Intented category: Original article

Full title

Dual combined real-time reverse transcriptionpolymerase chain reaction
assay for the diagnosis of lyssavirus infection

Laurent Dacheux'’, Florence Larrous'', Rachel Lavenir', Anthony Lepelletier',Abdellah

Faouzi?, Cécile Troupin®, Jalal Nourlil?, Philippe Buchy**, Herve Bourhy*

! Institut Pasteur, Lyssavirus Dynamics and Host Adaptation Unit, National Reference Centre
for Rabies, WHO Collaborating Center for Reference and Research on Rabies, Paris, France.
2 Institut Pasteur du Maroc, Medical Virology and BSL3 Laboratory, Casablanca, Morocco.

3 Institut Pasteur du Cambodge, Virology Unit,Phnom Penh, Cambodia.

" Current Address:GlaxoSmithKline Vaccines R&D, Singapore

" These authors contributed equally to this work.

The definitive diagnosis of lyssavirus infection (including rabies) in animals and humans is
based on laboratory confirmation. The reference techniques for post-mortemrabies diagnosis
are still based on direct immunofluorescence and virus isolation, but molecular technigues,
such as PCR-based methods, are increasingly being used and now constitute the principal
tools for diagnosing rabies in humans and for epidemiological analyses. However, it remains
a key challenge to obtain relevant specificity and sensitivity with these techniques, while
ensuring that the genetic diversity of lyssaviruses does not compromise detection.

We developed a dual combined real-time reverse transcriptase polymerase chain reaction
(combo RT-gqPCR) method for pan-lyssavirus detection. This method is based on two
complementary technologies: a probe-based (TagMan) RT-gPCR for detecting theRABV
species (pan-RABV RT-gPCR) and a second reaction using an intercalating dye (SYBR
Green) to detect other lyssavirus species (pan-lyssa RT-gPCR). The performance parameters
of this combined assay were evaluated with a large panel of primary animal samples covering
almost all the genetic variability encountered at the viral species level, and they extended to
almost all lyssavirus species characterized to date. This method was also evaluated for the
diagnosis of human rabies, on 211 biological samples including brain and skin (positive n =
76 and negative n=135). It detected all41 human cases of rabies tested and confirmed the
sensitivity and the interest of skin biopsy (91.5%) and saliva (54%)samples for intra-vitam
diagnosis of human rabies. Finally, this method was successfully implemented in two rabies
reference laboratories in enzootic countries (Cambodia and Morocco).

This combined RT-gPCR method constitutes a relevant, useful, validated tool for the
diagnosis of rabies in both humans and animals, and represents a promising tool for lyssavirus
surveillance.
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Abstract

The definitive diagnosis of lyssavirus infection (including rabies) in animals and humans is
based on laboratory confirmation. The reference techniques for post-mortemrabies diagnosis
are still based on direct immunofluorescence and virus isolation, but molecular technigues,
such as PCR-based methods, are increasingly being used and now constitute the principal
tools for diagnosing rabies in humans and for epidemiological analyses. However, it remains
a key challenge to obtain relevant specificity and sensitivity with these techniques, while
ensuring that the genetic diversity of lyssaviruses does not compromise detection.

We developed a dual combined real-time reverse transcriptase polymerase chain reaction
(combo RT-gqPCR) method for pan-lyssavirus detection. This method is based on two
complementary technologies:a probe-based (TagMan®) RT-qPCR for detecting theRABV
species (pan-RABV RT-gPCR) anda second reaction using an intercalating dye (SYBR®
Green) to detect other lyssavirus species (pan-lyssa RT-gPCR). The performance parameters
of this combined assay were evaluated with a large panel of primaryanimal samples covering
almost all the genetic variability encountered at the viral species level, and they extended to
almost all lyssavirus species characterized to date.This method was also evaluated for the
diagnosis of human rabies, on 211biological samplesincluding brain and skin (positive n = 76
and negative n=135). It detected all4lhuman cases of rabies tested and confirmed the
sensitivity and the interest of skin biopsy (91.5%) and saliva (54%)samples for intra-vitam
diagnosis of human rabies. Finally, this method was successfully implemented in two rabies
reference laboratories in enzootic countries (Cambodia and Morocco).

This combined RT-gPCR method constitutes a relevant, useful, validated tool for the
diagnosis of rabies in both humans and animals, and represents a promising tool for lyssavirus

surveillance.
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Author summary

Rabies is an infectious disease of humans and other mammals caused by lyssaviruses. It has
one of the highest mortality rates of any infectious disease. Rabies has been known since
Antiquity, but it continues to cause approximately59,000 human deaths per year, particularly
in low-income areas in Asia and Africa, where it is still a neglected disease. In these regions,
rabies surveillance remains limited, leading to considerable underreporting of rabies cases in
humans and animals. One of the principal obstacles to effective surveillance is the difficulty
confirming human rabies cases. Clinical diagnosis remains challenging, so all cases must be
confirmed by laboratory tests. We describe here the development and validation of a
molecular diagnostictool for lyssavirus infection based on the detection of viral RNA. We
evaluated this technique against one of the largest panels of biological samples from animals
and humans ever assembled. It was found to be useful and practicable in national reference

centers in enzootic regions.

Keywords:

Rabies, lyssavirus, molecular diagnosis, real-time reverse-transcription polymerase chain
reaction (RT-gPCR), human, animal, skin, saliva, intra-vitam, post-mortem, zoonosis,

TagMan, SYBR Green
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Introduction

Rabies is an almost invariably fatal form of acuteprogressive encephalomyelitis that kills an
estimated 59,000 humans each year, mostly in low-income Asian and African countries[1].
This zoonosis is transmittedto humans by rabid animals biting, scratching or lickingmucous
membranes or damaged skin. Moreover, some cases of human-to-human transmission have
been described following the transplantation of organs or tissues from donors with
undiagnosed rabies[2, 3], and exceptional laboratory cases of human rabies followingaerosol

contamination [4, 5].

The principal etiological agent, responsible for almost all human rabies cases, is Rabies virus
(RABV), the prototype species of the genus Lyssavirus in the family Rhabdoviridae[6,
7].Thirteen other species of this genus have been identified:Lagos bat virus (LBV), Mokola
virus (MOKYV), Duvenhage virus (DUVV), European bat lyssavirus 1(EBLV-1) and 2
(EBLV-2), Australian bat lyssavirus (ABLV), West Caucasian bat virus (WCBV), Irkut virus
(IRKV), Aravan virus (ARAV), Khujand virus (KHUV), Shimoni bat virus (SHIBV), Ikoma
lyssavirus (IKOV) and Bokeloh bat lyssavirus (BBLV) [8]. Another new potential lyssavirus
species, Lleida bat lyssavirus, (LLBV) has also recently been identified in bats in Spain[9].
Most of these viruseswereisolated from bats, suggesting that lyssaviruses may have originated

in Chiroptera [10].

RABYV is the lyssavirus with the widest distribution worldwide, and with the broadest
spectrum of vectors or animal reservoir hosts from the ordersCarnivora and Chiroptera.The
domestic dog isamajorreservoir host of RABYV, implicated in almost all cases of human

rabies[7, 11]. However, several other animal species can act as reservoirs for RABV
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transmission, depending on the geographic area considered. RABV displays also broad

genetic diversity, mainly depending of animal hosts and geographic origin.

In animals, rabies is diagnosed post-mortem, on a brain specimen, with the fluorescent
antibody test (FAT), the designated reference technique of the World Health Organization
(WHO) and the Organization for Animal Health (OIE)[7, 12]. This method is also the gold
standard for the post-mortem diagnosis of human rabies. Many molecular methods have been
developed for the intra-vitamdiagnosis of human rabies. These methods include
reversetranscription (RT)-PCR [13-16] and real-time RT-PCR (RT-qPCR)[14, 17-20], but
none of the techniques developed to date can deal with the full diversity of the Lyssavirus
genus and/or have been validated for use with all animal and human specimens collected in

the field.

We describe here the development of a one-step pan-lyssavirus detection technique, based on
a dual combinedreal-time reverse-transcriptionPCR assay(combo RT-qPCR). This assay
includes a pan-RABV RT-qPCR probe-based technique able to detect all representatives of
the broad genetic diversity of RABV, using two degenerate TagMan®probes. A SYBR®
Green RT-gPCR assay carried out in parallel can detect all the other lyssaviruses tested, in
addition tosome RABYV isolates. This combo RT-gPCR dedicated to pan-lyssavirus detection
assay was found to have highsensitivity and specificity and was able to detect a large panel of
animal lyssavirus samples.ltalso provided accuratepost-mortem or intra-vitam diagnoses of
human rabies. The pan-RABV RT-gPCR was then evaluated in two national reference
laboratories in enzootic countries, where its utility and efficacy for rabies diagnosis and

surveillance were demonstrated.
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Materials and Methods

Ethics Statement

Human samples were obtained from routine diagnostic activities at the National Reference
Center for Rabies (NCR-R) of Institut Pasteur, Paris, at the Institut Pasteur du Cambodge
(Phnom Penh, Cambodia), at the Institut Pasteur du Maroc (Casablanca, Morocco) or from
the NCR-R repository. The NCR-R repository has been registered for research purposes and
declared, in accordance with French regulations (article L.1243-3 in relation to the French
Public Health Code), to both the French Ministry for Research and a French Ethics
Committee, both of which approved and registered the biobank (declaration number DC-

2009-1067; collection No. 12).

Primer design

A region of the polymerase (L) gene (nucleotide positions 7170 to 7419 according to the
Pasteur virus genome; GenBank accession number M13215) conserved among lyssavirus
genomes was selected as the target of the combo RT-qPCR technique, based on the results of
previous studies [15, 21]. This target sequence was amplified from a selected panel of
lyssavirus isolates by a previously described RT-hnPCR method [15], and the PCR products
were Sanger sequenced and analyzed with Sequencher 5.0 (Gene Codes Corporation)
software. The probes and primers of the combo RT-qPCR assay weredesigned on the basis of
a ClustalX 2.1 multiple nucleotide alignment[22]. All primers were designed with
OligoAnalyzer 3.1 software, available from http://eu.idtdna.com/calc/analyzer, and checked
in silico for the formation of hairpins, self-dimers and hetero-dimers and sequency analogy,

by blast analysis (BlastN on the NCBI database).
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Virusesand biological samples from animals and humans

The lyssavirus isolates analyzed were used as viral suspensions or as naturally (original brain
samples from rabid animals) or experimentally (brains of newborn suckling mice inoculated
with the original infected samples) infected animal tissues. All were obtained from the NRC-
R or from the WHO Collaborating Center for Reference and Research on Rabies archive, both
locatedat Institut Pasteur, Paris, France, and from the Institut Pasteur du Cambodge at Phnom
Penh, Cambodia.Viral suspensions were generated with baby hamster kidney cells (BSR
cells)[23], and titrated on the same cells with five-fold serial dilutions, the results
beingexpressed as fluorescent focus units per mL (FFU/mL).Animal brain samples that had
tested negative for rabies virus with the FAT were also obtained from the NRC-R.

Human samples were obtained from routine diagnostic activities at the NCR-RofInstitut
Pasteur, Paris, at the Institut Pasteur du Cambodge (Phnom Penh, Cambodia), at the Institut

Pasteur du Maroc (Casablanca, Morocco) or from the NCR-R repository.

RNA isolation

Total RNA was extracted from titrated viral suspensionswith TRl Reagent LS (Molecular
Research Center, Cincinnati, Ohio, USA) after the serialdilution of supernatants of infected
cell cultures (BSR cells)[23]in a dilution solution prepared from brain specimens from rabies-
negative dogs. These specimens were homogenized in culture medium (DMEM) and clarified
by centrifugation at 3000 rpm for 5 minutes. For each virus stock previously titrated,serial 10-
fold dilutions were prepared in order to obtain from 1x10° to 1 fluorescent focus-forming
units (FFU) in a final volume of 0.2 mLfor extraction. Extractions were performed in
accordance with the kit manufacturer’s protocol. We extracted total RNA from negative and
positive (naturally or experimentally infected) animals in TRI Reagent (Molecular Research

Center, Cincinnati, Ohio, USA), in accordance with the manufacturer’s instructions.
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For human samples and depending of their availability, at least onetype of sample(among skin
biopsy, saliva andcerebrospinal fluid or CSF) was used per patient for totalRNAextraction, as
previously described [15]. Briefly, skin biopsy samples were dissociated with sterile scissors
and incubated in 180 uL of ALT tissue lysis buffer and 20 uL of proteinase K (Qiagen,
Courtaboeuf, France) at 37°C for 3 h, with gentle shaking. The resulting suspension was then
mixed with 0.8 mL of TRI Reagent LS (Molecular Research Center, Cincinnati, Ohio, USA)
and RNA was extracted according to the manufacturer’s instructions. RNA was extracted
from saliva samples,collected using saliva swabsor directly after spiting into a tube (a volume
of 0.2 mL was used in this latter case) or from CSF samples (0.2 mL),with TRI Reagent LS
(Molecular Research Center, Cincinnati, Ohio, USA), using 2uL glycogen (5 mg/mL; Life
Technologies, Saint Aubin, France) as a coprecipitant. RNA was finally dissolved in 50uL of

nuclease-free water and stored at -70°Cuntiluse.

Preparation of cloned-target plasmids

Viral RNA was extracted from selected RABV isolates (n=9) and from one or two
representative LBV, MOKYV, DUVV, EBLV-1, EBLV-2 and ABLV lyssaviruses, reverse-
transcribed and amplified with the PVO5m/PVO9 primers, as previously described [15]. The
PCR products were then inserted into the TopoTA vector according to the manufacturer’s
recommendations (Life Technologies, Saint Aubin, France).For the other species and isolates
of lyssavirus (WCBV, ARAV, KHUV, IRKV, SHIBV, IKOV, Ozernoe and BBLYV), which
were not available at the time of this study,the nucleotide region corresponding to the
PVO5m/PVO9 fragment was synthesized (Eurofins Genomics, Ebersberg, Germany) based
on the reference sequences in GenBank. This region was then inserted into the TopoTA

vector, as described above.A large-scale plasmid preparation procedure was carried out and
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the plasmids obtained were used as a DNA matrix for determining the efficiency and the limit

of quantification of the combo RT-gPCR assay.

Pan-RABV RT-gPCR assay

This one-step, probe-basedreal-time RT-PCR assay (pan-RABV RT-gPCR) was performed
with the Superscript 111 Platinum One-Step RT-gqPCR kit (Life Technologies, Saint Aubin,
France),as recommended by the manufacturer, with only minor modifications. Real-time
PCR, which was optimized fora final reaction volume of 20 pL, was performed with10 pL 2x
Reaction Mix, 1.5 uL nuclease-free water, 1 uL of each primer Tag3long and Tagl7reviong
(10 pM), 0.4 pL SuperScript® Il RT/Platinum®Taq Mix, 0.3 pLof each probe RABV4 and
RABV5 (10 pM), 0.25 pL MgSO, (50 mM), 0.2 pL RNasin®recombinant ribonuclease
inhibitor (Promega, Charbonnieres, France), 0.05 uL ROX™ reference dye and 5 uL RNA
template (previously diluted 1:10 in nuclease-free water).Amplification was carried out
according to the following program:1 cycle of heating at 45°C for 15 min and 95°C for 3 min,
followed by 40 cycles of 95°C for 15 s and 61°C for 1 min, during which fluorescence values
were recorded.All reactions were carried out as technical duplicates in Thermo Scientific 96-
well plates (Life Technologies, Saint Aubin, France), with an Applied Biosystems 7500 Real-
Time PCR System (Life Technologies, Saint Aubin, France). For each RT-PCR, a
quantification cycle number (Cy) was determined as the PCR cycle number at which the
fluorescence of the reaction exceeded a value considered to be significantly higher than
background by the software associated with the Applied Biosystems 7500 Real-Time PCR
System (Life Technologies, Saint Aubin, France).The efficiency (E), slope and
correlationcoefficient (R?) were also determined withthis software. All reactions were carried

out as technical duplicates. A cutoff > 38 was defined for negative results.
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Pan-lyssavirus RT-gPCR assay

This assay was performed withthe SuperScript 111 Platinum SYBR® Green One-Step gRT, as
recommended by the manufacturer (Life Technologies, Saint Aubin, France),with the
sameminor modificationsas indicated for the pan-RABV assay. In particular, this real-time
PCR was optimized for a final volume of 20 pL,using the same mixture composition and the
sameamount of diluted sample. The primers used were Tag5long and Tagl6reviong and the
probes were replaced with nuclease-free water.Amplification was performed on asimilar
thermocycler,as follows: 15 minutes at 45°C, 3 minutesat 95°C, followed by 40 cycles of 15
seconds at 95°C and 1 minute at 55°C, during which fluorescence values were recorded. After
the 40 cycles of amplification, a melting analysis was carried out to check the product
amplified by determining itsspecific melting temperature (increase 0.01°C/s,55-95°C). As
previously indicated, the efficiency (E), slope and correlationcoefficient (R%) were also
determined withthe software associated with Applied Biosystems 7500 Real-Time PCR
System (Life Technologies, Saint Aubin, France). All reactions were carried out as technical
duplicates. For this assay, a positive reaction was not based on the Cq value but exclusively
on the melting temperature (Tm) value and the shape of the melting curve, both compared to

positive and negative controls.

Universal internal control system

The quality of RNA extraction was checkedwith theheterologous internal universal control
system based on in vitro transcribed eGFP-RNA described by Hoffmann et al. (2006)[24].
Working dilutions containing 2x10° copies/uL in nuclease-free water were prepared and
stored as aliquotsat -70°C. We directly spiked each sample with a total of 10° copies (5 pL)
during the extraction step, after adding the TRI Reagent. We then detected eGFP RNA by

RT-gqPCR, according to a slightly modified version of the method used in the original study

11/40



271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

[24]. In particular, the conditions of amplification were identical to those used with the pan-
RABV RT-gPCR assay. The mixture composition and thermal conditions were identical to
those for the pan-RABV RT-gPCR assay, and we used the EGFP1-F and EGFP2-R primers
and the EGFP1-FAM probe. A part of the animal and human samples which were
retrospectively analysed in this study (i.e. already extracted before the implementation of this

internal control) were not spiked with this internal control.

Other controls used in the combo RT-gqPCR assay

For each assay,we performed two negative controls, with nuclease-free water and a calibrated
total RNA suspension (0.2 pg/uL)obtained by extraction from a pool ofnegative dog
brainspecimens. Two positive controls for the pan-RABV RT-gPCR were also used,
consisting oftotal RNA extracted from suckling newborn mousebrainsinfected with the CVS
strain and diluted 1:10 in the calibrated RNA suspension (0.2 pg/uL).Serial log;edilutions
were tested, and two successive serial dilution points were selected in the linear range of the
amplification curve determined vi. Similar positive controls were carried outfor the pan-lyssa

RT-gPCR assaywith theEBLV-1 lyssavirus (isolate 8918FRA).

RThemi-nested PCR (RT-hnPCR)

Reverse transcription was performed, as previously described, in a final volume of 30 uL[15].
We then subjected 2 puL of complementary DNA (cDNA) to amplification by hnPCR, with 10
pmol of primers PVO5m/PVO9 in the first round and primers PVO5m/PVO8 in the second
round. The amplification reactions contained 2 U AmpliTag DNA Polymerase (Life
Technologies, Saint Aubin, France), 10 nmol of each nucleotide triphosphate, and 62.5 nmol

magnesium, as previously indicated [15].
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International interlaboratory trial evaluation

The combo RT-qPCR assay was evaluated by the NRC-R in 2014, in an interlaboratory trial
organized by the European Union reference laboratory for rabies, which is located in Nancy,
France [25]. The FAT and RT-hnPCR were also evaluated in parallel in this trial. The test
panel consisted of nine anonymous samples of freeze-dried homogenized brains, either
unifected or infected with various lyssavirus species. Details of this trial have been provided

elsewhere [25].
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Results

Probe and primer design

Due to the limited number of nucleotide sequences corresponding to the targeted region of the
polymerasegene of lyssavirusavailable frompublic databases at the time of this study, a large
panel of RABV isolates was selected and sequenced, so as to obtain at least one prototype
sequence for each of the principal phyloclades previously defined (Table S1) [26-28]. We also
selected and sequenced a panel of isolates from other lyssavirus species. The probes and
primers for the combo RT-qPCR assay were designed from two different sequence datasets.
The first dataset contained102RABYV partial polymerase gene sequences, including 93newly
acquired sequences, and was used to design the pan-RABV RT-gPCR assay, which was based
on the Tag3long and Tagl7reviong primers and the TagMan® probes RABV4 and RABV5
(Figl) (Table 1). These primers amplified a 143-nucleotide sequence. To complete the
evaluation of the spectrum of detection of these primers and probes of the pan-RABV RT-
gPCR assay, we analyzed in silico another dataset of 91 partial polymerase gene sequences of
RABY isolates originated from the New World region (the Americas)and which have been
recently published and available in GenBank (Fig S1). The genetic diversity observed in this
dataset was high, leading to the presence of cumulative mistaches for some isolates.

For the pan-lyssa RT-gPCR assay, we used another dataset contained 45 sequences
representing all the other lyssavirus species and including 22 new sequences. On the basis of
multiple nucleotide alignment data, we defined a single set of primers, Tagblong and
Taqgl6reviong (Fig 2), amplifing all9-nucleotide region.Due to the high diversity of
sequences in all the different lyssavirus species, no consensual probe was designed and we

used these primers with an intercalating dye (SYBR® Green).
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Figure 1. Multiple alignment of the 102 partial polymerase sequences of RABV species, with
nucleotide sequences and positions for the Tag3long and Tagl7revliong primers and
TagMan® hybridization probes RABV4 and RABVS5 of the pan-RABV RT-gPCR assay.

The oligonucleotide sequence of each primer and probe is indicated in bold, together with its
name and an arrow indicating the sense direction. Identity to primer and probe sequences is
highlighted in gray. Dots indicate identity to the reference sequence 9106 MAR. Positions are
indicated according to the reference sequence, PV (GenBank accession number M13215).
Asterisks indicted partial polymerase sequences obtained in this study. A description of the

RABYV isolates included in this multiple alignment is provided in Table S1.

Figure 2: Multiple alignment of 45 partial polymerase sequences from lyssaviruses other than
RABY species, with nucleotide sequences and the positions of the Tag5long and
Tagl6reviong primers (pan-lyssa RT-gPCR).

The oligonucleotide sequence of each primer is indicated in bold, together with its name and
an arrow indicating the sense direction. Identity to primer sequences is highlighted in gray.
Dots indicate identity to the reference sequence 04006SEN. Positions are indicated according
to the reference sequence, PV (GenBank accession number M13215). Asterisks indicted
partial polymerase sequences obtained in this study.Lyssavirus species are indicated on the
left side of the figure, and a description of the lyssavirus isolates included in this multiple

alignment is provided in Table S1.
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350

351 lyssa RT-qPCR assays) and in the internal control eGFP-based RT-qPCR assay.

Table 1 : Oligonucleotide sequences of primers and probes used in the combo RT-qPCR (combination of pan-RABV and pan-

352
353
Application Reference Name Type Length Sequence (5’-3’) Sense | Position
Taqg3long Primer 22 ATGAGAAGTGGAAYAAYCATCA S 7273-7294°
Taqgl7reviong Primer 25 GATCTGTCTGAATAATAGAYCCARG AS 7390-7414°
Pan-RABV RT-gPCR assay . Probe
This stud - a
(TaqMan®-based) y RABV4 (FAMITAMRA) 29 AACACY TGATCBAGKACAGARAAYACATC AS 7314-7342
Probe a
RABVS (FAM/TAMRA) 32 AGRGTGTTTTCY AGR ACWCAYGAGTTTTTYCA S 7353-7384
Pan-lyssa RT-qPCR assay This stud Tagblong Primer 23 TATGAGAAATGGAACAAYCAYCA S 7272-7294°
(SYBR® Green-based) Y Tagl6reviong Primer 25 GATTTTTGAAAGAACTCATGKGTYC AS 7366-7390%
EGFP1F Primer 20 GAC CAC TAC CAG CAG AAC AC S 637-656°
N b
eGFP internal control assay g&f)meann etal., | EGFP2R IIanger 19 GAA CTC CAG CAG GAC CAT G AS 768-750
robe b
EGFP (VICITAMRA) 22 AGC ACC CAG TCC GCCCTG AGCA S 703-724

354

355  aAccording to the Pasteur virus (PV) RABV genome sequence (GenBank accession number M13215).

356
357
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Determination of the assay acceptance parameters

We first evaluated theintrinsic parameters of the comboRT-qPCR assay withcloned-target
plasmids representative of the 14 recognized lyssavirus species(Table2)[8]. We analyzed nine
RABY isolates belonging to different phylogenetic clades and/or lineageswiththe pan-RABV
RT-qPCR assay. The mean efficiency (E) and correlation coefficient (R®) values obtained
were 97% (x£9%) and 0.98 (+0.012), respectively. The limit of quantification ranged from 10
to 10*arget copiesper assay, with the lowest values obtained for isolates 8693GAB and
03003IND and the highest for isolates 08338GAM and 9105USA. Seventeen other lyssavirus
isolates were target-cloned and tested with the pan-lyssa RT-qPCR assay. The mean
efficiency and R? values obtained were 106% (+25%) and 0.964 (+0.033), respectively. The
lowest limit of quantification value was obtained with one isolate of EBLV-1 (02007DAN)
and WCBYV, at one target copy per assay, and the highest was obtained with one isolate of

IRKV, at10’target copies (efficiency was also lowest for this isolate, at 47%).
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371 Table 2 : Intrinsic parameters of the combo RT-qPCR assay using target-cloned plasmids.
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Limit of quantification

Species Isolate Location Host Assay | Slope| R?2 Effl(;lency
(%) Target copy Corresponding C
number / P gL
. max
reaction
RABV Cvsa . Lab | Pan-RABV| 3¢ | 0.980 96 102 37
strain
Lab Pan-
b - - 2
PM strain RABV 3.50 | 0.984 91 10 32
Pan-
8693GAB Gabon Dog RABV -3.13 | 0.992 107 10 31
Pan-
: ) 3
8743THA Thailand Human RABV 3.94 | 0.991 79 10 35
Arctic Pan- 4 34.5
9105USA USA fox RABV -3.32 | 0.945 91 10
Pan- )
9147FRA France Red fox RABV -3.58 | 0.995 90 10 35.5
Pan-
. ) 2
9704ARG Argentina Bat RABV 3.65 | 0.968 109 10 36.5
. Pan-
03003IND Indonesia Human RABV -3.04 | 0.976 111 10 34
. Pan- 4
08338GAM Gambia Dog RABV -3.28 | 0.995 102 10 35
LBV 8619NGA Nigeria Bat Pan-lyssa | -2.35 | 0.981 166 102 NAc
MOKV | 86100CAM Cameroon Shrew | Pan-lyssa | -2.36 | 0.935 165 103 NA
DUVV 86132SA South Africa | Human | Pan-lyssa | -3.47 | 0.996 94 102 NA
EBLV-1 8918FRA France Bat Pan-lyssa | -3.42 | 0.994 96 102 NA
02007DAN Denmark Bat Pan-lyssa | -3.47 | 0.998 94 1 NA
EBLV-2 | 02054SWI | Switzerland Bat Pan-lyssa | -3.16 | 0.993 107 10 NA
02053SWI | Switzerland Bat Pan-lyssa | -3.57 | 0.999 90 102 NA
94112HOL The Bat | [ANYSsal 599 | 0.995 116 102 NA
Netherlands
ABLV 9810AUS Australia Bat Pan-lyssa | -3.86 | 0.998 81 102 NA
WCBV - Russia Bat Pan-lyssa | -2.15 | 0.998 192 1 NA
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372
373
374
375
376

ARAV - Kyrgyzstan Bat Pan-lyssa | -3.29 | 0.893 101 103 NA
KHUV - Tajikistan Bat Pan-lyssa | -3.50 | 0.944 93 102 NA
IRKV - Russia Bat Pan-lyssa | -5.95 | 0.943 47 10° NA

Ozernoe Russia Human | Pan-lyssa | -3.38 | 0.870 98 103 NA
SHIBV - Kenya Bat Pan-lyssa | -3.72 | 0.972 86 102 NA
IKOV RV2508 Tanzania Civet Pan-lyssa | -3.43 | 0.930 96 102 NA
BBLV - Germany Bat Pan-lyssa | -3.68 | 0.945 87 102 NA

a CVS : challenge virus strain

bPM : Pitman-Moore strain

¢NA: non applicable
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389

We then evaluated theintrinsic parameters of this comboRT-gPCR assay withtitrated viral
suspensionsrepresentative of the main lyssavirus species(Table 3).Four RABV isolates (CVS,
8743THA, 9147FRA and 9704ARG) were testedinthe pan-RABYV assay. The mean efficiency
and R? values were 109% (+23%) and 0.964 (+0.032), respectively, with similarvalues for the
limits of detection and quantification, ranging from 50 to 500 FFU/mL of the initial sample
before extraction. At least one representative virus from each of themain other lyssavirus
species was analyzed with the pan-lyssa assay (Table 3). The mean efficiency and correlation
coefficient values were as good as those for the TagMan® based-assay, at99% (+8%) and
0.992 (+£0.004), respectively. The limit of detection ranged from 38 FFU/mL for one isolate of
DUVYV (86132SA)to 5,000 FFU/mL for MOKYV (isolate 86100CAM) whereas the limit of
quantification ranged from 390 FFU/mL for EBLV-1 (isolate 8918FRA) to 15,000 FFU/mL

for LBV (isolate 8619NGA).
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390 Table 3 : Intrinsic parameters of the combo RT-qPCR assay using titrated viral suspensions.
391
. . Limit of . L o -
Species Isolate Location Host Assay Sl;)p R2 Effl(co}e)n y detection Corr;:esll);):xdmg Limit ?;gg;‘:ltll;catwn
° (FFU/mL)3 9
RABV CvVsb - Lab strain | Pan-RABV | -2.46 | 0.900 155 50 36.5 50
8743THA Thailand Human Pan-RABV | -3.46 | 0.995 95 50 36 50
9147FRA France Red fox | Pan-RABV | -3.31 | 0.980 100 50 36 50
9704ARG Argentina Bat Pan-RABV | -3.64 | 0.981 88 500 34 500
LBV 8619NGA Nigeria Bat Pan-lyssa | -3.33 | 0.998 100 1500 NAc 15000
MOKV 8611(\)/IOCA Cameroon Shrew Pan-lyssa | -3.42 | 0.986 96 5000 NA 5000
DUVV 87020SA | South Africa Bat Pan-lyssa | -3.04 | 0.984 113 500 NA 5000
86132SA | South Africa | Human Pan-lyssa | -3.42 | 0.990 96 38 NA 3850
EBLV-1 | 8918FRA France Bat Pan-lyssa | -3.67 | 0.998 87 390 NA 390
EBLV-2 | 02053SWI | Switzerland Bat Pan-lyssa | -3.04 | 0.994 113 500 NA 500
ABLV 9810AUS Australia Bat Pan-lyssa | -3.59 | 0.994 90 500 NA 500
392
393
. Limit of Corresponding L o -
Species Isolate Location Host Assay Sl((:p R2 Effl((;}e)n <y detection Cq max Limit (()Pf.gl‘;?;tll;catmn
0 (FFU/mL)?
RABV CVSpb - Lab strain | Pan-RABV | -2.46 | 0.900 155 50 36.5 50
8743THA Thailand Human | Pan-RABV | -3.46 | 0.995 95 50 36 50
9147FRA France Red fox | Pan-RABV | -3.31 | 0.980 100 50 36 50
9704ARG Argentina Bat Pan-RABV | -3.64 | 0.981 88 500 34 500
LBV 8619NGA Nigeria Bat Pan-lyssa | -3.33 | 0.998 100 1500 NA 15000
MOKV 86115)/[0CA Cameroon Shrew Pan-lyssa | -3.42 | 0.986 96 5000 NA 5000
DUVV 87020SA | South Africa Bat Pan-lyssa | -3.04 | 0.984 113 500 NA 5000
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86132SA | South Africa | Human Pan-lyssa | -3.42 | 0.990 96 38 NA 3850
EBLV-1 | 8918FRA France Bat Pan-lyssa | -3.67 | 0.998 87 390 NA 390
EBLV-2 | 02053SWI | Switzerland Bat Pan-lyssa | -3.04 | 0.994 113 500 NA 500
ABLV 9810AUS Australia Bat Pan-lyssa | -3.59 | 0.994 90 500 NA 500
394  aNumber of fluorescent focus-forming units (FFU) per mL of sample to be extracted.
395 bCVS: Challenge virus strain
396 °NA:non applicable

397
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Determination of the threshold of positivity for pan-RABV RT-qPCR.

The cut-off value of the threshold of positivity for the pan-RABV RT-gPCR assay was based
on the results obtained from a panel of all negative samples confirmed negative samples
(human and animal).

We first analyzed a panel of 40 primary brain samples from 10 different animal species
(Table S3). All had previously tested negative with the reference technique, FAT. All these
samples tested in the pan-RABV RT-gPCR assay, provided a mean Cqg value of 39.79
associated to a standard deviation (SD) of 0.31, and a minimum Cq value of 38.41.

In parallel, a total of 97 human negative samples (including brain and skin biopsies, saliva
and CSF samples) were tested with the pan-RABV RT-gPCR assay (Table S4).These samples
were previously confirmed negative by conventional RT-PCR techniques performed during
routine diagnosis by the national reference centre for rabies in France and in Cambodia. The
mean Cq value obtained was39.95 (SD+0.23), with a minimum Cq value of 38.66.

Taking together all these samples (n=137), we obtained a mean Cq value of 39.92 (SD+0.29).
Based on these results we determined the cut-off value for the threshold of detection at 38,

corresponding to the mean Cq from which were substracted nearly 6 SD.

Determination of the sensitivity, specificity and spectrum of detection of the combo RT-
gPCR assay for the post-mortem diagnosis of animal rabies

Both the pan-RABV and pan-lyssa RT-gPCR assays were evaluated witha large panel of
positive animal samples, each previously been confirmed withthe reference technique,FAT.
We selected121 RABYV isolates consideredrepresentative of the main phyloclades, subclades
and lineagescirculating worldwide (Table 4)(Table S2) for testing. Eighty corresponded

tooriginal brain tissue samples collected from 12 different animal species, whereas the others
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were amplified by inoculatingsuckling newborn mice. All the different genetic lineages of
RABY tested gave positive results in thepan-RABV RT-qPCR assay, except for three isolates
from Senegal belonging to Africa 2 clade(Table 4) (Table S2). The mean Cq value was 19.52
(SD£5.42), with maximum and minimum Cq values of 36.37 and 9.88, respectively.The
sensitivity and spectrum of detection of the pan-lyssa RT-gPCR assay were evaluated with 34
isolates from sevendifferent lyssavirus species: LBV (n=2), MOKV (n=3), DUVV (n=3),
EBLV-1 (n=18), EBLV-2 (n=6), ABLV (n=1)and BBLV (n=1) (Table 4) (Table S2). Five of
the samples were primary brain tissuesfrom bats and a catinfected with the EBLV-1
lyssavirus species, and one was from a bat infected with BBLV. Positive detection was
obtained for all the isolates tested, with a unique and well-defined dissociation curve, with a
melting temperature Tm, centered on77.75°C (SD+1.06). We also tested 49 RABYV isolates
with the pan-lyssa RT-gPCR:41testedpositive, with Cq values below 21.Two of the three
samples from Senegalthat tested negative in TagMan® assays yielded positive results in
thisSYBR® Green assay. Only two isolates not belonging to the RABV species were detected
with the pan-RABV RT-gPCR assay (1 from EBLV-1 and the other from EBLV-2) (Table 4)
(Table S2). Finally, all isolates (n=155) except one (RABYV isolate 14011SEN) gave positive
results in the combo RT-gPCR compared to the FAT, leading to a high sensitivity(99.3%)
(Table 4) (Table S2).

The overall specificity of the combo RT-gPCR assay was complete (100%) when compared
to FAT. Indeed, specificity was determined on a panel of 40 primary brain samples from 10
different animal species (Table S3), which have been previously tested negative with the
reference technique, FAT. All these samples tested negative in the pan-RABV RT-gPCR
assay, with a Cqg value higher than the cut-off value of 38. The same samples were tested with
the pan-lyssa RT-gPCR assay and all yielded negative results with non-specific dissociation

curves.
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Table 4 : Sensitivity and spectrum of detection of the combo RT-gPCR assay using a

dataset of positive lyssavirus samples.

combo RT-qPCR results

Lyssa\{lrus Total Nb (Pos no. / Tested no.)
species
pan-RABV an-lyssa combo
(mean Cq value) pan-ly
RABV 118/121
121 (010,52 £5.24) 41/49 120/121
LBV 2 0/2 212 2/2
MOKV 3 0/2 3/3 3/3
DUVV 3 0/2 3/3 3/3
1/3
EBLV-1 18 (Ca=306) 18/18 18/18
1/2
EBLV-2 6 (Ca=519) 6/6 6/6
ABLV 1 ND? 1/1 1/1
BBLV 1 0/1 1/1 1/1
Total 155 120/133 75/83 154/155

aND : Not done
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Determination of thesensitivity and specificity of the combo RT-gPCR assay for the
diagnosis of human rabies

We assessed the utility of thecombo RT-gPCR assay for human rabies diagnosis, using a
largecollection of positive and negative biological samples collected from 65 different
patients (Table S4). Samples were obtained for post-mortem or intra-vitam diagnosis in
France, Cambodia and Morocco. All samples were tested with the pan-RABYV assay and the
results obtained were compared with RT-hnPCR, used as the reference technique[15]. Some
samples were also tested with the pan-lyssa RT-qPCR assay (Table S4). In total, 12 samples
for post-mortem (all brain biopsies) and 199 samples for intra-vitam diagnosis were tested
with the pan-RABV RT-gPCR assay, including skin biopsy specimens (n=67), saliva (n=120)

and CSF (n=12)(Table 5) (Table S4).
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466

467  Table 5 : Evaluation of the intrinsic parameters of the combo RT-gPCR assay for the diagnosis of human rabies, using the RT-hnPCR as the
468  referent method.
469
470
Combo RT-gPCR result
o " :
Type of Total | 0. Pos. samplesTTotal mo.of samples®®®)  Meean Cq value Sensitivity ~ Specificity pprce)zliglfd ;Z%?Bt\ég
sample number +SD
From all patients From pos. patients value value
Sample  Skin biopsy 67 43/67(64.2) 43/47 (91.5) 31.53+4.38 102° 100 100 96.3
Saliva 120 20/120 (16.7) 20/37 (54) 33.93+3.00 74° 100 100 93.4
CSF 12 3/12 (25) 317 (42.9) 25.3+0.14 100 100 100 100
Brain biopsy 12 10/12 (83.3) 10/10 (100) 21.4+556 100 100 100 100
Total 211 76/211 (36) 76/101 (75.2) 30.70£5.7 92.7 100 100 95.6
Patient’ 65 41/65 (63.1) 41/41 (100) 41/65 (61.5) 100 100 100 100
471
472  ®Total number includes samples tested in Cambodia, France and Morocco on all the patients, negative and positive for rabies.
473 " One more skin biopsy sample was detected with pan-RABV RT-qPCR (n=43) compared to RT-hnPCR (n=42).
474  °8 saliva samples from a same patient were not detected but one saliva sample from another patient was detected, both with pan-RABV RT-
475  gPCR compared to RT-hnPCR, with a total of n=20 and n=27 saliva samples detected for pan-RABV RT-qPCR and RT-hnPCR, respectively.
476 % Including all patients, with rabies-confirmed and negativepatients.
477
478
479
480
481
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For skin specimens, the combo RT-gPCR identified 43 samples as positive, versus42 for the
reference technique, RT-hnPCR, giving a sensitivity of 102%. In total,41 samples gave
positive results in thepan-RABV RT-gPCR, with a mean Cq value of 31.53 (SD+4.38). Two
biopsies from patient 28tested negative in thepan-RABYV assay but positive in the pan-lyssa
assay (Table S4). This patient wasinfected with a rabies virus belonging to the Africa 2
phylogenetic clade[29]. The skin biopsy specimens ofpatients2and 31 tested positive with
thepan-RABV RT-qPCR, with Cq values of 35.5 and 33.9, respectively,but negative byRT-
hnPCR (Table S4). For patient 48, a skin biopsyspecimen tested negative with the pan-RABV

RT-gPCR but gave a weak positive signal with the reference technique.

For saliva, 20 samples tested positive with thepan-RABV RT-gPCR, with a mean Cq value of
33.93 (SD+£3.00), versus 27 withthe RT-hnPCR technique. All these samples were stored
frozen (70°C) before testing. The samples that tested positive by RT-hnPCR included eight
saliva samples collected from the same patient (patient 28)from Mali andtesting negative in
thecombo RT-qPCR assay but not with the reference technique, resulting in a sensitivity of
74% with saliva (Table 5) (Table S4). For patient 16, one saliva sample tested positive with
thepan-RABV RT-gPCR, with a Cq value of 37.42, but negative with the RT-hnPCR (Table

S4).

For CSF, all results were concordant between the two assays and the meanCq value was25.3

(SD#0.14) (Table 5)(Table S4). In addition, one aspirate of bronchial secretions tested

negative with the pan-RABV RT-gPCR but positive byRT-hnPCR (Table S4)[15].
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For post-mortem diagnosis, 12 brain specimens were tested and results were positive with
both theRT-hnPCR and thepan-RABV RT-gPCR techniques, with a mean Cq value of 21.4
(SD£5.56) (Table 5) (Table S4).

Compared to the RT-hnPCR, the specificity of the pan-RABV RT-qPCR assay was 100% for
all type of negative samples tested, as well as for the pan-lyssa RT-gPCR assay, with non-

specific dissociation curves(Table 5) (Table S4).

The sensitivity and specificity of the combo RT-gPCR weretherefore 100% for brain and skin
specimens and well as forCSF.A lower sensitivity was obtained for saliva (74%). The
specificity was also 100%. No discordance was noticed at the patient level. Overall, 41 of the

65 patients tested gave positive results for both assays.

Implementation of the pan-RABV RT-gPCR in local settings, in two reference
laboratories in enzootic areas

Two national reference laboratories for rabieslocatedin Pasteur Institutes in enzootic areas,
Morocco and Cambodia, tested thepan-RABV RT-gPCR assay in their environments. The
results for the pan-RABV assaywere compared with those for RT-hnPCR, used locally as a
reference, for skin biopsies (n=5) and brain biopsies (h=4) in Morocco, and saliva (n=5), skin
biopsies (n=35) and brain biopsies (n=4) in Cambodia (Table S5). The overall sensitivity and
specificity were 97.7 and 100%, respectively. Concordance was excellent, with a Kappa value
of 0.9 for the two techniques for human diagnosis, with only one saliva sample from
Cambodia testing negative in thepan-RABVRT-qPCR assay butweakly positive byRT-hnPCR

(Tables S4 and S5).

Evaluation of the combo RT-gPCR assay in aninternational interlaboratory trial
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530  Finally, we evaluated the comboRT-gPCR assayin an interlaboratory trial testing FAT, RT-
531 @gPCR and RT-hnPCR on nine anonymous samples; the results obtained were concordant with
532 those expected(Table S6)[25].

533

534
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Discussion

The clinical diagnosis of rabies remains challenging, and is often unreliable, particularlyin
humans, and confirmation by laboratory methods is therefore required[7, 30]. Laboratory
testing is based on the post-mortem analysis of brain samples, the gold standard test being the
FAT, which can be used together with virus isolation in therabies tissue culture infectious test
(RTCIT)[7, 12, 31, 32]. However, these techniques remain impossible or of limited value for
theintra-vitam diagnosis of rabies. Alternative new techniques have been proposed over the
last two decades, particularly since the advent of molecular techniques, such as reverse
transcription-polymerase chain reaction (RT-PCR)[13, 14, 30]. Various protocols have been
developed for detecting lyssavirus RNA in different tissue samples by conventional PCR or
real-time quantitative PCR (qPCR). Several RT-qPCR techniques for the detection of RABV
have been described, based onTagMan® assays targeting a conserved region of nucleoprotein
genes[13, 14, 18]. Other assays are dedicated to lyssavirus species, and are designed to
discriminate between RABV and EBLV-1 and 2 [14, 17] or to detect RABV, LBV, MOKV
and DUVV[19], for example. A SYBR®Green-basedassay was recently developed for the
detection of all lyssavirus species, but it was not tested on fieldsamples or on a broad range of
lyssavirus species [33].Another molecular diagnosis protocol based on a combination of
TagMan®-based and SYBR®Green-based assayswas recently used on animal samples infected

withlyssaviruses known to be circulatingin Europe [20].

We developed a dual combined RT-gPCR method for pan-lyssavirus detection insamples, for
intra-vitam diagnosis in humansandpost-mortem diagnosis in animals. This assay is based on
two complementary techniques. The first is probe-based (TagqMan®) RT-qPCR for detection
of the RABV species (pan-RABV RT-gPCR), whereas the second uses an intercalating dye

(SYBR® Green) for the detection of other lyssavirus species (pan-lyssa RT-gPCR). The
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primers of both systems and the probes for the pan-RABV assay were based on a region of
the polymerase gene known to be conserved; they were degenerate, to facilitate annealing

with a broad spectrum of lyssavirus isolates (Table 1, Figures 1 and 2)[15, 21].

Weevaluated the intrinsic parameters of our combo RT-gPCR assaywithcloned-target
plasmids and titrated viral suspensions. We were able to detect all the lyssavirus species
tested with viral suspensions (n=11) or plasmids (n=26). The only lyssavirus isolate not tested
with this assay was Lleida bat lyssavirus (LLEBV) recently identified in a bat in Spain, for
which the sequence of the full genome, including the polymerase gene, was not available [9].
For both assays, the limits of detection were compatible with rabies diagnosis, with values
ranged from 38 to 5.10° FFU/mL and from1 to 10°target copies/mL, for viral suspensions and

cloned-target plasmids, respectively.

The performance parameters for this combined assay were evaluated with a large panel of
fieldanimal samples representative of the overall genetic variability encountered inRABV
species and extending to all lyssavirus species charactarized to date. We tested121 animal
samples with our combo RT-gPCR assay.Only three of the isolates tested(RABV from the
Africa 2 clade, originating from Senegal) testednegative in pan-RABV RT-gPCR assay. A
combination of at least one mismatch withthe forward primer and in each of the two probes
was observed for these samples, and more generally for RABYV isolates belonging to the
Africa 2 clade, potentially accounting for the lower sensitivity for thisphylogenetic clade
(Figure 1). We tested 50 RABV isolates in our pan-lyssa RT-qPCR system, and 40 gave
positive results. This system also detectedhiglyinfected RABV samples (Cg<21) and a large
proportion of RABYV isolates from theAfrica 2 clade. Indeed, two of the three isolates from

the Africa 2 clade giving negativepan-RABV RT-gPCR results were detected with this
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assay.The third isolate almost certainly gave negative results due to the small amount of
material extracted, given the weak reaction obtained in the RT-hnPCR.AIll the lyssavirus
species tested (34 isolates belonging to 7 different species) with the pan-lyssa RT-qPCR assay
were successfully detected, even those associated with a high limit of detection and/or
quantification such as LBV and MOKYV lyssavirus. This combo RT-qPCR provides a test
with a large spectrum of detection which is not covered by all fluorescent conjugated
antibodies commercially available. All the assays gave negative results for all of the negative
control materials, indicating a high specificity.

To complete the evaluation of the performance of our pan-RABV RT-qPCR assay, we
analyzed in silico the targeted nucleotide regionof a dataset of RABV isolates originated from
New World area, circulating mainly in bats, skunks or raccoons, and which were recently
available in GenBank. Indeed, the primers and probes were initially designed based on a
limited number of such isolates.A high genetic diversity was found in isolates originated from
the Americas, as observed in silico with the presence of cumulative mistmaches in the primers
and/or probes hybridization regions, which could interfere with their detection (Figure S1).
Although we demonstrated in our study that the pan-RABVRT-qPCR assay allowed the
positive detection of different prototype isolatesfrom this region (such as 9704ARG and
9105USA), further evaluation of this assay has to be performed on a larger and more

representative dataset of isolates from New World area.

We evaluated the utility of this method for the diagnosis of human rabies, using one of the
largest collections of positive and negative biological samples ever assembled. Our test
detected all65cases of human rabies tested.Strong concordance (98.1%) was observed
between the results of RT-gPCR assaysand the RT-hnPCR considered as the reference

technique.In particular, both the overall sensitivity and specificity of the combo RT-gPCR
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assay were high, with 92.7% and 100%, respectively. Compared to the RT-hnPCR, this
combo RT-gPCR assayperformed in our conditions presented the advantage to limit cross-
contamination (one-step technique), to be time-saving (two to three times faster) for a similare
cost.

We confirmed the interest of skin biopsy and saliva samples for the intra-vitam diagnosis of
rabies in humans [15, 16]. They allow the diagnosis in 100% of the rabid patients, with 91.5%
of skin biopsies and 54% of saliva samples scored positive, in accordance with previous
results[15].

This technique requires only small amounts of RNA, with only 3 uL required for the assay.
This could be a key advantage in cases in which material is precious or in short supply, such

as CSF collected from children or saliva swabs from bats.

We demonstrated the applicability of this test in enzootic areas, in two reference laboratories
locatedin Morocco and Cambodia. Finally this technique was included in aninternational
interlaboratory trial in 2014, in which it provided 100% concordant results[25]. This
demonstrates that this test, also not directly applicable in rural settings as most of other
molecular methods, can be easily implemented in enzootic countries in laboratories equipped
with real-time PCR thermocyclers. In these labs, it could then be considered as a valuable
alternative in labs not able to perform FAT or as an interesting confirmatory/back up
technique following FAT when needed. This technique could also been a useful complement
of rapid and in field diagnostic methods recenlty developed such as rapid immunodiagnostic
test (RIDT) (Léchenne et al., in revision in PlosNTD). Compared to other methods of
diagnosis for rabies infection, our combo RT-qPCR assay presented the common advantages
and limitations of other RT-gPCR methods used for the diagnosis of rabies, and which have

been reviewed elsewhere [13, 14, 30, 34].
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635  This study further supports the WHO recommendations asking for the collection of one skin
636  biospsy and/or 3 saliva samples in patients suspected of rabies[7, 30].
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Table S1 : Description of lyssavirus isolates used for the design of primers and probes of the combo
RT-gPCR assay (combination of pan-RABV RT-gPCR and pan-lyssa RT-gPCR assays).

Table S2 : Description of samples used for the post-mortem diagnosis of animal rabies and results of
the analytical sensitivity of the combo RT-qPCR assay.

Table S3: Results of the analytical specificity of the combo RT-gPCR assay for the post-mortem
diagnosis of animal rabies.

Table S4 : Diagnostic sensitivity and specificity of the combo RT-gPCR compared to the RT-hnPCR
for the diagnosis of human rabies.

Table S5 : Results of the implementation of the pan-RABV RT-qPCR in local settings of two national
reference laboratories for rabies localized in Morocco and in Cambodia.

Table S6 : Evaluation of the combo RT-gPCR assay in an international interlaboratory trial

Table S7 : Description of RABV isolates originated from New World region and used for the multiple
alignment in Table S7, corresponding to the in silico evaluation of primers and probes of the pan-
RABYV RT-gPCR assay.

Figure S1: Multiple alignment of the dataset of 91 partial polymerase sequences of New World
RABYV isolates, with nucleotide sequences and positions for primers Tag3long and Taql7reviong and
TagMan hybridization probes RABV4 and RABVS5 (pan-RABV RT-gPCR).

Checklist S1: STARD Checklist completed
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