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Abstract

:

Human rabies post mortem diagnostic samples are often preserved in formalin. While immunohistochemistry (IHC) has been routinely used for rabies antigen detection in formalin-fixed tissue, the formalin fixation process causes nucleic acid fragmentation that may affect PCR amplification. This study reports the diagnosis of rabies in an individual from the Dominican Republic using both IHC and the LN34 pan-lyssavirus real-time RT-PCR assay on formalin-fixed brain tissue. The LN34 assay generates a 165 bp amplicon and demonstrated higher sensitivity than traditional PCR. Multiple efforts to amplify nucleic acid fragments larger than 300 bp using conventional PCR were unsuccessful, probably due to RNA fragmentation. Sequences generated from the LN34 amplicon linked the case to the rabies virus (RABV) strain circulating in the Ouest Department of Haiti to the border region between Haiti and the Dominican Republic. Direct sequencing of the LN34 amplicon allowed rapid and low-cost rabies genetic typing.






Keywords:


rabies virus; lyssavirus; diagnosis; LN34 assay; formalin-fixed tissue; genetic typing












1. Introduction


Rabies is an acute encephalitis with an inevitably fatal outcome. Despite being a vaccine preventable disease, it has been estimated that approximately 59,000 people die annually from rabies around the world [1]. Most human rabies deaths are associated with dog bites in countries where canine rabies is endemic, while in canine rabies-free countries, terrestrial wildlife and bats pose the greatest risk for humans [2,3]. In the Americas and the Caribbean, canine rabies remains endemic in a few countries, including Haiti (HTI) and the Dominican Republic (DOM) [4]. Several social, cultural and economic factors are likely associated with a higher incidence of human rabies. Rabies continues to threaten public health in developing countries [5]. The World Health Organization (WHO) has included rabies in a list of neglected diseases worldwide. Given that rabies is incurable, once symptoms appear, appropriate wound treatment and prompt access to postexposure prophylaxis (PEP) are the bedrock for saving lives. Canine vaccination is the keystone of modern control programs to prevent and eliminate rabies [6].



Rabies lyssavirus is a species of single-stranded negative sense RNA viruses belonging to the Lyssavirus genus in the Rhabdoviridae family. RABV is able to cause disease in a wide range of carnivore and chiropteran species [7]. Humans are usually infected by a bite or scratch from a rabid animal. Human rabies infection starts with a prodromal flu-like illness, which is difficult to diagnose due to the non-specific nature of the symptoms; this phase is followed by encephalitic or paralytic manifestations at which time it is easier to recognize or suspect rabies [8,9,10]. Clinical diagnosis of rabies may be challenging if the treating physician lacks experience or there is no patient history of an animal bite; these factors can lead to inadvertently omitting rabies from the differential diagnosis [11,12]. In countries with limited resources, human rabies cases are believed to be underreported. The direct fluorescent antibody (DFA) test is currently the gold standard for postmortem rabies diagnosis recommended by WHO and the World Organization for Animal Health (OIE) [13]. The DFA test is a highly sensitive method when fresh samples are tested. However, when the condition of the sample is unsuitable, the reliability of the results may be compromised. In order to rule out rabies, preferably the brain stem and cerebellum must be included, and samples must be maintained under cold chain conditions from the point of collection to the testing location. When a patient dies of an unknown illness and rabies is not initially considered, samples collected during autopsy are commonly preserved in formalin to avoid autolysis and deterioration of structural elements of the tissue. In such cases, when rabies is suspected afterward, samples cannot be tested by the standard DFA test [14]. When only formalin-fixed tissue is available, immunohistochemistry (IHC) is the primary testing method that can be used to rule out rabies [15,16]; however, further characterization to determine the RABV strain cannot be performed. Recently, the updated OIE Manual of Diagnostic Tests and Vaccines for Terrestrial Animals included pan-lyssavirus polymerase chain reaction (PCR) assays as an acceptable test for primary diagnosis of rabies [13]. Molecular methods have been successfully applied to RABV characterization; however, amplification of viral RNA depends on the quality of RNA recovered from formalin-fixed tissue.



1.1. Case


On 15 July 2018, a five-year-old girl from Pedernales province in DOM arrived at the emergency room of Elias Fiallo hospital with a history of a fever (up to 38.5 °C) for five days, breathlessness, sore throat, irritability, anorexia, anxiety/panic attacks, and tachycardia. Antibiotics, antipyretics, and analgesics were prescribed with an initial diagnosis of febrile illness and moderate dehydration. A blood screening test showed neutrophilic leukocytosis (15.8 × 103/mm3, 92.2% neutrophils) and hyperglycemia (296 mg/dL). No additional testing was recommended. On 16 July 2018, the patient showed no improvement in response to treatment of symptoms, and her health worsened, presenting with alteration of behavior, hyperactivity, anxiety/panic attacks, and hallucinations. At this time, her parent requested she be transferred to a tertiary care hospital in Santo Domingo. The patient was referred to a pediatric psychology department with alteration of consciousness and rheumatic fever diagnosis. The father took the patient to Santo Domingo by public transportation. While in route she began vomiting and died while in the process of being admitted to the Hospital Taiwan in Azua province. Febrile illness and unknown history of animal exposure was the initial clinical diagnosis after the patient was deceased. Brain tissue was collected after authorization by the district attorney and preserved in formalin for pathology examination. A diagnosis of rabies was suspected based on the patient’s clinical symptoms. The DOM National Laboratory of Public Health “Dr. Defillo” submitted formalin-fixed brain cortex tissue to the rabies laboratory at the Centers for Disease Control and Prevention (CDC) in the United States. The sections of the brain required to rule out rabies (brain stem and cerebellum) were not submitted. RABV antigen was detected in the formalin-fixed tissue on August 3 by IHC. Specific RABV nucleic acid was also detected from different sections of the formalin-fixed brain tissue by the LN34 real-time RT-PCR assay.




1.2. Public Health Investigation


Once the diagnosis of rabies was confirmed by the CDC and communicated to the DOM National Laboratory of Public Health, an outbreak response team was activated, consisting of personnel from the Dirección de Salud Pedernales and the Centro de Prevención y Control de Enfermedades Transmitidas por Vectores y Zoonosis (CECOVEZ). Rabies prevention and control activities were implemented with a full investigation and evaluation of the case. After several interviews with the parents, family, and neighbors, it was determined that the patient was bitten by a dog of unknown origin or whereabouts approximately four months before the onset of symptoms. Due to lack of knowledge about rabies, her guardians (grandparents) did not seek medical care and PEP was not administered. Instead, acetaminophen was given without medical prescription, and the local witch doctor of the community “tres charcos” in the Oviedo municipality looked after the patient’s initial symptoms, giving a beverage known locally as “tomo”. An extensive review of emergency rooms, private clinics, and community health post records were conducted, identifying 231 cases of dog bites in the period from January to August 2018; PEP administration was recommended when appropriate. During the course of the field investigation, PEP was administered to the parents, close relatives, and healthcare personnel (n = 51) who had close contact with the patient and/or the rabid dog.





2. Materials and Methods


2.1. Samples


Post mortem human formalin-fixed brain tissue (A18-2173) used in this study was collected in DOM during autopsy; an unrecognizable area of the brain cortex was submitted for testing. Additional archived animal samples obtained during routine rabies field surveillance in DOM and HTI were included.




2.2. Ethics Statement


All samples used in this study were submitted to the CDC for rabies diagnosis; this study did not require ethics committee approval.




2.3. Immunohistochemistry (IHC)


Upon receipt at the CDC laboratory, the brain tissue of A18-2173 was placed into fresh 10% buffered formalin for 24 to 48 h, then prepared for RABV antigen detection by IHC as described previously [17,18]. Briefly, three areas of the brain cortex were collected; sections of 3 to 5 mm were cut from the formalin-fixed brain, placed into cassettes, processed in a tissue processor to formalin-fixed paraffin-embedded blocks, and finally sectioned on a microtome to formalin-fixed paraffin embedded slides. Primary rabbit polyclonal antibodies, mouse serum, and secondary biotinylated goat anti-rabbit antibody were used to perform the IHC.




2.4. LN34 Real-Time RT-PCR Assay


To confirm RABV infection, nucleic acid was extracted from three areas of the brain tissue wherein the IHC detected high concentrations of RABV antigen, three areas with low concentration, and two from gray and white matter areas that were untested by IHC. Approximately 0.01 g of tissue was dissociated mechanically using ceramic beads in 360 µL of lysis buffer with 40 µL proteinase K (DNeasy Blood and Tissue Kit—Qiagen, Hilden, Germany) and incubated overnight at 55 °C. Then 100 µL of homogenized tissue was mixed with 400 µL of Trizol; the RNA extraction and the LN34 assay were performed as described in detail previously [19,20].




2.5. Genetic Typing Analysis


To determine the RABV variant, the amplicons produced by the LN34 assay were purified using a MinElute PCR Purification kit (Qiagen, Hilden, Germany), and direct sequencing was performed using BigDye Terminator v1.1 on the ABI 3730 DNA Analyzer (Thermo Fisher Scientific, Waltham, MA, USA). Both the sequencing reaction and sequencing run were shortened due to the short DNA fragment size of the LN34 amplicon. To compare the sequence of RABV isolate A18-2173 with previous isolates across DOM and HTI, the LN34 amplicons from archived isolates were sequenced, including one sample from a previous human rabies case that occurred in the province of Santiago in DOM and 17 samples from rabid domestic animals (Table 1). To perform the phylogenetic analysis, sequences were assembled and edited in Bioedit [21]. LN34 primer sequences were removed from the amplicon, and 115 bp sequences were used for the comparison. Representative sequences from GenBank were retrieved and multiple alignment was performed by ClustalW. Reconstruction of the phylogenetic tree was performed by the Bayesian Markov chain Monte Carlo (MCMC) method using BEAST v1.8.4 software [22]. In addition, traditional RT-PCR and hemi-nested PCR were performed using 1066 deg F, 1087Sdeg, and 304+ primers [23].





3. Results


3.1. Immunohistochemistry (IHC)


Brain sections from A18-2173 were collected on three slides and tested by the IHC test for rabies antigen. All slides contained RABV antigen. Antigen distribution was largely sparse throughout the tissue sections. Some areas contained foci of higher antigen concentrations (visible as red stained foci, equal to a 2+ distribution with 4+ intensity) (Figure 1). Based on the IHC findings, representative areas of the formalin-fixed brain tissue were selected for molecular testing.




3.2. LN34 Assay—Rabies Diagnostics and Genetic Typing


Three areas of brain tissue where IHC detected a high concentration of RABV antigen and three with low antigen distribution tested positive by the LN34 assay. Specific RABV nucleic acid was not detected in one of two samples from the gray and white matter areas that was not tested by IHC. The relative quantities of RABV RNA, measured based on the LN34 cycle threshold (Ct) value, ranged from 26.1 to 35 for seven samples. The presence of host RNA was determined by a real-time RT-PCR assay that detects housekeeping gene β-actin; Ct values ranged from 22.4 to 27.6 (Table 2). Traditional RT-PCR and hemi-nested PCR consistently failed to amplify a larger portion of nucleoprotein gene (370–390 bp). The LN34 amplicon was a 164 base pair (bp) DNA fragment covering at the 3′ end leader region of the RABV genome and a portion of nucleoprotein gene. The short LN34 amplicon allowed a quicker sequencing reaction and sequencing run, so genetic typing results were generated within 3 h after completing the LN34 assay.



Both the forward and reverse primers of the LN34 assay contain degenerate bases. To avoid potential errors during sequence comparisons, the primer sequences were removed from the final sequences; the remaining LN34 sequence was 115 bp long and was compared with LN34 sequences of archived isolates from DOM and HTI (Table 1) and sequences deposited in GenBank. Among 19 samples included in this study, there were three distinct sequence patterns labelled purple, green, and blue in the sequence alignment in Figure 2. The LN34 amplicon sequence from human case A18-2173 (in red) from Pedernales was identical to 6 sequences from samples collected in the Quest Department of HTI (sample ID in blue), a town (Artibonite) on the east coast (A17_2918), and the Centre Department (A17-2881). Among this cluster of samples, additional nucleotide changes were present in two cases (A17-2905 and A17-2894) from the Quest Department.



The sequences that included samples originating in areas in northern HTI and the region surrounding the border of HTI and DOM (sample ID in green) contained nucleotide substitutions in position 21 and 94 of the alignment (Figure 2). A previous human rabies case from DOM (A18_1869) and two other sequences from samples collected in the northern and southeastern provinces of the DOM (labelled in purple) contained up to eight nucleotide substitutions compared to two clusters of rabies viruses above. The RABV isolates in HTI and DOM contained the specific single-nucleotide polymorphism (SNPs) patterns of RABV Cosmopolitan variants. For sequences containing complicated SNP patterns, phylogenetic analysis has advantages in understanding sample relationships.




3.3. Phylogenetic Analysis Using LN34 Amplicon Sequences


Two phylogenetic analysis methods were performed using the LN34 amplicon sequences; the phylogenies from both the Bayesian evolutionary analysis sampling tree (BEAST) (Figure 3A) and the neighbor joining (NJ) tree (Figure 3B) showed that the RABV in DOM and HTI belong to the Cosmopolitan variant type, divided into three subclades. The human rabies case from Pedernales (A18_2173, red) was closely related to the RABV clade circulating in the Ouest Department of HTI labelled in blue (Figure 3); results were confirmed using direct sequence comparison (Figure 2). The RABVs clustered in the green clade were broadly dispersed along the mountain range, while the RABVs in the purple clade that grouped samples collected in the northern and southeastern provinces of DOM were clearly different from the blue and green clades that were established in the border regions (Figure 3C). Both the posterior scores and bootstrap values showed similar relative values in the clustering of the three subclades, but the BEAST tree and NJ tree had slightly different topologies and the NJ tree had clear indications of the samples with identical sequences.





4. Discussion


Dogs are the primary source of rabies disease in many endemic countries, causing up to 99% of human RABV infections, with at least 40% of these cases in children under 15 years [6,24]. Clinical manifestations in human rabies can be very variable, from flu-like symptoms to full blown encephalitis, and multiple laboratory methods are needed to accurately rule out rabies. In impoverished rural endemic areas, where most rabies cases occur, timely access to laboratory testing may be constrained. In this situation, the observation of clinical signs and symptoms is still used to diagnose rabies. In such settings, due to a variable clinical manifestations, laboratory assistance may be required [6,25,26]. The DFA test is the gold standard for rabies diagnosis; the method requires an expensive fluorescence microscope, which is often only available at the national level. The accuracy of the DFA test is also determined by the quality of the sample and relies on testing different sections of the brain stem and cerebellum. The antigenic typing requires multiple RABV species- or strain-specific antibodies, and additional experiences in testing and analyzing testing results, and is difficult to be used for the rabies surveillance in rabies endemic areas. In remote areas where access to the cold chain is limited, the sample may be preserved in formalin. Previous studies determined that the fluorescent antibody method is not reliable for testing formalin fixed samples because its reproducibility is limited [27,28]. In these circumstances, the first tool to rule out rabies is IHC.



The formalin-fixed tissue outlined in this study tested positive by IHC and the results were promptly reported to implement appropriate measures and prevent additional human cases; however, the RABV strain characterization was not performed due to limits of IHC to distinguish RABV strains. A new molecular approach, the LN34 real-time RT-PCR assay, has recently demonstrated the ability to amplify and detect a 165 bp fragment of the RABV genome in formalin-fixed tissues [20]. We successfully generated RABV amplicons using the LN34 assay in seven out of eight samples, with Ct values ranging from 26.1 to 35. Six samples that tested positive by IHC also tested positive by LN34 assay (100% diagnostic sensitivity). In addition, we included two samples from cortex areas (white and gray matter) of the brain that were not tested by IHC; a sample from the gray matter of the cortex tested negative. This result may be directly associated with the RABV infection in the brain tissue. It is known that RABV does not infect the brain uniformly; therefore, testing multiple areas of the brain is advantageous [29]. To accurately rule out rabies, a full cross section of the brain stem is the most reliable part of the brain; other parts, like the hippocampus, cerebellum, or cerebrum can even give false negative results [15,29,30]. Although brain stem was unavailable in this case, the LN34 assay demonstrated its capacity to amplify RABV nucleic acid in formalin-fixed samples providing an alternative tool to confirm RABV infection in fixed clinical samples. Multiple efforts to generate amplicons larger than 300 bp by conventional PCR failed, probably due to nucleic acid fragmentation during tissue fixation, which can limit the obtaining of fragments to between 100 and 200 bp in length [31,32,33]. The LN34 assay can be implemented in any laboratory with qPCR platforms and improve the diagnosis of fixed brain tissues. For the laboratories without sequencing capacities, LN34 amplicons can be shipped and sequenced at a regional center.



RABV amplicons generated by the LN34 assay were purified and sequenced by the Sanger method. Then, 115 bp long sequences were used for comparison and phylogenetic analysis; archived isolates and reference sequences retrieved from GenBank were also included. A direct sequence comparison using multiple references can provide quick and straightforward results if the sequences of the clinical samples have identical or minimal sequence changes from reference sequences. In this report, the LN34 amplicon sequences from the patient matched perfectly with six canine RABV samples in the surrounding area. LN34 amplicon sequences are highly conserved; a few or even a single nucleotide change can be significant in separate RABV variants or clusters. If aligned sequences demonstrated complicated mutation patterns, the phylogenetic analysis is more reliable to understand the relationships of samples used in the comparisons. The phylogenetic analysis methods revealed a distinct monophyletic clade containing all HTI isolates and those isolates from DOM collected in the border range of the central mountains. Isolates from the eastern regions of DOM were grouped separately within the larger canine cosmopolitan lineage (Figure 3). Our findings indicate the human case from Pedernales was infected with a RABV strain commonly found in domestic dogs.



HTI has the highest burden of canine rabies in the western hemisphere [34]; however, little is known about the RABV reservoirs across the island. Using the short length of the LN34 amplicons, a direct sequence comparison and phylogenetic analysis determined at least three distinct canine rabies subclades across the island. The human case from Pedernales was clustered within the clade established mainly in the Ouest Department of HTI, which includes the capital Port-au-Prince. Members of this clade were dispersed in the coastal regions of HTI, including the coastal province of Pedernales in DOM. To understand the distribution of this clade, more sequences from neighboring regions are certainly needed. The phylogenetic tree clearly distinguished a clade established in DOM. This clade was widespread on the east side of the island; however, distribution of this clade in the central part of the island including the mountain is still unknown. Notably, the phylogenetic tree revealed a circulation of a third clade across the north mountain range border shared between both countries (clade in green, Figure 2 and Figure 3). Members of this clade were also found in the Nord Department in HTI and Valverde province in DOM, but it is still unclear if these cases are related geographic translocation or widely spread in both countries.



LN34 amplicon sequences were correct in determining that the purple subclades of DOM (Figure 3) were the most diverged among the RABV strains circulated in HAI and DOM; however, the topology has differences comparing the tree generated from the full N gene (manuscript in preparation). Although there are variations in the phylogenetic analysis using short sequences, LN34 amplicon sequencing produces rapid genetic typing results and useful phylogenetic information. For the comprehensive phylogenetic analysis of RABV samples, longer sequences are preferred. In this reported case, only LN34 amplicon sequences can be generated using the traditional Sanger sequencing method, a standard method for the sequencing of rabies viral genes. In the future, the next-generation sequencing technology can be an alternative method to sequence the samples of fixed or highly fragmented RABV samples. Obtaining phylogenetic information from formalin fixed samples is helpful to determine the relationship between viruses from different geographic locations [35]. Our results contribute to the knowledge of RABV diversity in HTI and DOM and to understanding the molecular epidemiology of rabies across the island.




5. Conclusions


The improved sensitivity of the LN34 assay has been demonstrated using multiple types of tissues including fresh, frozen, and fixed tissues and tissues in poor condition [19,20]. In this reported case, the LN34 assay was able to detect viral nucleic acid in a formalin-fixed clinical sample, and the LN34 amplicon sequencing provided genetic typing information for the cases using fragmented RNA. LN34 amplicon sequence comparison and phylogenetic analysis determined the rabies variant in this human case and showed the epidemiologic links of the cases as well the genetic diversity of rabies across the island. This case report indicated that implementation of the LN34 assay can improve rabies diagnosis and surveillance. This approach provides practical ways to add rabies diagnostics and surveillance capacities globally, which is critical to achieve the goal of canine rabies elimination by the end of the next decade.







Author Contributions


Conceptualization, R.E.C. and Y.L.; investigation in the field, G.L., C.A.M., E.D.M., A.P.F., and J.H.; diagnostic methods, R.E.C. and M.N.; resources, C.H., P.S.S., B.P., R.W., and V.O.; writing, R.E.C., C.G., and Y.L.; review and editing, R.E.C., C.G., M.N., P.S.S., B.P., R.W., V.O., and Y.L. All authors have read and agree to the published version of the manuscript.




Funding


This research received no external funding.




Acknowledgments


The authors thank the healthcare personnel of the Hospital Pedernales, Hospital Taiwan, and filial del Instituto Nacional de Ciencias Forenses—INACIF in the Dominican Republic for providing brain material from this human case. We would also like to thank Andres Velasco-Villa for facilitating the specimen exchange.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Hampson, K.; Coudeville, L.; Lembo, T.; Sambo, M.; Kieffer, A.; Attlan, M.; Barrat, J.; Blanton, J.D.; Briggs, D.J.; Cleaveland, S.; et al. Estimating the global burden of endemic canine rabies. PLoS Negl. Trop. Dis. 2015, 9, e0003709. [Google Scholar]

	



Dato, V.M.; Campagnolo, E.R.; Long, J.; Rupprecht, C.E. A Systematic Review of Human Bat Rabies Virus Variant Cases: Evaluating Unprotected Physical Contact with Claws and Teeth in Support of Accurate Risk Assessments. PLoS ONE 2016, 11, e0159443. [Google Scholar] [CrossRef] [PubMed]

	



Belotto, A.; Leanes, L.F.; Schneider, M.C.; Tamayo, H.; Correa, E. Overview of rabies in the Americas. Virus Res. 2005, 111, 5–12. [Google Scholar] [CrossRef] [PubMed]

	



Vigilato, M.A.; Cosivi, O.; Knobl, T.; Clavijo, A.; Silva, H.M. Rabies update for Latin America and the Caribbean. Emerg. Infect. Dis. 2013, 19, 678–679. [Google Scholar] [CrossRef] [PubMed]

	



Wera, E.; Mourits, M.C.M.; Hogeveen, H. Cost-effectiveness of mass dog rabies vaccination strategies to reduce human health burden in Flores Island, Indonesia. Vaccine 2017, 35 48 Pt B, 6727–6736. [Google Scholar] [CrossRef] [PubMed]

	



Banyard, A.C.; Horton, D.L.; Freuling, C.; Muller, T.; Fooks, A.R. Control and prevention of canine rabies: The need for building laboratory-based surveillance capacity. Antivir. Res. 2013, 98, 357–364. [Google Scholar] [CrossRef]

	



Rupprecht, C.E.; Hanlon, C.A.; Hemachudha, T. Rabies re-examined. Lancet Infect. Dis. 2002, 2, 327–343. [Google Scholar] [CrossRef]

	



Hankins, D.G.; Rosekrans, J.A. Overview, Prevention, and Treatment of Rabies. Mayo Clin. Proc. Mayo Clin. 2004, 79, 671–676. [Google Scholar] [CrossRef]

	



Jackson, A.C.; Warrell, M.J.; Rupprecht, C.E.; Ertl, H.C.; Dietzschold, B.; O’Reilly, M.; Leach, R.P.; Fu, Z.F.; Wunner, W.H.; Bleck, T.P.; et al. Management of rabies in humans. Clin. Infect. Dis. 2003, 36, 60–63. [Google Scholar] [CrossRef]

	



Udow, S.J.; Marrie, R.A.; Jackson, A.C. Clinical features of dog- and bat-acquired rabies in humans. Clin. Infect. Dis. 2013, 57, 689–696. [Google Scholar] [CrossRef]

	



Mader, E.C., Jr.; Maury, J.S.; Santana-Gould, L.; Craver, R.D.; El-Abassi, R.; Segura-Palacios, E.; Sumner, A.J. Human Rabies with Initial Manifestations that Mimic Acute Brachial Neuritis and Guillain-Barre Syndrome. Clin. Med. Insights Case Rep. 2012, 5, 49–55. [Google Scholar] [CrossRef] [PubMed]

	



Chacko, K.; Parakadavathu, R.T.; Al-Maslamani, M.; Nair, A.P.; Chekura, A.P.; Madhavan, I. Diagnostic difficulties in human rabies: A case report and review of the literature. Qatar Med. J. 2016, 2016, 15. [Google Scholar] [CrossRef] [PubMed]

	



World Organisation for Animal Health. Manual of Diagnostic Tests and Vaccines for Terrestrial Animals. Available online: https://www.oie.int/standard-setting/terrestrial-manual/access-online/ (accessed on 17 January 2020).

	



Orciari, L.; Rupprecht, C.E. Rabies Virus. In Manual of Clinical Microbiology; Versalovic, J., Carroll, K.C., Guido Funke, G., Jorgensen, J.H., Landry, M.L., Warnock, D.W., Eds.; ASM Press American Society for Microbiology: Washington, DC, USA, 2011; Volume 2. [Google Scholar]

	



Stein, L.T.; Rech, R.R.; Harrison, L.; Brown, C.C. Immunohistochemical study of rabies virus within the central nervous system of domestic and wildlife species. Vet. Pathol. 2010, 47, 630–633. [Google Scholar] [CrossRef] [PubMed]

	



Whitfield, S.G.; Fekadu, M.; Shaddock, J.H.; Niezgoda, M.; Warner, C.K.; Messenger, S.L.; Rabies Working, G. A comparative study of the fluorescent antibody test for rabies diagnosis in fresh and formalin-fixed brain tissue specimens. J. Virol. Methods 2001, 95, 145–151. [Google Scholar] [CrossRef]

	



Hamir, A.N.; Moser, G.; Fu, Z.F.; Dietzschold, B.; Rupprecht, C.E. Immunohistochemical test for rabies: Identification of a diagnostically superior monoclonal antibody. Vet. Rec. 1995, 136, 295–296. [Google Scholar] [CrossRef]

	



Fekadu, M.; Greer, P.W.; Chandler, F.W.; Sanderlin, D.W. Use of the avidin-biotin peroxidase system to detect rabies antigen in formalin-fixed paraffin-embedded tissues. J. Virol. Methods 1988, 19, 91–96. [Google Scholar] [CrossRef]

	



Wadhwa, A.; Wilkins, K.; Gao, J.; Condori Condori, R.E.; Gigante, C.M.; Zhao, H.; Ma, X.; Ellison, J.A.; Greenberg, L.; Velasco-Villa, A.; et al. A Pan-Lyssavirus Taqman Real-Time RT-PCR Assay for the Detection of Highly Variable Rabies virus and Other Lyssaviruses. PLoS Negl. Trop. Dis. 2017, 11, e0005258. [Google Scholar] [CrossRef]

	



Gigante, C.M.; Dettinger, L.; Powell, J.W.; Seiders, M.; Condori, R.E.C.; Griesser, R.; Okogi, K.; Carlos, M.; Pesko, K.; Breckenridge, M.; et al. Multi-site evaluation of the LN34 pan-lyssavirus real-time RT-PCR assay for post-mortem rabies diagnostics. PLoS ONE 2018, 13, e0197074. [Google Scholar] [CrossRef]

	



Hall, T.A. BioEdit: A user-friendly biological sequence alignment editor and analysis program for Windows 95/98/NT. Nucleic Acids Symp. 1999, 41, 95–98. [Google Scholar]

	



Drummond, A.J.; Suchard, M.A.; Xie, D.; Rambaut, A. Bayesian phylogenetics with BEAUti and the BEAST 1.7. Mol. Biol. Evol. 2012, 29, 1969–1973. [Google Scholar] [CrossRef]

	



Caicedo, Y.; Paez, A.; Kuzmin, I.; Niezgoda, M.; Orciari, L.A.; Yager, P.A.; Recuenco, S.; Franka, R.; Velasco-Villa, A.; Willoughby, R.E., Jr. Virology, immunology and pathology of human rabies during treatment. Pediatric Infect. Dis. J. 2015, 34, 520–528. [Google Scholar] [CrossRef] [PubMed]

	



WHO. Rabies. Available online: https://www.who.int/en/news-room/fact-sheets/detail/rabies (accessed on 17 January 2020).

	



Mani, R.S.; Madhusudana, S.N. Laboratory diagnosis of human rabies: Recent advances. Sci. World J. 2013, 2013, 569712. [Google Scholar] [CrossRef] [PubMed]

	



Duong, D.; Tarantola, A.; Ong, S.; Mey, C.; Choeung, R.; Ly, S.; Bourhy, H.; Dussart, P.; Buchy, P. Laboratory diagnostics in dog-mediated rabies: An overview of performance and a proposed strategy for various settings. Int. J. Infect. Dis. 2016, 46, 107–114. [Google Scholar] [CrossRef] [PubMed]

	



Umoh, J.U.; Ezeokoli, C.D.; Okoh, A.E. Immunofluorescent staining of trypsinized formalin-fixed brain smears for rabies antigen: Results compared with those obtained by standard methods for 221 suspect animal cases in Nigeria. J. Hyg. 1985, 94, 129–134. [Google Scholar] [CrossRef]

	



Reid, F.L.; Hall, N.H.; Smith, J.S.; Baer, G.M. Increased immunofluorescent staining of rabies-infected, formalin-fixed brain tissue after pepsin and trypsin digestion. J. Clin. Microbiol. 1983, 18, 968–971. [Google Scholar] [CrossRef]

	



Bingham, J.; van der Merwe, M. Distribution of rabies antigen in infected brain material: Determining the reliability of different regions of the brain for the rabies fluorescent antibody test. J. Virol. Methods 2002, 101, 85–94. [Google Scholar] [CrossRef]

	



Dean, D.J.; Abelseth, M.K.; Atanasiu, P. The fluorescent antibody test. In Laboratory Techniques in Rabies, 4th ed.; WHO, Ed.; World Health Organization: Geneva, Switzerland, 1996; pp. 88–95. [Google Scholar]

	



Arzt, L.; Kothmaier, H.; Quehenberger, F.; Halbwedl, I.; Wagner, K.; Maierhofer, T.; Popper, H.H. Evaluation of formalin-free tissue fixation for RNA and microRNA studies. Exp. Mol. Pathol. 2011, 91, 490–495. [Google Scholar] [CrossRef]

	



Von Ahlfen, S.; Missel, A.; Bendrat, K.; Schlumpberger, M. Determinants of RNA Quality from FFPE Samples. PLoS ONE 2007, 2, e1261. [Google Scholar] [CrossRef]

	



Nadin-Davis, S.A.; Sheen, M.; Wandeler, A.I. Use of discriminatory probes for strain typing of formalin-fixed, rabies virus-infected tissues by in situ hybridization. J. Clin. Microbiol. 2003, 41, 4343–4352. [Google Scholar] [CrossRef]

	



Wallace, R.; Etheart, M.; Ludder, F.; Augustin, P.; Fenelon, N.; Franka, R.; Crowdis, K.; Dely, P.; Adrien, P.; Pierre-Louis, J.; et al. The Health Impact of Rabies in Haiti and Recent Developments on the Path Toward Elimination, 2010–2015. Am. J. Trop. Med. Hyg. 2017, 97 (Suppl. 4), 76–83. [Google Scholar] [CrossRef]

	



Coertse, J.; Nel, L.H.; Sabeta, C.T.; Weyer, J.; Grobler, A.; Walters, J.; Markotter, W. A case study of rabies diagnosis from formalin-fixed brain material. J. S. Afr. Vet. Assoc. 2011, 82, 250–253. [Google Scholar] [CrossRef] [PubMed]








[image: Viruses 12 00120 g001 550] 





Figure 1. Immunohistochemical (IHC) staining for RABV antigen in fixed brain tissue from the Dominican Republic (DOM) patient (A18-2173). (A) RABV antigen detection at 400× magnification. (B) Neuronal cytoplasmic inclusions at 630× magnification. (C) Negative control brain at 400× magnification. Streptavidin–biotin complex staining method using rabbit antibodies against RABV nucleoprotein, signal development with AEC chromogen (magna red), and Gills hematoxylin counterstain. 
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Figure 2. Sequence alignment (115 bp) from LN34 amplicons link the human case A18-2173 (labelled in red) to the RABV strain (blue) circulating mainly in the Ouest Department of Haiti (HTI). Three groups of RABV were identified based on the sequence alignment: HTI contains two groups (blue and green) and DOM has three groups (blue, green, and purple). 






Figure 2. Sequence alignment (115 bp) from LN34 amplicons link the human case A18-2173 (labelled in red) to the RABV strain (blue) circulating mainly in the Ouest Department of Haiti (HTI). Three groups of RABV were identified based on the sequence alignment: HTI contains two groups (blue and green) and DOM has three groups (blue, green, and purple).



[image: Viruses 12 00120 g002]







[image: Viruses 12 00120 g003 550] 





Figure 3. Molecular phylogenetic analysis using 115 bp sequences generated from LN34 amplicons. (A) The Bayesian evolutionary analysis sampling tree (BEAST) showed that the human rabies case (A18_2173) grouped with samples from HTI. The major nodes are labelled with the posterior probabilities. * Posterior values > 0.5 are shown at each node. (B) The neighbor joining tree agreed with the BEAST tree for the major clades and showed strains with identical sequences. The selected nodes are labelled with bootstrap values. (C) The geographic location of samples from HTI and DOM. The blue star is the location where the patient was infected. 
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Table 1. Isolates of rabies virus (RABV) used in the phylogenetic analysis.
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	ID
	Country
	Province
	Host
	Year





	A17-3895
	Dominican Republic
	Dajabón
	Dog
	2017



	A17-3900
	Dominican Republic
	Independencia
	Dog
	2017



	A17-3904
	Dominican Republic
	Elías Piña
	Dog
	2017



	A17-3905
	Dominican Republic
	Valverde
	Cat
	2017



	A17-4000
	Dominican Republic
	Puerto Plata
	Dog
	2017



	A17-4001
	Dominican Republic
	San Pedro de Macorís
	Dog
	2017



	A18-1869
	Dominican Republic
	Santiago
	Human
	2018



	A18-2173
	Dominican Republic
	Perdenales
	Human
	2018



	A17-2904
	Haiti
	Centre/Mirebalais
	Dog
	2016



	A17-2905
	Haiti
	Ouest/Tabarre
	Dog
	2016



	A17-2918
	Haiti
	Artibonite/Saint-Marc
	Dog
	2016



	A17-2876
	Haiti
	Ouest/Petionville
	Dog
	2017



	A17-2878
	Haiti
	Nord/Cap-Haitien
	Dog
	2017



	A17-2881
	Haiti
	Centre/Saut-D-eau
	Dog
	2017



	A17-2882
	Haiti
	Ouest/Port-Au-Prince
	Dog
	2017



	A17-2890
	Haiti
	Ouest/Croix-Des-Bouqets
	Dog
	2017



	A17-2894
	Haiti
	Ouest/Petit-Goave
	Dog
	2017



	A17-2895
	Haiti
	Centre/Thomassique
	Dog
	2017



	A17-2898
	Haiti
	Ouest/Croix-Des-Bouqets
	Dog
	2017
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Table 2. Comparison of IHC and the LN34 Taqman Real-Time RT-PCR assay using multiple sections of brain tissues of A18-2173.
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IHC RABV Distribution/Intensity

	
Real Time RT-PCR




	
LN34 Ct

	
β-Actin * Ct

	
Result






	
2+/4+

	
30.7

	
24.5

	
Positive




	
2+/4+

	
26.1

	
27.6

	
Positive




	
2+/4+

	
26.9

	
22.4

	
Positive




	
<2+/4+

	
34.5

	
24.1

	
Positive




	
<2+/4+

	
35

	
24.8

	
Positive




	
<2+/4+

	
32.5

	
26

	
Positive




	
Not tested white matter

	
30.7

	
24

	
Positive




	
Not tested gray matter

	
Undetected

	
25.5

	
Negative








* qPCR assay measures host RNA level.
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