative polymerase chain reaction (RT-qPCR)) worldwide [66]. SARS-CoV-2-positive dogs have been found in Croatia, Thailand, Brazil, Italy, USA, Mexico, Japan, Argentina, Germany, Hong Kong, and Bosnia and Herzegovina [56]. SARS-CoV-2 antibodies were identified in 1.21% of Thai dogs and 3.3% of Italian dogs [67]. Similarly, anti-SARS-CoV-2 neutralizing antibodies were found in the serum of stray dogs in Rio de Janeiro, Brazil [68]. And in France, a longer-term study found nasal swabs from a dog living with infected owners were positive for SARS-CoV-2 using RT-qPCR. The swab remained positive one month after the COVID-19 diagnosis, with the first appearance of anti-SARS-CoV-2 antibodies being detected by enzyme-linked immunosorbent assay (ELISA) on day 12. The antibodies persisted for five months. Through WGS, the study found that the viral isolates of the dog showed 99% and 100% identity with the sequences of the owner and his wife, respectively [56].



Due to the conflicting data, it is unclear whether the most recent variants became more infectious to dogs compared to older strains, specific lineages of the virus evolved in parallel in animals, or diagnostic testing in dogs improved. The extent to which dogs contribute to the epidemiology of the disease is currently unknown [56]. However, it was noted that dogs infected with the earlier variants did not exhibit clinical signs. However, in the case of the Marseille-4 or B.1.160 variant, the susceptibility of dogs to the disease increased, and infected dogs began to develop mild clinical signs such as rhinitis [56]. Later, infection with other newer viral mutants, such as the British B.1.1.7 variant, led to the appearance of atypical clinical manifestations, which include clinical signs such as myocarditis associated with severe cardiac abnormalities in dogs and cats [69,70]. However, the B.1.1.7 variant infection had also been reported with only sneezing [57], or even asymptomatic presentation [71]. Infection with SARS-CoV-2 B.1.177 variant also impacted the canine digestive system, leading to haemorrhagic diarrhea [72].




2.2. Dog Susceptibility to Infections and Its Link to Receptors


Animals are infected with SARS-CoV-2 through the intra-nasal route via the angiotensin-converting enzyme 2 (ACE2) [73], a receptor for cell entry [74,75,76]. The presence of antibodies against SARS-CoV-2 has been reported as a result of seroconversion in dogs. This seroconversion is an indication of weak canine infection leading to an immune response [77]. Because of the poor virus replication caused by the low number of ACE2 receptors in dogs, no severe clinical signs are expected in most cases and the most important clinical sign in infected dogs is rhinitis [56].



An important function in COVID-19 pathogenesis has been demonstrated for the host receptor code for ACE2, which determines the specificity and range of interaction between the virus and the receptor [78]. The amino acid parts of the ACE2 receptor of different organisms indicate the phylogenetic distance to the human ACE2 receptor, and show the ACE2 receptor sequences of pangolins, cats, and dogs are close to each other (Figure 1). Additionally, the ACE2 receptor in these animals can be used to predict the SARS-CoV-2 S protein in domestic cats, hamsters, pigs, dogs, as well as other species [58]. In addition to the human ACE2, the spike of SARS-CoV-2 shows extensive tropism for ACE2 in dogs, cats, and cattle [79] suggesting the susceptibility of dogs to SARS-CoV-2 infection.



In some dogs, seroconversion with antibody responses occurred but not from active infections. The lower vulnerability of dogs to SARS-CoV-2 compared to other domestic animals, such as cats, is mainly due to the differences in the structure of their ACE2 gene and the SARS-CoV-2 spike protein receptor binding domain (RBD) [80]. Residues that interact with ACE2 (amino acids 27, 31, 34, and 82) have been shown to affect the receptor specificity of SARS-CoV-2 [81]. Moreover, even single substitutions of amino acids such as H34Y in dogs have important effects on ACE2 associated with the RBD spike SARS-CoV-2 protein, even though ACE2 has largely conserved amino acid sequences. The H34Y mutation in dogs has been found in other vertebrates, including primates, and suggests an alteration that interacts with the RBD spike protein which disrupts Y453 hydrogen bonding, resulting in reduced susceptibility to the virus [82]. Such a mutation might explain the differential susceptibility of cats versus dogs to SARS-CoV-2 infection since cats lack this H34Y mutation [80].



Although possible pathways have been identified to explain why cats are more susceptible to SARS-CoV-2 infection, an in-depth understanding of the zoonotic potential of pet-borne coronaviruses and their role in outbreak surveillance requires further investigations, particularly to understand if such pathways exist in our canine companions. However, given the possibility of contact between pets and humans, caution must be exercised when pets interact with people more prone to contracting COVID-19, such as older adults that may be immunocompromised. Additionally, the classification of the actual SARS-CoV-2 species of origin is still debated. Collective data and analyses suggest that the power of evolutionary molecular biology may play a role in the recognition of biochemically testable theories of host–pathogen interactions (key lock mechanism) and zoonotic transmission potential, aiding in determining the initial reservoir and possible future reservoirs of concern.



Cross-species residual identifications of such interactive residues are listed in the ACE2 range (32–100%) [78,83,84]. Moreover, many short isoforms of ACE2 in domestic animals, including pigs, cattle, and dogs, exhibit N-terminal truncation of 10–13 major residues in the spike-RBD binding network but retain enzyme activity [85]. For instance, Shi et al. reported that SARS-CoV-2 is capable of replicating in chickens, pigs, ducks, and dogs, but its replication is poor [65,86]. In addition, interspecies comparisons show that human and cat ACE2 proteins are more similar to each other than those of dogs, ferrets, mice, and rodents, with the binding affinity of spike and ACE2 proteins differing significantly from these animals in comparison to humans [87]. Moreover, ACE2 proteins act as receptors for the virus entry in dogs, pigs, and even sheep and cattle. The apparent lower infection risk of these species might be related to the noted relatively lower respiratory tract ACE2 content [88]. Furthermore, the immunohistochemistry revealed immunolabeling of ACE2 to be present only in the lung endothelium and tunica media but not in the respiratory tract of these animals [89].



As previously stated, the canine susceptibility to SARS-CoV-2 infection is restricted, at least for older variants. Moreover, studies on experimentally infected dogs are inconclusive, with some showing asymptomatic infections with no clinical signs, no replication or transmission to contact animals, and no pathological changes at necropsy, resulting only in an antibody response, and others showing the converse, as previously discussed [53,64]. For example, five beagles were intranasally infected with SARS-CoV-2, and samples were collected over the following two weeks [65]. Between 2–6 days, SARS-CoV-2 viral RNA was post-infection (dpi) in three of the dogs from rectal swabs. Yet, during this testing period, virus isolation or virus detection in dogs remained negative based on oropharyngeal swabs or tissue autopsies—explaining the inconsistencies in studies. In addition, Chen et al. (2020) reported very low co-expression of ACE2 and transmembrane serine protease 2 (TMPRSS-2) target receptors in canine lung cells and mutations which are presumably responsible for the low receptors of the essential amino acid sequences in ACE2 receptors [90]. To improve understanding, the roles of ACE2 and TMPRSS-2 in the SARS-CoV-2 virus entry are illustrated in Figure 2.




2.3. Epidemiological Prevalence of SARS-CoV-2 Infection in Dogs: Molecular and Serological Surveys


Dogs and cats can be infected with alphacoronaviruses and betacoronaviruses (Canine CoVs, and Feline CoVs) [91], and are susceptible to SARS-CoV-2 infection. Even though canines are susceptible to coronavirus infections, such incidences are low throughout Europe [92]. However, the biological, epidemiological, and virological characteristics of coronaviruses, focusing primarily on spike protein plasticity, imply the possibility of cross-species transmission—sick pet owners can get their pets sick [93,94,95]. This risk is emphasized by the observation of numerous cases of infections in cats and dogs which reported infection rates as high as 15.8% [54,96,97]. Despite these findings, reports continue to suggest that pet owners are not at risk of infection and companion animals play an insignificant role in the spread of the disease. Yet, newer studies focusing on the seroprevalence of SARS-CoV-2 antibodies in pets if finding strong links to an animal being seropositive and living in a COVID-19+ household. These seropositive studies found that 53% of pets in COVID-19+ households had antibody responses to SARS-CoV-2. Furthermore, many of the study pets lived in single-pet households, implying transmission was not from pet to pet but from owner to pet. Such findings highlight human-to-animal transmission and raise the question if pets are capable of transmitting SARS-CoV-2 to their owners [98]; studies exploring the abilities of companion animals to infect their owners are limited.



In a recent longitudinal study conducted in Texas, USA, researchers examined dogs and cats under natural infection in a household with COVID-19-infected patients. They found 15.3% of 59 dogs were positive for SARS-CoV-2 based on neutralizing antibodies or RT-PCR and genome sequencing. In addition, living in a COVID-19-contaminated environment was a possible cause for two PCR COVID-19-positive dogs that were tested with rectal and body swabs without detection of neutralizing antibodies on resampling [99]. A PCR COVID-19-positive dog showed an increase in virus-neutralizing antibodies at different visits over time [99]. Additionally, in a large-scale study in Italy, no dogs tested positive for COVID-19 using PCR, however, 3.3% (15/451) of dogs showed seroconversion for SARS-CoV-2, and dogs living with SARS-CoV-2-infected patients were significantly more likely to be positive for COVID-19 than the COVID-19-negative households [100]. Furthermore, studies are even finding SARS-CoV-2 infection in free-ranging dogs in a rural indigenous community in the Ecuadorian Amazon in oral and nasal swab samples [101]. All these findings emphasize how prevalent COVID-19 is in dogs, and the need to incorporate a variety of testing measures to detect their susceptibility more accurately to the virus.



Even though the evidence is limited on the ability of companion animals to transmit COVID-19 to humans, these newer studies have led authorities in Hunan and Zhejiang provinces in China to kill animals found in public places as a measure to avoid virus transmission. In Hong Kong, dogs were tested for the presence of SARS-CoV-2. It is important to reduce the spread of COVID-19, but more research is needed to accurately understand the risk of animal-to-animal and animal-to-human transmission, and the route of infection (especially the duration of shedding and viral load) under natural conditions. To determine the frequency of pet infection, the identification of risk factors for infected animals, and the impact of pet infection on COVID-19 epidemiology, a comprehensive, longitudinal serological analysis of SARS-CoV-2 infection in pets is needed.



To address this gap, infections with SARS-CoV-2 were screened from June to September 2021 among domestic pets (n = 225) in Bangkok and the surrounding area in Thailand and confirmed for one dog and one cat belonging to COVID-19-positive households. An analysis of WGS data identified a delta variant of SARS-CoV-2 called B.1.617.2, and a phylogenetic analysis showed that the SARS-CoV-2 isolated from canines and felines belonged to the AY.30 and AY.85 sub-lineages, respectively. After the detection of viral RNA, anti-SARS-CoV-2 antibodies were confirmed in both the dog (day 9) and the cat (day 14). In light of the human–animal interface, this study emphasizes the danger of the variant of concern spreading to companion animals. Therefore, monitoring SARS-CoV-2 in companion animals is needed on a routine basis [102]. In addition, indirect ELISA revealed that 16 of 946 canine sera sampled during the outbreak, including 36 obtained before the pandemic outbreak, were positive for the SARS-CoV-2 RBD. There were detectable SARS-CoV-2-specific neutralizing antibodies in 10 of these 16 sera samples, with titers ranging from 1/20 to 1/180. It is interesting to note that the number of SARS-CoV-2 seropositive dogs decreased when the outbreak was effectively controlled, which demonstrates the possible transmission of COVID-19 from owners to their pets [103]. Other studies exploring human–animal transmission found sharing food with an infected owner was statistically significantly associated with SARS-CoV-2 positivity in companion animals. Additionally, although viral shedding from animals is insufficient to be transmitted to animals or humans during walks, precautions should also be taken for close contact as part of the global health strategy. Surveillance of SARS-CoV-2 in pets is essential for determining the impact of pet–human contact on COVID-19 transmission, as free-roaming cats and dogs are common worldwide, and coronaviruses have great potential for interspecies transmission [104]. A more complete guide of known COVID-19 studies in dogs has been presented in Table 1.




2.4. COVID-19 Transmissibility between Companion Animals and Humans


Bats or pangolins have been considered the source of initial SARS-CoV-2 transmission to humans [26,27,110,111]. It has been shown that SARS-CoV-2, like other coronaviruses, infects various species of animals, including ferrets, cats, and dogs, though the viral loads of these animals are relatively low. Therefore, there are some cases in which domestic animals have contracted SARS-CoV-2, although the primary mode of transmission is human-to-human [112]. Although animal-to-human SARS-CoV-2 transmission in companion animals (dogs, cats) has not been documented, it is possible that pet ownership could expose the most vulnerable population at risk: older adult pet owners. Epidemiological evidence indicates that more severe etiopathology is observed in older patients. The probability of death from COVID-19 increases exponentially with age. In people older than 65 years, 8 of 10 COVID-19-associated deaths occur. Older patients with compromising diseases like heart failure, diabetes mellitus, hypertension, cancer, chronic obstructive pulmonary disease, and asthma have considerably high mortality rates. Governments and agencies worldwide have recognized the importance of protecting older adults during the COVID-19 pandemic.



Human-to-dog SARS-CoV-2 transmission: The mouth and nasal cavity samples of a 17-year-old Pomeranian dog were identified as “weakly positive” using qRT-PCR by the Agriculture Fisheries and Conservation Department of Hong Kong (AFCD) on 27 February 2020. Because the dog’s owner had been previously diagnosed with COVID-19, the dog was quarantined [113]. The dog showed no signs of the disease, and the rectal swab and fecal sample results remained negative. The RT-PCR was retested on 28 February, 2 March, 5 March, and 9 March 2020, and showed that there was a minute amount of SARS-CoV-2 RNA. In addition, there was a high correlation between these viral sequences because of the genomic data sequence for the dog and the close human contact on 12 March 2020. The antibody test was negative on 12 March 2020. The RT-PCR was negative on 12 and 13 March 2020, and the Pomeranian was released the next day. However, the dog died three days later, and unfortunately, the owner refused an autopsy test [114]. It was believed the death was not COVID-19 related, but instead, a result of several comorbidities. At the time of the study, there had not been support for owner-to-dog transmission, but researchers at the University of Hong Kong speculated that the dog possibly contracted COVID-19 from their owner. Moreover, in Hong Kong, a German shepherd tested positive for COVID-19 on 19 March 2020. This transmission was identified as human-to-dog transmission. The owner of the 2.5-year-old dog was also COVID-19 positive. Yet, during the quarantine period, the dog showed no respiratory clinical signs [54]. The AFCD announced that the dog’s nasal and oral samples were positive for RT-PCR. In another study, seventeen dogs and eight cats of owners suspected to be associated with COVID-19-positive cases were investigated. However, in this study, SARS-CoV-2 was positive in only two of the dogs [115]. It was believed that a dog with haemorrhagic diarrhea was exposed to the B.1.177 variant of SARS-CoV-2 that its human cohabitants had contracted in Spain. Unfortunately, the virus that infected its human host was not tested for sequencing [72].



The increased incidence of COVID-19 transmission from infected humans to animals, such as lions and tigers, is a growing concern, and the risk of transmission from pets to humans has been acknowledged and studied by public health officials. Cats with the virus but without significant clinical data serve as a silent COVID-19 vector to humans, as evidenced by several experimental reports [116]. It is speculated that the virus can be transmitted to humans through body fluids from pets because dogs are often near their owners, who hug, laugh, and play with them. Due to these findings, the CDC published guidelines to ensure the safety and health of pet owners. Children and older adults should not touch or be near animals, or the pet’s belongings such as beds, cages, animal waste, meals, and food supplies. In addition, hugging, cuddling, and holding animals should be discouraged.



In the event of a scratch or bite, urgent medical attention should be taken. Pets should also be monitored for health signs or unexpected changes in behavior. Because of uncertainty about the specific source of the virus, individuals who spend time in live animal product markets have been advised by the WHO to take universal precautions [117]. In addition, hands must be routinely washed with water and soap after contacting animals or their belongings, and the eyes, nose, and mouth must be protected when coming in contact with sick animals. Appropriate measures are required to prevent contact with soil or other surfaces that contain animal waste or fluids. All interactions with street animals, including dogs, cats, birds, and rodents should be avoided [118].



Growing detailed information on the risk of COVID-19 infection in animals, including pets and wildlife, is now available. However, when working with pets or other animals, sufficient measures like hand washing after contact with animals and animal waste should be taken [119]. In addition, pets must be thoroughly cleaned and maintained in good animal hygiene, otherwise, they may harbor germs that could make people sick. It is advised regular visits to the veterinarian or assistance from a veterinarian should be performed when animal health is a concern. Although only a few studies are available on the likelihood of SARS-CoV-2 transmission from humans to animals, confirmed and suspected individuals are advised to avoid contact with pets or other animals until the availability of further information on transmissibility is established [120]. It has also been recommended that an adequate hygienic environment be kept around the pet if no other family members care for the pet when the owner is infected. The infected person or owner must avoid or minimize contact with his or her. When handling and treating animals, good hygiene measures must be ensured, and special precautions must be taken when approaching the animal, for example, wearing a mask [96]. To maintain the health of animals during the pandemic, an emergency kit with sufficient food and medications should be prepared in advance [121]. According to the CDC, it is not necessary to exclude pets from households where COVID-19 is detected or suspected in one of the household members, but if the pets cannot be treated appropriately, the pets should be cared for by veterinarians. It should be noted that there is a distinction between animals contracting the virus and those transmitting it to humans. According to research experts, there is a low probability that people will contract COVID-19 from their pets. From person to person, the primary way of transmission includes exposure to saliva or other secretions from coughing, sneezing, and other body secretions.



The secondary route of transmission is via contaminated surfaces and objects. However, non-porous materials, such as doorknobs, can transmit the virus more than porous surfaces. Because animal skins fall into the porous surface category and are likely to entrap and uptake the virus, infection with the virus is difficult to achieve. However, it is possible that the virus can be transmitted from the body fluids of domestic animals to humans. As dogs are always around their owners, it is possible that they transmit the virus through kissing, licking, and playing. In addition, researchers have identified that the majority of infected ferrets and cats are asymptomatic meaning the obvious signs, such as sneezing, coughing, weight loss, or an increase in body temperature, would not be noted by the owners [122]; emphasizing the importance of owners taking caution when interacting with their pets as they may shed the virus without showing signs of having a COVID-19 infection. Given that SARS-CoV-2 has also been detected with human viral titers in animal feces, it is likely that the virus is transmitted to humans via infected feces and urine from pets. Any positive human cases of COVID-19 should refrain from contact with pets, as there are reports of COVID-19 transmission from infected humans to companion animals. But as previously stated, health authorities need to evaluate and investigate the likelihood of virus transmission from companion animals to humans. More research is needed to determine the various direct or indirect zoonotic transmission routes of SARS-CoV-2.





3. Human–Canine Interface: Human–Dog Behavior, Dog Adoptions, and Needed Care during Handling


3.1. Human–Canine Interface: Dog Adoption Boom Due to COVID-19 Pandemic


The pandemic of COVID-19 has sparked uncertainty and serious health and financial concerns. The ownership of companion animals, like dogs or cats, has previously been shown to have a positive impact on mental health. Animal interactions, particularly under stressful conditions, can counteract depression and anxiety. This interaction between humans and animals can strengthen peer-to-peer social relationships, as well as feelings of empathy, trust, and respect [123]. Even so, stress and poor well-being among dog owners have been shown to have negative effects on the well-being of their pets. Owing to the health, economic, and social burdens linked to COVID-19 and the reports of potential COVID-19 carriers, there could potentially be a dramatic increase in the virus being shed by dogs. To better understand the potential impact COVID-19 has had on human–dog relationships, researchers compiled and analyzed unique perspective and retrospective datasets on how people perceive and act in relation to dog adoption and abandonment during the COVID-19 pandemic social isolation, and the reciprocal relationship between dog owners and the welfare and health of their dogs [124,125]. Dog adoption rates increased significantly as social isolation worsened during the pandemic; the rate of abandonments did not change. It also became clear that a person’s worsening quality of life was associated with the perception that their dogs experienced a concurrent decline and that new behavioral problems were reported [124]. Given that humans and dogs are both social creatures, these findings have implications for the welfare of human–dog relationships during the COVID-19 epidemic. The One Welfare approach indicates a bidirectional link for the health and welfare of both humans and dogs [109,126,127,128]. As the climate continues to change, we will likely experience more disasters, including pandemics, emphasizing the need for more research on the human–animal relationships resulting from crises [129,130].



Furthermore, the COVID-19 shutdown also affected canines at shelters, likely due to changes in the shelter environment [95]. One of the biggest changes during this time was the use of foster care which dramatically increased from March to April 2020, but returned to normal levels by June 2020 [131]. The number of foster homes increased, but that impact was short-lived as home-based work declined. It was found that agencies could retain foster volunteers by delivering assistance that is human-centered rather than dog-centered, such as providing a more detailed history of the foster dogs or providing an experienced mentor to guide the new foster parent in the process of fostering [132]. Although working from home gave pet parents the opportunity to better attend to their pet’s needs, country-wide lockdowns impacted the human–dog relationship. The imposition of curfews and limited outdoor time substantially decreased the exercise time for dogs and their owners during the pandemic [133]. These increased times with owners early in the pandemic reduced separation-related behaviors (behaviors displayed by dogs when left alone at home). A study on the impact of separation behaviors found decreased signs from 22.1% in February 2020 to 17.2% in October 2020 when dogs were left alone. Nevertheless, there is some concern as new separation behaviors are being discovered in dogs, with almost 10% of dogs in the study displaying novel behaviors when left home alone [134].




3.2. Human–Canine Interface: Needed Care for Handling Dogs during the COVID-19 Pandemic


The risk of outside infection of canine owners and their dogs is much higher as many tend to go outside multiple times a day, with the risk of coming into contact with other dogs and people, sniffing and touching the ground in parks, or being in areas where another human or animal could have potentially infected the area. Pet owners who do take their dogs out are advised to maintain social distances, but even when maintained those in higher risk groups, such as older adults, need to keep precautions as popular areas to frequent with dogs, such as parks, can result in the transmission of SARS-CoV-2 [112].



When quarantined or under official lockdown due to COVID-19, owners significantly increase the time spent with their canine companion, resulting in more displays of affection such as petting, cuddling, and sharing a bed and food with them. From a medical standpoint, this typical type of affection towards one’s dogs is problematic as it provides ample opportunities for the virus to spread between humans and dogs, or vice versa. Because the virus is found in an infected animal’s saliva, an animal that cleans itself by licking, or an animal that licks a surface can potentially contaminate any surface it touches with SARS-CoV-2 [116].



Cautions around pets should still be taken, as studies have found people can be asymptomatic for COVID-19, and such findings are also noted in animals. In the absence of actual disease clinical signs, the possibility cannot be excluded for asymptomatic pets and livestock to excrete the virus as well as infect humans. However, according to Shi et al. [65], their viral load is much lower than in humans. The confirmed SARS-CoV-2 case in dogs in Hong Kong also did not show clinical signs. Even so, given the known zoonotic potential of corona-type viruses, caution should be exercised. For example, in a related virus, it is known that SARS-CoV-1 infects macaques and mice and in 2003 the SARS-CoV-1 was also known to cause zoonotic disease in humans as an animal virus. Similarly, the Middle East respiratory syndrome (MERS) initially emerged in Saudi Arabia in 2012 as a MERS CoV-induced respiratory disease. In fact, there are many diseases caused by coronaviruses that affect both companion animals and livestock. Diseases affecting companion animals include enteric coronaviruses, feline infectious peritonitis, and canine respiratory coronaviruses. Others affect livestock such as alpha coronaviruses, which cause mild respiratory or gastrointestinal illness, enteric coronaviruses in swine, coronaviruses in cattle, and infectious bronchitis viruses. With the current pandemic, the situation is changing rapidly, and given the current data, animals, including dogs, should be monitored for their potential in infecting humans with COVID-19.



To better monitor potential animal vectors, healthcare companies are developing laboratory tests to detect animals with SARS-CoV-2 infection. As the pandemic progresses and veterinarians test companion animals, our knowledge of the virus and its transmission from animal to animal or to humans is growing. As of 17 April 2020, two commercial laboratories in the United States reported testing RT-PCR on thousands of SARS-CoV-2 samples from dogs and cats, with no positive results [112,126]. PCR analyses of common respiratory pathogens in cats and dogs have been performed in South Korea, Canada, and Europe too [112,126], but minimal information is available on the proximity of these animals to human COVID-19-positive patients prior to testing. As SARS-CoV-2 is a pandemic according to the World Health Organization (WHO), the United States Department of Agriculture (USDA) reports all confirmed US animal infections to the World Organization for Animal Health (OIE). All current information is updated regularly and can be accessed by online sources from the AVMA [126], CDC [116], USDA [128], and OIE [135]. But more veterinary studies are necessary to identify different species and domestic animals that become infected with SARS-CoV-2 to determine if these animals will have clinical signs and/or an immune response. Additionally, it is crucial to determine if viral excretion in domestic species, such as dogs can be determined, from tears, urine, blood, saliva, or feces. Such studies will help identify what species could serve as virus reservoirs. Finally, extensive serosurveys of pets of verified COVID-19 patients provide further research opportunities in understanding the transmission of this disease between humans and animals.



Available research suggests that animals can either act as SARS-CoV-2 reservoirs or even potentially transmit COVID-19 to people in the household or people who are in close contact with animals. Therefore, pet owners are advised to follow certain safety guidelines to decrease the risk of contracting COVID-19 from their pet, or while caring for their pet. Standard hand-washing procedures should be followed before and after handling the animals. Due to the high mortality rate of older adults, they are advised to handle their pets in a more hygienic manner, similar to the “social distance” recommendation between people. According to CDC guidelines, older adults should not allow their pets to interact with other pets or other people outside the home. Indoor pets must be kept so that they do not communicate with other animals or people from outside the household. Dogs must be kept on a leash at a minimum distance of 2 m between humans and animals. Pet parks and public places should be avoided, as well as public transportation, where there are usually many people and dogs. For persons living alone during the COVID-19 lockdown, dogs are a safeguard against loneliness [136,137,138,139]. Even during the pandemic, most dog owners remained loyal to their dogs and put them first. This eases the dog owners` concerns and worries and improves communication between owners and veterinary teams [140]. In addition, dog walking improves the mental health of older adults, especially in stressful situations that can increase the risk of loneliness [138].



Besides the owners, veterinarians should also be careful. The potential causes of contracting COVID-19 in veterinarians include exposure to a SARS-CoV-2 infected dog, being a veterinarian working during lockdown hours, and not having disinfected the examination table following treatment of dogs in the clinic [141]. Additionally, the widespread of SARS-CoV-2 in the human population could lead to an increased risk of reverse zoonosis, in which the veterinarian could inadvertently infect a pet patient. Fortunately, the first canine COVID-19 subunit vaccine has been developed, including the recombinant SARS-CoV-2 protein of the entire S1 protein and RBD. Subunit vaccines only use the protein region, not the entire pathogen, and thus are considered a safer risk than whole-virus vaccines by eliminating the possibility of infection or replication through virus reverse mutation. These vaccines were subcutaneously injected twice at three-week intervals into several beagles, resulting in serum antibody titers comparable to those of vaccinated humans, which have been proven effective in protecting against SARS-CoV-2. Thus, domestic animal vaccination, like dog vaccination, could preclude the reverse zoonosis scenario, protecting pets, owners, and animal healthcare workers from SARS-CoV-2 [142].




3.3. Human–Canine Interface: Cardiac Failure Is a Possible Cause of Death for Dogs That Requires in-Depth Investigation, as Learned from COVID-19 in Humans


As noted, one of the dogs (a 17-year-old Pomeranian puppy) died shortly after being diagnosed with COVID-19, without showing respiratory signs, with its death being believed to be unrelated to its COVID-19 infection [128]. It is worth noting, though, that one in five COVID-19 patients has cardiac damage resulting in cardiac failure and death, including patients without respiratory distress syndrome; cardiac arrest is the most prevalent cause of mortality in COVID-19 patients. Along with its hypoxic damage, SARS-CoV-2 has a high propensity to infect the myocardium. As a cellular entry receptor into cardiac myocytes and coronary arteries, SARS-CoV-2 uses ACE-2 extensively. Even though it was deemed that the dog infected with COVID-19 did not die from it, it did die from heart failure [143]. Genetically impaired cardiac resilience may pose an increased risk of COVID-19 deaths in infected dogs. Therefore, the recommendation is that SARS-CoV-2 may require cardiac pathology that needs to be recognized by veterinarians and that they should more closely evaluate the cardiac signs even if the COVID-19-positive dog does not show clinical respiratory signs. To classify SARS-CoV-2 as a cause of cardiac failure in COVID-19-infected domestic dogs, thorough pathological examinations must be carried out. Recently, systolic dysfunction has been shown to aggravate myocardial damage in a COVID-19-positive dog [144].



Historically, dogs are used as important animal models for studying heart failure and chronic heart disease in veterinary and cardiovascular research [145]. Many universities and pharmaceutical sector researchers who regularly handle dogs may be vulnerable to COVID-19. The likelihood of contacting the body fluids of potential virus-containing animals is increased in the laboratory [146], particularly during procedures involving invasive surgery. Researchers should undergo appropriate safety training to avoid SARS-CoV-2 transmission and carefully follow the laboratory standards for handling hazardous waste and biological specimens. In addition to the cardiac lesions, a post-acute SARS-CoV-2 sequela of infection in a dog with a breed predisposed to Canine Idiopathic Pulmonary Fibrosis was hypothesized and supported by comparing the identified lesions with those described in humans [147].





4. Human–Canine Interface: Possible Roles of Dogs in Controlling COVID-19 Pandemic


4.1. Detection Dogs as a Rapid and Reliable Diagnostic Approach for COVID-19 Patients


The current COVID-19 pandemic emphasizes the need for rapid and accurate testing of asymptomatic and symptomatic carriers to effectively contain the spread of infection [148]. Current diagnostic methods commonly use nasal and nasopharyngeal swabs to detect the pathogen, which requires a qualified person to perform RT-PCR. In addition, RT-PCR is time-consuming and expensive, especially in developing countries; therefore, it is usually targeted at patients with specific COVID-19 clinical signs [148]. Alternatively, it has been found that dogs can be trained to diagnose diseases through scent. They can detect odors 10,000–100,000 times better than humans. Several investigations have demonstrated their exceptional olfactory ability to identify individuals with infectious or other non-infectious diseases such as various metabolic diseases (e.g., hypoglycemia and diabetes), neoplasms (e.g., colon, bladder, and melanoma) [149,150,151], viral infections, bacterial diseases, and malaria [152,153,154,155]. Pathogenic odors can be detected by certain patterns of volatile organic compounds (VOCs) that represent odor casts. Unlike bacteria, viruses do not have their own metabolism, and the release of VOCs occurs because of host metabolic processes by infected cells [156]. Several technical methods have effectively leveraged the identification of VOCs to distinguish infectious diseases, however, they have not been used routinely in clinical practice [157]. In recent research, dogs have been used to reliably separate samples from COVID-19 patients from healthy controls in real-time, as they were rapidly trained on tracheobronchial secretions or saliva from COVID-19 patients [158]. In addition, several studies have used trained sniffer dogs to distinguish between the sweat of COVID-19-positive and negative individuals [159,160,161,162,163]. The protocols used for training dogs included olfactory conditioning and discrimination research [160]. According to recent findings from the United Arab Emirates, trained dogs can diagnose COVID-19 with high accuracy (92% accuracy) [149,150]. They could diagnose COVID-19 infections in asymptomatic individuals with higher sensitivity than RT-PCR, do not require high technical effort (less invasive), and are faster, cheaper, more flexible, efficient, reliable, and easier to handle [157,164].



Another advantage to using dogs in detecting COVID-19 is that they can be used in various settings involving public facilities such as airports, borders, sporting events, and other large crowds as an alternative or complement to the standard RT-PCR [164]. In addition, they can be used as a mass detection tool in countries with limited access to diagnostic testing to identify infected individuals. Further research is required for a better understanding of the capabilities of sniffer dogs to detect viral respiratory diseases and to highlight possible limitations of using dogs. In a recent study, researchers found dogs could rapidly and correctly detect confirmed COVID-19-positive and -negative people, 86% and 92.9%, respectively, which is comparable to results found with RT-PCR [149]. All dogs in the testing phase identified SARS-CoV-2 with high accuracy; the diagnostic overall sensitivity was 98%, and the specificity was 92% for 584 individuals (76% negative samples and 24% positive samples). In the follow-up phase, one dog was able to screen 153 COVID-19 patients at one hospital with 96% diagnostic sensitivity and 100% specificity [165]. Further performance of trained dogs was investigated to identify an individual’s status of SARS-CoV-2 infection using axillary sweat-stained wipes and exhaled air recovered in surgical masks of individuals with mild to severe COVID-19 infections, asymptomatic individuals, and vaccinated individuals. Newly trained dogs examined 886 sweat samples from 241 individuals and on average they were able to detect SARS-CoV-2 at an 89.6% diagnostic sensitivity and a specificity of 83.9%, even when low viral load individuals were involved in the analysis. It is worth noting that some of the dogs were better at detecting the virus compared to others, with a range from 58–80% sensitivity and 64–88% specificity. The authors speculate this variation is in part due to the short 4.5-month training period and that sweat was only collected for 3 min from participating study patients [166]. Even so when 207 sweat samples from vaccinated individuals were considered, the dogs’ specificity and sensitivity were 86.0% and 85.7%, respectively, although the probability of false positives was higher during the two weeks directly after COVID-19 vaccination. The performance of dogs shows promise, as their detection capacity is anticipated to improve upon prolonged exposure of the gauze sample in the saliva and sweat of COVID-19 patients. Achieving the sensitivity and specificity range required by WHO for an antigen test was the main objective, but only one dog achieved the needed ≥80% sensitivity and none were near the ≥97% specificity [166]; still, such results are promising and suggesting improved training of dogs might meet the desired criterion. In another study, the persistence of SARS-CoV-2 in patients with COVID-19 was investigated using detection dogs and scents from axillary sweat samples [167]. Using a randomized and double-blind methodology, seven search and rescue dogs tested 218 axillary sweat samples (62 positives and 156 negatives). Sensitivity levels ranged between 87% and 94%, and specificity values ranged between 78% and 92%, including four dogs that scored greater than 90% [168]. Those trained sniffer dogs screened passengers’ samples with a high level of accuracy in a large, randomized, controlled, triple-blind validation study at an international airport [169]. Canine olfaction as a potential alternative to RT-PCR in diagnosing SARS-CoV-2 infections seems to have great promise [170]. Additionally, studies have found that any breed or mixed breed of dogs can be trained to perform COVID-19 screening [159,171,172,173,174]. The breeds such as German shepherds, Belgian Malinois, Dutch shepherds, pit bull dogs, golden retrievers, and Nordic sled dogs have been previously used [172]. Furthermore, dogs used in these studies were previously trained for search and rescue, explosive detection, security, epilepsy, and colon cancer detection dogs [159,164,168,173].




4.2. Tested Anti-Inflammatory Drugs for Canine Coronavirus Can Be Helpful for COVID-19 in Humans


Vigorous immune responses, such as cytokine storms, are linked to severe COVID-19 cases and deaths [175]. Thimins process involves exposure to similar antigenic epitopes and is also influenced by coronaviruses associated with taxonomies from some animal species such as pigs, dogs, and cattle [176,177]. Two likely anti-inflammatory agents, resveratrol and indomethacin, are potent antioxidants that have been shown to suppress canine coronavirus (CCoV) levels in dogs and exert antiviral effects on many other viruses [178]. Indomethacin inhibits COX-1 and COX-2 to treat various inflammatory conditions. It is not expensive nor selective for cyclooxygenase (COX). It was shown that indomethacin exhibits antiviral action against CCoV in Vero cells in vitro and at a low dosage (1 mg/kg) in vivo in CCoV-infected dogs [153]. The authors noted that indomethacin was a more potent anti-inflammatory drug than aspirin. They suggested the use of resveratrol and indomethacin as possible therapeutic adjuncts for COVID-19. Additional anti-inflammatory drugs may be critical in treating COVID-19 patients because they improve clinical outcomes by controlling the severe inflammation resulting from the cytokine storms that hurt the circulatory, renal, respiratory, immune, and other systems. In addition to the anti-inflammatory effect, some have antiviral effects on viral replication. In addition to these two drugs, the in vitro absorption, distribution, metabolism, and excretion (ADME) properties and preclinical pharmacokinetics (PK) of GS-441524 and Emvododstat had been tested as potential agents in a range of species, including dogs [154,155].





5. Conclusions


Globally, dogs are one of the most popular pets and many dog owners admit to sharing food, cuddling, sharing their beds, and other forms of affection that bring them in close contact with their dogs on a regular basis. The COVID-19 pandemic only increased dog ownership and affinity with many animal shelters becoming empty as dogs were adopted or fostered out, although this trend did not last the whole pandemic. The rise of dog ownership and the increased time owners are spending with their canine companions are of concern given the zoonotic history of coronaviruses, and the known zoonotic transmissibility of COVID-19.



In this review, we highlight that dogs can become infected with COVID-19, but research is needed to determine if dogs can spread the SARS-CoV-2 virus to humans. One major challenge to determining if dogs are vectors is that they are asymptomatic and thus molecular, or serology tests are needed to confirm infection. Rapid diagnostic tests for dogs and close monitoring of dogs that have been exposed to COVID-19-positive people are needed to improve our understanding of their ability to transmit the SARS-CoV-2 virus to humans. Although there is a concern about dogs being potential vectors in spreading SARS-CoV-2, other studies have highlighted the benefits of dogs during the COVID-19 pandemic. Dogs, like other pets, are known to reduce stress and anxiety for their owners. Sniffer dogs can be used as a rapid and reliable approach for diagnosing SARS-CoV-2 in large populations, which is essential for controlling and interrupting COVID-19 chains of infection, although they are not as accurate as antigen tests. Future studies should continue to examine the human–canine interface and how pandemics affect this relationship. Such research will shed light on the benefits and possible consequences of living in close quarters with our canine companions.
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Figure 1. Phylogram of the angiotensin-converting enzyme 2 (ACE2) receptor amino acid sequences in humans and different animals including dogs, cats, pangolin. The ACE2 amino acid sequences were downloaded from NCBI, and the tree was generated using a maximum likelihood estimate under a JTT model and with a bootstrap 1.000. The phylogenetic tree was constructed using MEGA X software. 
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Figure 2. Schematic illustration displays the role of ACE2 and TMPRSS-2 receptors in SARS-CoV-2 attachment and infection. 
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Table 1. Studies of COVID-19 in dogs and the country at which the study was performed.
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	Study of COVID-19 in Dogs
	Country
	Number of Animals and Positive Animals
	Method of Detection
	Infections Type
	Reference





	Two dogs (no clinical sign, detected SARS-CoV-2 RNA and neutralizing antibodies)
	China
	15 (2)
	Real-time RT-PCR, sequencing, and viral isolation
	Natural
	[54]



	Human-to-dog transmission. Viral RNA shedding could be observed.
	France
	One infected dog
	RT_qPCR

PCR

ELISA automated Western blotting (WB) assays

WGS
	Natural
	[56]



	A longitudinal study in Texas
	USA
	59

(one dog was verified by PCR and sequencing)

seven dogs had neutralizing antibodies
	RT_qPCR

virus isolation

sequencing

virus neutralization test (VNT)
	Natural
	[99]



	Infection of SARS-CoV-2 in a dog resulting in haemorrhagic diarrhea
	Spain
	One dog
	RT-PCR

sequencing
	Natural
	[72]



	High prevalence of antibodies in dogs from households with SARS-CoV-2 +ve patients
	France
	13 (5 were seropositive)
	FACS

multiplex microsphere immunoassay
	Natural
	[98]



	Survey to detect SARS-CoV-2 among pets of owners positive to SARS-CoV-2 across 15 communities in Wuhan.
	China
	9 dogs

(One dog tested as positive showing high ELISA-OD values for IgG)
	RT_qPCR

ELISA

Plaque reduction neutralization test (PRNT)
	Natural
	[96]



	In a large-scale study in Italy, no dogs tested PCR-positive. However, 3.3% (15/451) of dogs had seroconversion for SARS-CoV-2, with dogs housed with SARS-CoV-2 infected patients being significantly to be positive than the COVID-19 negative households.
	Italy
	451 dogs

(neutralizing antibodies were identified in 15 dogs (3.3%)
	RT_qPCR

PRNT
	Natural
	[100]



	A survey of 487 dogs showed serological negative to SARS-CoV-2.
	China
	487

(Serologically tested to be negative)
	double-antigen sandwich ELISA
	Natural
	[105]



	Stray dogs seropositivity in Brazil
	Brazil
	47 dogs (serum samples of a stray cat and a stray dog presented neutralizing antibodies)
	PRNT

RT_qPCR
	Natural
	[68]



	SARS-CoV-2 infection within dogs in Thailand
	Thailand
	three out of 35 dogs
	indirect ELISA and VNT

RT_qPCR

WGS
	Natural
	[106]



	SARS-CoV-2 infection and seropositivity in Utah and Wisconsin
	Utah and Wisconsin (USA)
	37 dogs (one dog RT_qPCR, one dog’s fur swabs)

48 (12% are seropositive (4 dogs)
	RT_qPCR, sequencing

VNT
	Natural
	[107]



	SARS-CoV-2 infection within dogs in Croatia
	Croatia
	1038 serum samples from dogs (Out of 149 ELISA positive samples, 23 had neutralizing antibody)

87 dogs from household (43.9%) were ELISA positive, and neutralizing antibody was detected in 25.64% of 87 dogs from household dogs)
	microneutralization test

ELISA
	Natural
	[108]



	SARS-CoV-2 infection within dogs in France
	France
	165 (neutralizing antibodies are detected in 5.4% of the dogs (9/165)
	ELISA

HAT

VNT
	Natural
	[109]



	No viral RNA was diagnosed in 12 dogs residing in northern Spain with individuals reported to be infected
	Northern Spain
	12 dogs

(Viral RNA was not observed)
	RT_qPCR
	Natural
	[60]



	In France, an investigation conducted at a veterinary campus has revealed that cats and dogs that were closely in contact with patients with COVID-19 did not contract SARS-CoV-2.
	France
	12 during the epidemic and 55 dogs before the epidemic (0)
	Luciferase Immuno-Precipitation System (LIPSPCR)
	Natural
	[57]



	Experimentally infected five SARS-CoV-2 beagle dogs
	China
	5 experimentally infected and uninoculated two dogs

Two of the four inoculated dogs developed antibodies; however, neither the remaining two inoculated dogs nor the other two contact-exposed dogs produced anti-SARS-CoV-2 antibodies.
	Rectal swabs from two virus-inoculated dogs were positive for viral RNA at 2 dpi.

No clinical signs, no replication or transmission to in-contact animals and no pathological necropsy changes but only antibody response is detected.
	Experimental
	[65]
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