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ABSTRACT Boid inclusion body disease (BIBD) causes losses in captive snake
populations globally. BIBD is associated with the formation of cytoplasmic inclu-
sion bodies (IBs), which mainly comprise reptarenavirus nucleoprotein (NP). In
2017, BIBD was reproduced by cardiac injection of boas and pythons with reptar-
enaviruses, thus demonstrating a causative link between reptarenavirus infection
and the disease. Here, we report experimental infections of Python regius (n = 16)
and Boa constrictor (n = 16) with three reptarenavirus isolates. First, we used
pythons (n = 8) to test two virus delivery routes: intraperitoneal injection and tra-
cheal instillation. Viral RNAs but no IBs were detected in brains and lungs at 2
weeks postinoculation. Next, we inoculated pythons (n = 8) via the trachea.
During the 4 months following infection, snakes showed transient central nervous
system (CNS) signs but lacked detectable IBs at the time of euthanasia. One of
the snakes developed severe CNS signs; we succeeded in reisolating the virus
from the brain of this individual and could demonstrate viral antigen in neurons.
In a third attempt, we tested cohousing, vaccination, and sequential infection
with multiple reptarenavirus isolates on boas (n = 16). At 10months postinocula-
tion, all but one snake tested positive for viral RNA in lung, brain, and/or blood,
but none exhibited the characteristic IBs. Three of the four vaccinated snakes
seemed to sustain challenge with the same reptarenavirus; however, neither of
the two snakes rechallenged with different reptarenaviruses remained uninfected.
Comparison of the antibody responses in experimentally versus naturally reptare-
navirus-infected animals indicated differences in the responses.

IMPORTANCE In the present study, we experimentally infected pythons and boas
with reptarenavirus via either intraperitoneal injection or tracheal instillation. The
aims were to experimentally induce boid inclusion body disease (BIBD) and to de-
velop an animal model for studying disease transmission and pathogenesis. Both
virus delivery routes resulted in infection, and infection via the trachea could
reflect the natural route of infection. In the experimentally infected snakes, we
did not find evidence of inclusion body (IB) formation, characteristic of BIBD, in
pythons or boas. Most of the boas (11/12) remained reptarenavirus infected after
10 months, which suggests that they developed a persistent infection that could
eventually have led to BIBD. We demonstrated that vaccination using recombi-
nant protein or an inactivated virus preparation prevented infection by a homolo-
gous virus in three of four snakes. Comparison of the antibody responses of
experimentally and naturally reptarenavirus-infected snakes revealed differences
that merit further studies.
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There are descriptions of a plague called boid inclusion body disease (BIBD) in cap-
tive snake populations since the 1970s (1). The disease mostly affects members of

the families Boidae and Pythonidae and may lead to the eradication of entire snake col-
lections (1, 2). BIBD manifests itself in a variety of clinical conditions, such as neurologi-
cal signs, including regurgitation, head tremors, and loss of coordination, and abnor-
mal skin shedding, secondary bacterial infections, and neoplastic diseases (1, 2). From
the early days of BIBD research, and as the name implies, a hallmark of the disease is
the formation of cytoplasmic ultrastructurally electron-dense and histologically eosino-
philic inclusion bodies (IBs) in almost all cell types (3, 4). The standard antemortem di-
agnosis of BIBD relies on IB detection in blood smears or tissue biopsy specimens (1, 5,
6). Even before the causative agent of BIBD was identified, the IBs were found to con-
sist mainly of a 68-kDa protein, unknown at the time (4). In 2012 and 2013, the findings
of three independent groups linked BIBD with arenavirus infection (7–9). Furthermore,
several groups could demonstrate that the “68-kDa protein” actually represents the
arenavirus nucleoprotein (NP) (5, 7, 9). Although BIBD, as defined by the presence of
IBs, is always connected to reptarenavirus infection, increasing evidence indicates that
reptarenavirus infection does not readily induce IB formation (6, 10, 11). However,
throughout this report and in line with the original name of the disease, we consider
the presence of IBs a pathognomonic hallmark of BIBD and debate on the disease defi-
nition in the Discussion.

The identification of arenaviruses in snakes led to the establishment of two new
genera, Mammarenavirus (previously known as arenaviruses) and Reptarenavirus (BIBD-
associated arenaviruses), within the family Arenaviridae (12). Independently, two
groups then made the observation that snakes with BIBD most often, if not always,
carry several reptarenavirus L and S segments (13, 14). These studies dramatically
expanded the number of fully sequenced reptarenavirus L segments from 4 to approxi-
mately 150 (13, 14). Currently, the L segments of close to 30 reptarenavirus species are
known based on the ICTV (International Committee on Taxonomy of Viruses) species
demarcation criteria (species sharing ,76% nucleotide identity) (12). The high genetic
diversity makes nucleic acid-based approaches to BIBD diagnosis challenging, and thus,
the detection of reptarenavirus antigen (NP) serves as an alternative (6). Additionally,
reptarenavirus infection appears not to readily induce detectable IBs (6, 11, 15), which
suggests that BIBD pathogenesis may involve additional factors. For example, vertical
transmission of coinfecting reptarenavirus L and S segments with the concurrent pres-
ence of IBs was demonstrated (16), and thus, congenital, perinatal, or neonatal infection
could be a prerequisite for IB formation. In addition, Haartman Institute snake virus 1
(HISV-1) was identified in a snake with BIBD (14), which led to the establishment of the
third arenavirus genus, Hartmanivirus (17, 18). This was followed by the observation that
snakes with BIBD fairly often also carry hartmaniviruses; however, so far, hartmanivirus
infection has not been linked to BIBD (11, 19, 20).

At present, the family Arenaviridae comprises four genera: Mammarenavirus,
Reptarenavirus, Hartmanivirus, and Antennavirus (18). The genome of all except antennavi-
ruses is a bisegmented negative-sense RNA (21). The L segment of mammarenaviruses
and reptarenaviruses encodes an RNA-dependent RNA polymerase (RdRp) and a zinc fin-
ger matrix Z protein (ZP), while the S segment encodes the glycoprotein (GP) precursor
(GPC) and NP (22). The L segment of hartmaniviruses lacks the open reading frame (ORF)
for ZP (19).

The literature describes at least three attempts to reproduce BIBD in vivo. In 1994,
Schumacher and coworkers injected two 3-month-old Burmese pythons (Python molu-
rus bivittatus) with cell supernatants of cultured primary kidney cells of a Boa constrictor
snake with BIBD (3). Both animals developed central nervous system (CNS) signs, lead-
ing to the death of the first animal at 6 weeks postinoculation and euthanasia of the
second after 10weeks (3). Pathological examination revealed nonsuppurative, lympho-
cyte-dominated encephalitis with neuronal degeneration in both animals. IBs were
found only in the second animal and only in neurons in the brain and pituitary gland
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but not in other organs. The authors’ attempts to reisolate and identify the causative
agent were unsuccessful (3). In 2000, Wozniak and coworkers infected four boa con-
strictors intraperitoneally with a filtered liver homogenate from a BIBD-positive donor
and observed IBs in hepatocytes at 10weeks postinfection (4). They succeeded in iso-
lating the IBs and in generating a monoclonal antibody against the 68-kDa protein
(most likely reptarenavirus NP, in retrospect) but could not characterize the causative
agent (4). At the time of the studies by Schumacher et al. and Wozniak et al., BIBD was
suspected to be caused by an unknown retrovirus. In 2017, Stenglein and coworkers
reported that they had reproduced BIBD in Python regius and B. constrictor by cardiac
injection of purified reptarenavirus (10). The authors diagnosed classical BIBD, as
defined by IB formation, in boas but did not observe IBs in pythons (10). Furthermore,
while the boas remained clinically healthy for 2 years after infection, the pythons
developed severe CNS signs within 2 months (10). These findings highlight the com-
plexity of BIBD pathogenesis and provide further evidence that the disease outcome
might vary not only between viruses but also between snake species.

Here, we report the results of a series of experimental infections of ball pythons (P.
regius) and common boas (B. constrictor). When we initiated the experimental infec-
tions, in 2013, our primary aim was to demonstrate the etiologic relationship between
reptarenavirus infection and BIBD. We tested two different routes, intracoelomic and
tracheal, for inoculation of the snakes with purified cell culture-grown reptarenavi-
ruses. We also studied the possibility of vaccinating the snakes against reptarenavirus
infection and potential transmission during cohousing. During the third set of experi-
mental infections, we learned that snakes with BIBD are often coinfected with several
reptarenavirus species (14), and we decided to attempt to inoculate snakes with multi-
ple reptarenaviruses in both co- and superinfection setups. We subjected all snakes to
a full postmortem examination and used reverse transcription-PCR (RT-PCR) to detect
viral RNA, immunohistochemistry (IHC) (anti-reptarenavirus NP) to detect viral antigen,
enzyme-linked immunosorbent assays (ELISAs) to detect antireptarenavirus antibodies
in snakes, and vesicular stomatitis viruses (VSVs) pseudotyped with reptarenavirus gly-
coproteins to detect neutralizing antibodies (NAbs) in the snakes.

RESULTS
Selection of the infection route. In the first experimental infection involving eight

juvenile, ;2-month-old ball pythons (P. regius), we tested whether the route of admin-
istration would affect the course of infection. Cell culture adaptation is for many viruses
known to cause virus attenuation. Thus, we decided to use two virus preparations,
University of Helsinki virus (UHV) (containing UHV-1 and aurora borealis virus 1 [ABV-
1]), which has been propagated in tissue cultures for .8 years, and University of
Giessen virus 1 (UGV-1), after a single passage. The viruses were purified by ultracentri-
fugation, diluted in phosphate-buffered saline (PBS), and used to inoculate each of
three snakes (Table 1), two via the coelomic cavity (5,000 and 50,000 fluorescent focus-
forming units [FFFU]) and the third via the respiratory route, by instillation into the tra-
chea (50,000 FFFU), to best mimic a possible natural route of infection. Some animals
exhibited slight lethargy, but none showed clinical signs during the following 2 weeks
(Fig. 1). At the time of euthanasia, at 2 weeks postinoculation, RT-PCR confirmed UGV-1
infection of the brain regardless of the route of infection, whereas for UHV, only tra-
cheal instillation resulted in the detection of viral RNA and only in the lung (Table 1).
None of the snakes showed IB formation in blood or tissues, and there was no evi-
dence of viral NP expression in any tissue, including the brain.

Experimental infection of a group of ball pythons. After demonstrating inocula-
tion via the trachea to be effective in the initial trial, we decided to employ tracheal
inoculation in the subsequent experiments because it likely reflects a natural route of
infection. For the experiment, we inoculated four juvenile pythons (animals 2.3 to 2.6)
at the age of ;2months with UHV, two (animals 2.7 and 2.8) with UGV-1, and two con-
trol animals (animals 2.1 and 2.2) with PBS (Table 2 and Fig. 2). We monitored the
snakes daily for signs of disease, and at 19 days postinfection (dpi), animals 2.3, 2.6, 2.7,
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and 2.8 showed mild head tremor (Fig. 2). By mild head tremor, we refer to mild right-
left and/or up-down shaking of the head when the head of the snake is elevated from
the ground, e.g., when aiming at prey. Animal 2.6 also exhibited abnormal tail pos-
tures. At 22 dpi, two of these snakes (animals 2.3 and 2.7) were euthanized as sched-
uled, together with one control snake (animal 2.2). Both animals 2.3 and 2.7 were
found to be infected; animal 2.3 was RT-PCR positive for both inoculated viruses (UHV-
1 and ABV-1) but only in the lung, whereas animal 2.6 exhibited viral RNA in brain and
lungs. Neither animal showed IB formation or viral antigen expression (Table 2).

At 25 dpi, we observed neurological signs in animal 2.5 (body balance and coordi-
nation problems). At 29 dpi, during feeding, animal 2.5 showed tremor and lethargy
and had severe difficulties in swallowing its feed (a frozen-thawed mouse); the snake
had to be euthanized the following day since the clinical signs had worsened (Fig. 2).
We found virus by RT-PCR in both lungs and brain and could purify the virus from I/1Ki
cells inoculated with a brain homogenate. We could not detect IBs in blood cells, but
the animal exhibited reptarenavirus NP expression in neurons in the brain and in cells
with the morphology of macrophages and/or dendritic cells in spleen and thymus (Fig.
3 and Table 2). At 34 dpi, animal 2.8 showed CNS signs (body balance and coordination
problems), and at 37 dpi, animal 2.4 showed head tremors; in both snakes, the clinical
signs subsided during the following days (Fig. 2). At 43 dpi, having received 16 juvenile
common boas, we decided to investigate whether cohousing with experimentally
infected ball pythons would result in virus transmission across the two species. We

TABLE 1 First experimental infection of;2-month-old pythons (P. regius)

Animal Inoculation route(s) Virus, dose (FFFU)

Sample collection
time point (day
postinoculation)

Result(s)a

RT-PCR (brain, lung, blood) Blood smear Histology IHC
1.1 Trachea and

coelomic cavity
Mock (PBS) 14 Neg, Neg, Neg Neg Neg Neg

1.2 Trachea and
coelomic cavity

Mock (PBS) 12 Neg, Neg, Neg Neg Neg Neg

1.3 Coelomic cavity UGV-1, 5,000 14 UGV-1, Neg, Neg Neg Neg Neg
1.4 Coelomic cavity UGV-1, 50,000 14 UGV-1, Neg, Neg Neg Neg Neg
1.5 Trachea UGV-1, 50,000 14 UGV-1, UGV-1, Neg Neg Neg Neg
1.6 Coelomic cavity UHV (UHV-1 and

ABV-1), 5,000
14 Neg, Neg, Neg Neg Neg Neg

1.7 Coelomic cavity UHV (UHV-1 and
ABV-1), 50,000

14 Neg, Neg, Neg Neg Neg Neg

1.8 Trachea UHV (UHV-1 and
ABV-1), 50,000

14 Neg, UHV-1 and ABV-1, ABV-1 Neg Neg Neg

aNeg, negative.

FIG 1 Schematic representation of the first experimental infection timeline. The experiment included eight ball pythons, which were
monitored for 14 days postinoculation. The vertical arrows indicate inoculation. White (mild tremor) and black (tremor) X marks in the
infection timeline mark the observed CNS signs. The black crosses indicate euthanasia.
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placed one boa each in the box of one python (animal 2.9 with animal 2.4, and animal
2.10 with animal 2.8). At 54 dpi, animal 2.8 again showed CNS signs (tremors and disori-
entation). The next day, animal 2.4 also showed similar signs. However, the clinical
signs of animal 2.8 improved during the following days (Fig. 2). At 61 dpi, animal 2.6,
which had shown mild CNS signs early after inoculation (day 19), had diarrhea but was
otherwise in good condition. At 69 dpi, we sacrificed animal 2.4 since the mild CNS
signs had by then persisted for 2 weeks. The animal did not exhibit IBs or viral antigen
expression, and we did not find reptarenavirus RNA in the tissues studied. The boa (ani-
mal 2.9) that had been cohoused with this animal was moved to the box of animal 2.6.

At 83 to 85 dpi, animal 2.6 showed lethargy, and the cohoused boa (animal 2.9) dis-
played abnormal tail postures. In addition, animal 2.8 was lethargic at 85 dpi. The clini-
cal signs of all three snakes improved during the following days, but from 98 dpi
onward, animal 2.6 was again lethargic. At 100 dpi, animal 2.8 showed similar lethargy,
but again, both snakes improved during the following days. At 109 dpi, when feeding,
both snakes again showed CNS signs (mild tremor) and refused to feed. The boa (ani-
mal 2.9) cohoused with a python (animal 2.6) showed similar signs and difficulties in
eating. At 117 dpi, we decided to euthanize these three animals (2.6, 2.8, and 2.9) as
well as the boa (animal 2.10) that had shared the box with the python (animal 2.8). At
118 dpi, we sacrificed the remaining control snake, animal 2.1. All except the control
animal (2.1) and the cohoused boas were found to be reptarenavirus positive by RT-
PCR in the lung, and animal 2.7 also carried the virus in the brain. The histological anal-
ysis did not reveal IB formation in any of these animals; reptarenavirus antigen expres-
sion was also not detected (Table 2).

Vaccination and experimental infection challenge of common boas. Since the
first two rounds of experimental infections had been unsuccessful in terms of replicat-
ing IB formation, we finally decided to attempt inoculation of common boas since the
virus isolates originate from this species. We also decided to attempt vaccination prior
to inoculations and used purified, detergent-inactivated UHV (three animals, 3.3 to 3.5)
or recombinant UHV-1 NP (23) (snake 3.6). We gave the first vaccinations the day after
the boas had arrived (274 dpi), i.e., the start day for the python-boa cohousing experi-
ment. Around 2 weeks (261 dpi) and 4 weeks (248 dpi) later, we boosted animals 3.3
to 3.6 with the same antigens (Table 3 and Fig. 4).

Since we had successfully infected the pythons but had been unsuccessful in induc-
ing IB formation, we decided to increase the amount of input virus and chose to use

FIG 2 Schematic representation of the second experimental infection timeline. The experiment included eight ball pythons and two common boas, which
were monitored up to 118 days postinoculation. The vertical arrows indicate inoculation. The observed CNS signs are marked by white (mild tremor) and
black (tremor) X marks, and the cohousing of snakes is indicated by shading of the infection timeline. The black crosses indicate euthanasia.
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an infectious dose that was 5-fold higher than the one used previously. We also
wanted to attempt coinfection of some snakes with UHV and UGV-1 but at this point
were unaware that our UHV preparation was indeed a mix of ABV-1 and UHV-1. We
inoculated the vaccinated boas (animals 3.3 to 3.6) and four nonvaccinated boas (ani-
mals 3.7 to 3.10) with UHV (250,000 FFFU/snake), two boas (animals 3.11 and 3.12)
with a mix of UHV and UGV-1 (125,000 FFFU/snake each), and two boas (animals 3.13
and 3.14) with UGV-1 (250,000 FFFU/snake) (Table 3). At 14 dpi, we observed mild
tremors in animals 3.5, 3.6, 3.10, 3.11, 3.13, and 3.14, but the signs waned in the follow-
ing days. Afterward, mild CNS signs were observed occasionally: at 57 dpi (animal 3.4,
stargazing), 59 dpi (animal 3.4, tremor), 68 dpi (animal 3.7, tremor), and 79 dpi (animals
3.3 and 3.6, tremor) (Fig. 4).

After the discovery that snakes with BIBD often carry several reptarenavirus L and S
segments (14), we decided to superinfect some snakes by reinoculation at 115 dpi: ani-
mals 3.3 and 3.4 (originally inoculated with UHV) received 250,000 FFFU/snake of UGV-
1. At this point, we had also determined using next-generation sequencing (NGS) that
our UHV preparation actually contains two viruses (ABV-1 and UHV-1) and decided to
retry virus transmission during cohousing. Therefore, at 115 dpi, we placed animal 3.9
(UHV inoculated) in the box of animal 3.13 (UGV-1 inoculated), and animal 3.10 (UHV
inoculated) in the box of animal 3.14 (UGV-1 inoculated). We continued monitoring the
snakes, and at the following time points, we observed intermittent clinical signs that
affected all animals at some point: 127 dpi (animals 3.3, 3.10, 3.13, and 3.14, mild trem-
ors), 132 dpi (3.3, mild tremor), 140 dpi (3.12, mild tremor and disorientation), 149 dpi

FIG 3 Brain and spleen of Python regius euthanized 22 days after intratracheal instillation of UHV (animal 2.5). (A and C) Immunohistochemistry (IHC)
showing reptarenavirus nucleoprotein in the cytoplasm of neurons (inset, arrowhead) in the brain (A) and in macrophages/dendritic cells (arrowheads) in
the spleen (C). (B and D) Negative-control slides. Shown is IHC employing a broadly cross-reactive rabbit anti-pan-reptarenavirus antiserum (39) and
hematoxylin counterstaining.
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(3.3, disorientation), 152 dpi (3.12, stargazing), 155 dpi (3.10, tremors and disorienta-
tion), 161 dpi (3.13, mild tremor), 186 dpi (3.7, disorientation), 215 dpi (3.10, mild
tremor; 3.3, disorientation), 229 dpi (3.9, 3.10, 3.13, and 3.14, mild tremors; 3.14, leth-
argy), 235 dpi (3.4, 3.6, 3.7, 3.9 to 3.11, 3.13, and 3.14, mild tremor; 3.9, 3.11, and 3.12,
lethargy), 251 dpi (3.10 and 3.11, mild tremors; 3.4, 3.8, 3.10, and 3.12, lethargy),
261 dpi (3.12, tremor), 265 dpi (3.12, tremor; 3.14, stargazing), and 276 dpi (3.4, 3.6, 3.8
to 3.10, and 3.12 to 3.14, lethargy) (Fig. 4).

At 294 dpi, we euthanized animals 3.1 to 3.8, and at 295 dpi, we euthanized animals
3.9 to 3.14, as scheduled. Using RT-PCR, we confirmed that all of the animals except
snake 3.4 were infected. They carried viral RNA in one or more of the tissues studied;
five animals (3.4, 3.8, and 3.10 to 3.12) were also found to be viremic. None of the ani-
mals exhibited IBs or reptarenavirus antigen in any tissue or the blood (Table 3).

Immune response against reptarenavirus NP in experimentally and naturally
infected snakes. Unlike Stenglein and colleagues (10), we did not succeed in inducing
IB formation, the hallmark of BIBD (1, 3–7, 9), by experimental reptarenaviruses infec-
tion in pythons or boas. We recently learned that reptarenavirus-infected snakes with
IBs in blood cells have lower levels of antireptarenavirus antibodies than reptarenavi-
rus-infected snakes without IBs (11). Thus, we compared the antibody responses of the
experimentally infected snakes to the responses in naturally reptarenavirus-infected
boas (the latter using a panel of 24 plasma samples available from a previous study
[11]) by employing tools developed previously (11, 23–25). We used an ELISA with puri-
fied UGV-1 as the antigen to determine the levels of IgM and IgY antibodies against
reptarenavirus NP (Table 4). None of the python sera produced a signal in the ELISA,
most likely indicating a lack of cross-reactivity of our anti-boa immunoglobulin
reagents to python immunoglobulins rather than a lack of antibodies. The ELISA results
show that the uninfected boas that served as control snakes did not have anti-reptare-
navirus NP antibodies, confirming that the snakes had not been in contact with reptar-
enaviruses prior to vaccination and/or inoculation (Table 4 and Fig. 5A). This result also
indicates that the vaccinations with both the inactivated UHV preparation and

FIG 4 Schematic representation of the third experimental infection timeline. The experiment included 14 common boas, which were monitored up to
295 days (;10months) postinoculation. The inclined arrows indicate immunization, and the vertical arrows indicate inoculation time points. White (mild
tremor) and black (tremor) X marks indicate the observed CNS signs, and the cohousing of snakes is indicated by shading of the infection timeline. The
black crosses indicate euthanasia.
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recombinant UHV-1 NP had induced the formation of anti-NP antibodies (Table 4 and
Fig. 5A and B). We took serum samples from the vaccinated snakes on day 74 after the
initial vaccination, which is the likely reason for the presence of IgY but not IgM class
anti-NP antibodies. At the end of the experiment, ;10months after virus challenge, all
snakes had IgY class anti-NP antibodies (Table 4 and Fig. 5B). Their anti-NP IgY levels
were slightly higher than those of the naturally infected snakes, some of which were
also anti-NP IgM positive (Table 4 and Fig. 5A). We then compared the results of snakes
without IB to those of snakes with IB (i.e., confirmed BIBD) and observed that the latter
had lower levels of anti-NP antibodies (Table 4 and Fig. 5A and B), a finding reported
previously (11).

Reptarenavirus NAbs in experimentally and naturally infected snakes. As the
analysis of anti-reptarenavirus NP antibodies indicated potential differences in the
immune responses of experimentally versus naturally infected snakes, we wanted to
compare the NAb responses in both groups of snakes. Using a fluorescent replication-
defective recombinant vesicular stomatitis virus (rVSV-DG*eGFP) system, we had

FIG 5 Antibody responses in experimentally versus naturally infected common boas. (A) Box plot of IgM class antibodies against reptarenavirus NP (using a
concentrated UGV-1 lysate as the antigen). The boxes from left to right represent naturally infected snakes without IBs, naturally infected snakes with IBs,
the 0-bleeds (blood samples collected prior to immunization or inoculation), samples collected following immunization, and samples collected from the
experimentally infected snakes at the time of euthanasia. The y axis represents optical density at 450 nm (OD450) values as the ELISA readout. (B) Box plot
of IgY class antibodies against reptarenavirus NP (using a concentrated UGV-1 lysate as the antigen). The boxes from left to right represent naturally
infected snakes without IBs, naturally infected snakes with IBs, the 0-bleeds collected prior to immunization or inoculation, samples collected following
immunization, and samples collected from the experimentally infected snakes at the time of euthanasia. The y axis represents OD450 values as the ELISA
readout. (C) Box plot of neutralizing antibody (NAb) titers as studied using VSV pseudotypes with reptarenavirus glycoproteins. The boxes from left to right
represent neutralizing antibodies against UGV-1 in experimentally infected snakes, neutralizing antibodies against UHV-1 in experimentally infected snakes,
neutralizing antibodies against ABV-1 in experimentally infected snakes, neutralizing antibodies against UGV-1 in naturally infected snakes, neutralizing
antibodies against S5-like glycoproteins in naturally infected snakes, and neutralizing antibodies against TSMV-2 in naturally infected snakes. The y axis
represents the last dilution producing a 50% reduction in the number of fluorescent foci. (D) Box plot of NAb titers as studied using VSV pseudotypes with
reptarenavirus glycoproteins in naturally infected snakes with and without IBs. The boxes from left to right represent neutralizing antibodies against UGV-1
in snakes with IBs, neutralizing antibodies against UGV-1 in snakes without IBs, neutralizing antibodies against S5-like glycoproteins in snakes with IBs,
neutralizing antibodies against S5-like glycoproteins in snakes without IBs, neutralizing antibodies against TSMV-2 in snakes with IBs, and neutralizing
antibodies against TSMV-2 in snakes without IBs. The y axis represents the last dilution producing a 50% reduction in the number of fluorescent foci.
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previously generated single-round infectious particles pseudotyped with reptarenaviral
GPCs (ABV-1, UHV-1, UGV-1, S5-like, and tavallinen suomalainen mies virus 2 [TSMV-2])
(24), which we employed to determine the 50% focus reduction neutralization test
(FRNT50) titers for the sera. We studied the boa sera from the third experimental infec-
tion against ABV-1, UHV-1, and UGV-1 GP-bearing pseudotypes and used UGV-1, S5-
like, and TSMV-2 GP-bearing pseudotypes for the sera of naturally infected snakes from
our previous study (11). The latter were selected based on the results of RT-PCRs tar-
geting the respective S segments (11). The results indicate differences in the neutraliz-
ing titers of the experimentally infected snakes (Table 4 and Fig. 5C and D). Four snakes
(animals 3.3, 3.4, 3.10, and 3.11) showed the highest FRNT50 titers against UGV-1, two
(animals 3.6 and 3.14) showed the highest titers against UHV-1, and three (animals 3.7,
3.8, and 3.9) showed the highest titers against ABV-1. Snake 3.5 showed equal FRNT50
titers for UGV-1 and UHV-1, snake 3.12 showed equal titers for all studied viruses, and
snake 3.13 showed equal titers for UGV-1 and ABV-1. Two of the snakes, animals 3.8
(inoculated with UHV) and 3.10 (inoculated with both UHV and UGV-1), did not show
NAbs against UHV-1 and ABV-1, respectively, but animal 3.9 had a good NAb response
against UGV-1. Animal 3.12 had the highest recorded neutralizing titer against UHV-1,
reaching a value of 1,600. Two snakes, animals 3.1 and 3.2, mounted the weakest NAb
responses with the highest titer reaching 250, while for other experimentally infected
snakes, the highest titers were$400.

The naturally infected snakes showed much higher NAb titers; for most animals, the
highest titer was clearly above 1,000, and for some, we recorded neutralizing titers as
high as 6,400 (Table 4 and Fig. 5C). We further observed that a high neutralizing titer
against a given virus did not provide neutralization against other reptarenaviruses
(see, e.g., Nat. inf. 1, 10, 13, and 17 in Table 4), which suggests that the level of cross-
neutralization might be low.

DISCUSSION

BIBD has remained an enigmatic disease for decades. Before identifying reptarena-
viruses as the likely causative agents, at least two studies had reproduced the disease
under experimental conditions using cell culture-isolated causative agents (3, 4). In the
1994 report by Schumacher and coauthors, one of the two infected Burmese pythons
(Python bivittatus) developed severe CNS signs and died at 6 weeks postinoculation,
and the second was euthanized at 10 weeks postinoculation due to severe CNS signs
(3). The authors observed IBs in the brain of one of the snakes; however, they failed to
reisolate the infectious agent (3). Retrospectively, it is possible that reisolation per se
was successful but that the authors merely failed to detect the causative agent since
reptarenaviruses do not induce a cytopathic effect in cell culture. In the second study,
by Wozniak and colleagues, the authors inoculated four juvenile common boas with a
liver homogenate from a boa with BIBD and included two equal-sized control groups:
noninoculated and inoculated with a liver homogenate from a healthy boa (4). By 10
weeks postinoculation, all four snakes inoculated with the liver homogenate from a
BIBD-positive snake had developed IBs in the liver, but none developed clinical disease
during the 1-year surveillance period (4). After the identification of reptarenaviruses as
the most likely etiological agents of BIBD, Stenglein and colleagues performed an ex-
perimental infection on two ball pythons and common boas each (10). The pythons
developed CNS signs within 2 months postinoculation but did not show IB formation,
and only the brain samples tested positive for the viral NP, i.e., the main IB component
(10). The authors monitored the experimentally infected boas for 2 years, and in addi-
tion to IB formation in several tissues, the animals showed virus secretion via feces and
urates but remained clinically healthy (10).

Based on the studies by Schumacher et al. and Wozniak et al. (3, 4), and following
anecdotal evidence of breeders employing pythons as sentinels of BIBD since they can
rapidly develop CNS signs, we initially made an attempt to experimentally infect juve-
nile ball pythons. The experimental inoculation of the first set of pythons (n=8)
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revealed that both tracheal instillation and intraperitoneal injection result in virus repli-
cation in multiple tissues. We considered inoculation via the trachea to better mimic
the natural infection route and thus used this approach in the subsequent experi-
ments. In the second experimental infection of ball pythons, one individual developed
severe CNS signs, and we could reisolate the virus from the brain of this snake; how-
ever, none of the snakes demonstrated IBs, even at 4 months postinoculation. For the
third experimental infection, 16 common boa siblings were available, and we
cohoused two of these boas with pythons that had been experimentally infected prior
to the initiation of this experiment; however, we could not confirm horizontal transmis-
sion. Considering the results of Stenglein and coworkers, transmission from pythons to
boas during cohousing can be considered unlikely, since the authors did not find
reptarenavirus RNA in python excreta (10). We immunized four boas prior to virus inoc-
ulations and used a larger amount of virus for the tracheal instillations. While the
experiment was ongoing, we learned that snakes with BIBD often harbor several
reptarenaviruses and that our “UHV inoculum” actually contained UHV-1 and ABV-1 at
an ;1:1 ratio. On top of the coinfection with two distinct reptarenaviruses, we then
superinfected some of the snakes with a genetically distinct reptarenavirus (UHV-ino-
culated snakes reinoculated with UGV-1) ;3.5months after the initial inoculation. We
also attempted cohousing to demonstrate horizontal transmission, but none of the
snakes developed IBs during the 10-month surveillance period, even though some
boas were RT-PCR positive for multiple reptarenaviruses. Some of the snakes, including
the boas cohoused with pythons, showed transient CNS signs and anorexia, even
though they were eventually reptarenavirus RT-PCR and IB negative. It is possible that
the behavioral changes were stress induced rather than reptarenavirus infection
induced. Theoretically, the signs could also be linked to an infection by an unknown
agent. Our findings in pythons were similar to those of Stenglein and colleagues (10);
however, unlike other studies (3, 4, 10), we did not detect IB formation in the boas. On
the other hand, our findings in the pythons, i.e., clinical evidence that they are more
prone to developing CNS signs than boas upon infection, concur with those made in
previous studies (3, 4, 10).

More specific diagnostic tools, such as RT-PCR and immunohistology, have become
available after identifying reptarenaviruses as the causative agents of BIBD (7–10, 13,
16, 26). These tools have allowed the identification of reptarenavirus-infected snakes
that do not demonstrate the presence of IBs (6, 10, 11, 26), the morphological hallmark
of BIBD. Furthermore, increasing evidence, including the data presented in this study,
suggests that reptarenavirus infection may have a dramatically different outcome
depending on the host species (10, 26). We apply the term “BIBD” for the disease
because it affects and is diagnosed mainly in boid snakes and also to distinguish it
from IBD (inflammatory bowel disease), a common condition in humans and several
companion animal species. Recent evidence suggests that reptarenavirus infection
affects multiple snake species but is frequently not associated with IB formation in
nonboids (26–28). We thus suggest that the term BIBD be reserved for disease that
manifests with IB formation as a result of reptarenavirus infection. Because reptarenavi-
rus infection in nonboids is often associated with CNS signs, we propose such disease
to instead be referred to as, e.g., reptarenavirus-associated neurological syndrome.

The lack of IB formation in the experimentally infected boas is peculiar. The differ-
ent outcome of our experimental infection than that in the study by Stenglein and col-
leagues could rather conveniently be explained by the use of different viruses.
However, there are several counterarguments to this claim. We used viruses that have
been isolated from snakes with BIBD, i.e., snakes displaying IBs in blood and tissues.
We have also demonstrated that these viruses induce IB formation in cell culture (9, 19,
23, 29, 30). Furthermore, the evidence suggests that the UGV-like (or S6-like according
to Stenglein et al.) S segment is most commonly associated with the presence of IBs in
infected snakes (11, 13, 16). Based on the above-described results, it seems unlikely
that our selection of viruses would have affected the outcome. Another possibility is
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that the host’s genotype would have affected the outcome; however, studying this hy-
pothesis would be very challenging if not impossible to demonstrate in light of the
currently limited knowledge on the Boa constrictor genome. It would theoretically be
possible that reptarenavirus infection alone is not sufficient to induce BIBD and that a
coinfection with some unidentified virus, e.g., a retrovirus, would be required for the IB
phenotype. For this explanation to be true, all of the previous experimental infections
would have needed to have such a coinfecting agent, which seems rather unlikely.

In our previous study, we found low anti-NP antibody responses in snakes with
BIBD (11); thus, we decided to study the antibody responses of the experimentally
infected snakes. We observed that the experimentally infected boas had mounted a
strong antibody response against NP while lacking IBs. Also considering the findings of
our previous study (11), the results might suggest an association of low anti-NP anti-
body responses and IB development. In this study, we found lower NAb titers in the
experimentally infected snakes than in the naturally reptarenavirus-infected snakes.
Although the NAb titers against different viruses may not be directly comparable for
technical reasons, the NAb titers against UGV-1 concur with the above-described data.
In fact, based on the Mann-Whitney test, the differences in NAb titers (these could be
compared only for UGV-1) were not statistically significant. However, the naturally ver-
sus experimentally infected animals showed a statistically significant difference in the
amount of anti-NP IgY antibodies determined by ELISAs. Viremia in snakes with BIBD
regardless of a strong NAb response is interesting, and it could be an indication of the
role of snakes as reptarenavirus reservoirs since persistently infected Calomys musculi-
nus (dryland vesper mouse), the primary reservoir host of Junin virus (JUNV), a mam-
marenavirus, also possesses NAbs (31–33). The same is true for persistently infected
hantavirus rodent hosts (34, 35). Studies on JUNV and lymphocytic choriomeningitis vi-
rus (LCMV) suggest that mutations to the targets of NAbs could at least partially
explain this persistence (31–33, 36). On the other hand, the study by Stenglein and col-
leagues successfully reproduced BIBD in boas as judged by IB formation. It would be
interesting to study the blood samples of this particular infection trial, especially since
the authors managed to collect sequential samples from the infected animals. While
one might expect that the antibody response followed a similar course, one could also
speculate that, e.g., the inoculation route would contribute to potential differences in
the responses. The direct cardiac venipuncture for inoculation used by Stenglein and
colleagues could have allowed the virus to spread more rapidly, thus delaying the
immune response. Also, during the current experiment, snakes were housed at a con-
sistent environmental temperature of 27°C to 29°C, without a temperature gradient. As
poikilothermic animals, snakes could alter their behavior as a result of reptarenavirus infec-
tion to control the immune response. Such behavioral changes have been described in
other reptiles following infection (37). Actually, we observed that some reptarenavirus-
infected snakes spent a large amount of time in their water basins, which could be indica-
tive of their desire to control their body temperature.

In our study, vaccination of snakes with either inactivated virus or recombinant NP
resulted in strong antibody responses. The subsequent challenge with the same virus
(UHV, containing both UHV-1 and ABV-1), 74 days after the initial immunization, was
sustained in three of the four vaccinated snakes. One of the vaccinated snakes
remained uninfected throughout the experiment, and only one snake became infected
with the viruses used for the immunization. Subsequent challenge, 115 days after the
initial challenge and 189days after the first immunization, with a different reptarenavi-
rus (UGV-1) resulted in infection of both challenged animals. Unfortunately, our animal
experimentation permits did not allow blood collection via cardiac venipuncture, due
to which we obtained only a small amount of blood after completing the immuniza-
tions and thus could not analyze NAb titers. It is possible that immunization of snakes
with detergent-inactivated reptarenaviruses did not induce a high-enough NAb
response to protect against virus challenge. Weakly neutralizing or nonneutralizing
antibodies against reptarenavirus GPs could also boost the infection via antibody-
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dependent enhancement (ADE), i.e., by enabling the virus to enter Fc receptor-
expressing cells. ADE could allow infection by viruses bearing the GPs of different
reptarenavirus species; e.g., antibodies against UHV-1 GPs could facilitate infection
by virions with UGV-1 GPs. Further studies are needed to reveal whether a NAb
response can be induced by, e.g., recombinant reptarenavirus GPs and whether the
NAb response would actually protect the snakes against virus challenge. However,
our results suggest that immunization of snakes with either inactivated reptarenavi-
rus or recombinant NP might result in at least short-term protection against virus
challenge. There are currently no vaccines against reptarenaviruses, although an
effective vaccine might allow reptarenavirus eradication and enable BIBD-free
snake collections. Because UGV-like viruses appear to dominate in BIBD-positive
animals (11, 13, 16), future studies should address the possibility of vaccinating
snakes using either inactivated UGV or recombinant NP of UGV. They should also
determine the virus dose suitable for vaccine challenge experiments.

MATERIALS ANDMETHODS
Ethics statement. The experimental infection was approved by the National Animal Experiment

Board (Eläinkoelautakunta [ELLA]) of Finland (permit number ESAVI/4690/04.10.07/2013). All animals
were euthanized according to schedule 1 procedures to minimize suffering.

Cells, viruses, and purification of viruses. The continuous B. constrictor kidney cell line I/1Ki, gener-
ated and maintained as described previously (9, 23), served for virus production and virus reisolation
attempts from tissues and blood of the experimentally infected animals. One isolate used in this study,
University of Helsinki virus (UHV), was initially described previously (9), but we later found that it actually
comprises two reptarenaviruses, UHV-1 (GenBank accession numbers KR870020.1 and KR870011.1) and
aurora borealis virus 1 (ABV-1) (GenBank accession numbers KR870021.1 and KR870010.1), at roughly
equal amounts as judged by reads obtained by NGS (14). The other isolate (T10404) used was from
snake 5 reported previously (9), which was later named University of Giessen virus 1 (UGV-1) (GenBank
accession numbers KR870022.1 and KR870012.1). The propagation, purification, and storage of UHV and
UGV-1 preparations used for inoculation were described previously (23). Virus titration was done as
described previously for hantaviruses (38).

For the reisolation of virus from infected snakes, 100ml of EDTA blood was diluted 1:5 in fully supple-
mented growth medium (Eagle’s minimal essential medium [Sigma] with 10% fetal bovine serum
[Gibco], 2mM L-glutamine [Sigma], 100 IU penicillin, and 100mg/ml streptomycin [Sigma]). The brain,
lung, liver, kidney, and heart (;10- to 20-mm3-piece) samples were homogenized using a scalpel, and
the tissue mash was resuspended in fully supplemented growth medium by up-down pipetting. The
unfiltered diluted blood and the tissue homogenates were overlaid on I/1Ki cells (80 to 90% confluent),
with each tissue in a separate bottle. Cells were kept with a minimal volume of the inoculum (;500ml/
25-cm2 bottle) for 1 h at 30°C, after which 3ml of fully supplemented medium was added and the cells
were incubated for 24 h at 30°C, followed by medium exchange and incubation for 10 to 14 days at 30°
C. The cells were analyzed for viral antigen expression by Western blotting. The cell culture supernatant
collected at 5 and 10days postinfection (dpi) was clarified by centrifugation (3,000� g for 5min) and fil-
tered through a 0.45-mm filter, and the viruses were pelleted by ultracentrifugation (27,000� g at 5°C
for 2 h) through a 1-ml 30% sucrose cushion (in phosphate-buffered saline [PBS], pH 7.4) in an SW41
rotor (Beckman Coulter). The pelleted virus material was resolubilized in PBS and analyzed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western blotting.

Animals and infection. Animals that were BIBD negative by blood smear (16 Python regius animals
obtained from a commercial German breeder and 16 Boa constrictor animals from a private Swiss
breeder) were used. The animals were housed in aerated plastic boxes (dimensions, 40 by 30 by 19 cm)
(Smartstore Classic 15; Orthex Group) held in temperature (between 27°C and 30°C)- and daylight (12 h
of light)-controlled cabinets (Ehret GmbH, Germany). The humidity (approximately 60 to 80%) inside
housing boxes was maintained by evaporation from a water supply.

For the initial trial (Table 1), involving eight juvenile (;2months of age) ball pythons (P. regius) from
a single clutch, three snakes were infected with a UHV preparation (containing UHV-1 and ABV-1 but for
simplicity referred to as UHV), three were infected with UGV-1, and two remained as controls. The
infected animals in both groups were inoculated as follows: one received 5,000 fluorescent focus-form-
ing units (FFFU) intracoelomically, one received 50,000 FFFU intracoelomically, and one received 50,000
FFFU instilled into the trachea (the volume of the inoculum was 500ml in PBS). The control animals
received 500ml PBS intracoelomically and intratracheally, respectively. The snakes were monitored daily
for clinical signs and euthanized at 14 dpi.

In the second experimental infection (Table 2), again involving eight 2-month-old ball pythons from
a single clutch, four ball pythons received the UHV preparation, two received UGV-1, and two were
administered the equivalent amount of PBS. Virus inocula (50,000 FFFU for both UGV-1 and UHV inocula-
tions, all diluted in 500ml PBS) were instilled into the trachea. The snakes were monitored daily and fed
at 1- to 2-week intervals. At 44 dpi, two juvenile (4months of age) common boas were included in the
experiment: one was cohoused with a UHV-inoculated python (animal 2.4), and the other was cohoused
with a UGV-1-inoculated python (animal 2.8). All snakes were monitored daily for any clinical signs. The
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animals were euthanized as follows: animal 2.1 at 118 dpi; 2.2, 2.3, and 2.7 at 22 dpi; 2.5 at 30 dpi (due to
severe CNS signs); 2.4 at 69 dpi; and 2.6 and 2.8 at 117 dpi. The two cohoused boas (animals 2.9 and
2.10) were also euthanized at 117 dpi (73 days after initiation of cohousing), at the scheduled end of the
experiment.

For the third experimental infection (Table 3), we received a clutch of 16 common boas, of which
three were immunized with purified UHV inactivated by the addition of Triton X-100 (initially to yield 1%
[vol/vol], followed by dilution to a final concentration of 0.2% [vol/vol] with PBS) (animals 3.4, 3.5, and
3.6) and one was inoculated with recombinant UHV nucleoprotein (NP) (described in reference 23) (ani-
mal 3.3). Briefly, at day 0, the animals were subcutaneously administered either approximately
10,000,000 FFFU of detergent-inactivated UHV or 0.1mg of recombinant UHV NP emulsified with an
equal volume of Freund’s incomplete adjuvant (Thermo Fisher Scientific); the total volume per individual
was 125ml. Thirteen and 26 days after the initial administration, boosters with a similar dose were
administered. Seventy-four days after the initial immunizations, eight boas (animals 3.3 to 3.10, including
the vaccinated ones [animals 3.3 to 3.6]) received 250,000 FFFU of UHV, two boas (animals 3.11 and
3.12) received 125,000 FFFU of both UHV and UGV-1, and two boas (animals 3.13 and 3.14) received
250,000 FFFU of UGV-1, by tracheal instillation. At 116 dpi, after finding out that snakes with BIBD often
carry multiple reptarenavirus L and S segments, two vaccinated snakes were superinfected by adminis-
tering 250,000 FFFU of UGV-1 (animals 3.3 and 3.4). To study horizontal transmission, the two snakes ini-
tially inoculated with UGV-1 (animals 3.13 and 3.14) were placed into boxes with UHV-inoculated snakes
for cohousing (animals 3.9 and 3.10, respectively) to mimic the introduction of new snakes into a collec-
tion and to study if horizontal transmission contributed to the development of BIBD. The snakes were
monitored daily for any clinical signs and fed at 1- to 3-week intervals.

Prior to virus inoculation, a blood sample had been collected from the tail vein of each animal.
Snakes were euthanized by decapitation after sedation by exposure to CO2. A blood sample was col-
lected, animals were necropsied, and organ samples were collected immediately into TRIzol (Life
Technologies) (for RT-PCR) and paraformaldehyde (PFA) (4% solution in PBS) (for histology and immuno-
histology) and fresh frozen at270°C for virus isolation and further analyses.

SDS-PAGE and immunoblotting. SDS-PAGE and immunoblotting were done as described previ-
ously (9, 23). Antibodies against UHV NP, described previously (23), were used for detection in immuno-
blots. The visualization of immunoblots probed (at a 1:10,000 dilution) with goat anti-rabbit IR800Dye
(Li-Cor Biosciences) or goat anti-rabbit Alexa Fluor 680 (Invitrogen) was done using the Odyssey infrared
imaging system (Li-Cor Biosciences).

Reverse transcription-PCR and Sanger sequencing. RNA isolation from tissue and blood samples was
done as described previously (16). Reverse transcription-PCRs (RT-PCRs) for UHV-1, ABV-1, and UGV-1 L and/or
S segments were done initially using the primers and protocol described previously (16), and the RT-PCR prod-
ucts were analyzed by standard agarose gel electrophoresis, visualized by using GelRed nucleic acid stain
(Biotium), and subjected to Sanger sequencing (core facility of the Haartman Institute, University of Helsinki,
Finland). The extracted RNAs were later reanalyzed using a one-step TaqMan assay with the following primers
and probes targeting the S segment, according to the TaqMan Fast virus 1-step master mix (Thermo Scientific)
product guidelines: UGV-1 probe (6-carboxyfluorescein [FAM]–CTCGACAAGCGTGGGCGGAGG–black hole
quencher 1 [BHQ-1]), UGV-1-fwd (59-CAAGAAAAACCACACTGCACA-39), UGV-rev (59-AACCTGTTGTGTTCAG
TAGT-39), UHV-1 probe (FAM–TCCTCTGCCGCAAAAGACTATGTCACAG–BHQ-1), UHV-1-fwd (59-ACAAACTGAAT
AAGACTGCTGCATT-39), UHV-1-rev (59-AGGGCTATACACACATAGTTGGATG-39), ABV probe (FAM–CATGAAT
TCTTCATCGACATCAGAAACCG–BHQ-1), ABV-1-fwd (59-CCGTACTGCACAACTGATGATG-39), and ABV-1-rev (59-
AGCAACACAGGAGTAACCTGTCAC-39). The cycling conditions were (i) reverse transcription for 5min at 50°C
and (ii) reverse transcriptase inactivation for 20 s at 95°C, 40 cycles of denaturation for 3 s at 95°C, and anneal-
ing-extension for 30 s at 60°C.

Histology and immunohistochemistry. For histology and immunohistochemistry (IHC), samples of
brain, lung, liver, kidney, pancreas, spleen, small intestine, and heart were fixed in PFA for 48 h and rou-
tinely embedded in paraffin wax. Sections (3 to 4mm) were prepared and stained with hematoxylin-eo-
sin (HE). For all RT-PCR-positive animals, consecutive sections were prepared and subjected to IHC for vi-
ral NP, employing the recently described broadly cross-reactive rabbit anti-pan-reptarenavirus antiserum
(39), according to a previously described protocol (9, 23).

Focus reduction neutralization test using replication-incompetent vesicular stomatitis virus
pseudotyped with reptarenavirus glycoproteins. The production of single-cycle replication, GP-defi-
cient, recombinant vesicular stomatitis virus (VSV) expressing enhanced green fluorescent protein
(scrVSVDG-eGFP) pseudotyped with different reptarenavirus GPs was done as described previously (24).
Each pseudotyped scrVSVDG-eGFP batch was titrated with a 10-fold dilution series on a 96-well plate of
clean I/1Ki cells as described previously (24), and the dilution yielding 50 to 150 fluorescent cells was
selected for a focus reduction neutralization test (FRNT). To demonstrate neutralizing antibodies (NAbs)
against UHV-1, UGV-1, and ABV-1, EDTA plasma was prepared from the blood samples (11). A 2-fold dilu-
tion series of the plasma (1:50 to 1:6,400) was incubated with the different pseudotyped VSVs (50 to 150
FFFU) at 30°C for 60min, with a plasma-pseudovirus mixture volume of 200ml. The plasma-pseudovirus
mixtures were then laid onto 80 to 90% confluent I/1Ki cells grown on 96-well plates (Viewplate-96
black, optically clear bottom, tissue culture treated, sterile, 96-well with lid; PerkinElmer), at 50ml/well.
After 2 h of incubation at 30°C, the virus-plasma mixture was replaced with fresh fully supplemented
medium (see “Cells, viruses, and purification of viruses” above), and the plate was incubated for 16 to 24
h at 30°C. Infected cells were enumerated using fluorescence microscopy. All experiments were per-
formed in triplicate. Plasma samples of 24 naturally reptarenavirus-infected snakes from a previous study
(11) were analyzed using VSVs pseudotyped with S5-like, tavallinen suomalainen mies virus 2 (TSMV-2),
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and UGV-1 GPs. These reptarenavirus S segments had been found in the collection, and the snakes had
been analyzed by RT-PCR for their presence at the time of sampling (11). The neutralizing titer was
determined as the plasma dilution that induced at least a 50% reduction in the number of fluorescent
foci.
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