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Case Study

Serendipitous Discovery of a Novel Murine
Astrovirus Contaminating a Murine Helper
T-cell Line and Incapable of Infecting Highly
Immunodeficient Mice

Rodolfo J Ricart Arbona,"*” Sean Kelly,> Chuanwu Wang,® Rajeev K Dhawan,’ Kenneth S Henderson,® William R Shek,?
Simon H Williams,* Eda Altan,*® Eric Delwart,>¢ Felix Wolf,? and Neil S Lipman’?

The unexpected seroconversion of sentinel mice in our facility to murine T lymphotrophic virus (MTLV) positivity led to
our identification of a novel murine astrovirus that we designated murine astrovirus 2 (MuAstV-2). During our investigation,
MuAstV-2 was found to be a contaminant of the T helper cell line (D10.G4.1) that was used to generate the MTLV antigen
that we included in the multiplex fluorometric immunoassay (MFIA) that we used for sentinel screening. We eventually
determined that cross-reactivity with the astrovirus generated a positive result in the MTLV assay. A confirmatory immuno-
fluorometric assay (IFA) using the same MTLV-infected cell line yielded a similar result. However, the use of antigen prepared
from MTLV-infected neonatal mouse thymus did not reproduce a positive result, leading us to suspect that the seroreactivity
we had observed was not due to infection with MTLV. A mouse antibody production test showed that mice inoculated with
naive D10.G4.1 cells and their contact sentinels tested positive for MTLV using cell-line generated antigen, but tested nega-
tive in assays using MTLV antigen produced in mice. Metagenomic analysis was subsequently used to identify MuAstV-2 in
feces from 2 sentinel mice that had recently seroconverted to MTLV. Two closely related astrovirus sequences (99.6% capsid
identity) were obtained and shared 95% capsid amino acid identity with the MuAstV-2 virus sequenced from the D10.G4.1
cell line. These viruses are highly divergent from previously identified murine astroviruses, displaying <30% capsid identity,
yet were closely related to murine astrovirus 2 (85% capsid identity), which had recently been isolated from feral mice in New
York City. A MuAstV-2 specific PCR assay was developed and used to eradicate MuAstV-2 from the infected colony using
a test and cull strategy. The newly identified MuAstV2 readily transmits to immunocompetent mouse strains by fecal-oral
exposure, but fails to infect NOD-Prkdc26¢52[[2rge26¢422/NjuCrl (NCG) mice, which have significantly impaired adaptive and
innate immune systems. Neither immunocompetent nor immunodeficient mice showed any astrovirus-associated pathology.
MuAstV-2 may provide a valuable model for the study of specific aspects of astrovirus pathogenesis and virus-host interactions.

Abbreviations: IFA, immunofluorescent assay; Lab 1, 2: Laboratory 1, 2; MFIA, multiplexed fluorometric immunoassay; MTLYV,
murine T lymphotrophic virus; MuAstV, murine astrovirus; MuAstV-2, murine astrovirus 2,MuLV, murine leukemia virus; NCG,

NOD-Prkdcem26cd2][2rgem26¢422 /NjuCrl; NSG, NOD.Cg-Prkdc= 112rg"™ Wi /Sz]; V1, V2, V3: vivarium 1, 2, 3
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Astroviruses are nonenveloped, single stranded, positive
sense RNA viruses, named for the stellate shape of their capsid.
The family Astroviridae currently includes the genera Avastro-
virus and Mamastrovirus, with 3 and 19 designated species re-
spectively, although many additional species have been recently
proposed.’ The first astrovirus was identified in 1975 from hu-
man stool, and astrovirus infection has since been implicated
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as a common cause of diarrhea in children worldwide.? More
recently, novel astrovirus variants have been associated with
fatal encephalitis in immunocompromised human patients, as
well as in cows, pigs, mink and sheep.'**?! Identification of
these variants, and the numerous novel astroviruses found in
other species, was made possible using metagenomic analysis.*

Despite the significant impact of astrovirus infection world-
wide, until recently scientists placed relatively little effort on the
search for treatments or prevention, perhaps due to the infec-
tion’s self-limiting course. As new variants have been identified
as the cause of a fatal disease, this group of viruses has become
more widely investigated.® However, our understanding of as-
trovirus biology and pathogenesis has been confounded by the
lack of a suitable laboratory animal model. Historically, inves-
tigations of human astrovirus were conducted in vitro, with
in vivo studies limited to using turkeys infected with turkey
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astrovirus 1 and 2.87%3* The discovery of a murine astrovirus
allows analyses of basic astrovirus biology, pathogenesis, and
immunology using genetically engineered mouse models.®”*

In 1985, astrovirus particles were detected by electron mi-
croscopy in fecal samples from mice with diarrhea.”® The next
report of astrovirus in rodents described 2 distinct, but related
astroviruses identified in samples collected in 2007 from feral
Rattus norvegicus in Hong Kong.* The first astrovirus from a wild
house mouse (Mus musculus) was less than 50% identical to the
previously described rat astrovirus.” Soon thereafter, additional
astroviruses from wild mice and more significantly, laboratory
mice, were identified and characterized. In 2012, a clade of astro-
viruses that was distinct from the previously identified rat and
wild house mouse astroviruses was described.'? Furthermore,
murine astrovirus was found in both wild type and highly im-
munocompromised laboratory mice without apparent clinical
signs of disease.”? Also in that year, naive healthy immunocom-
promised mice from 2 vendors were confirmed to be infected
with an astrovirus that was almost identical to the one described
earlier.*® Two other groups have also confirmed murine astro-
virus infection in mice from commercial vendors.'>?” Murine
astrovirus was found to be enzootic in a significant number of
laboratory mouse colonies, including those in research univer-
sities and industry worldwide.”?2 In 2017, a high prevalence of
astroviruses in multiple rodent species was described in China.*
Most recently, a novel astrovirus was identified in wild mice
(Mus musculus) in New York City (NYC) using metagenom-
ics.”” The sequence of this virus is significantly divergent from
previously described wild and laboratory-derived murine as-
troviruses.”'*?24 However, based on pairwise alignments of
the capsid protein, it shares greatest identity (76%) with the R.
andamanensis astroviruses described earlier.3

Here we describe the serendipitous discovery of an astrovi-
rus that is distinct from the astroviruses previously identified
in laboratory-maintained Mus musculus. Infection was initially
identified by serologic methods after soiled bedding sentinel
mice tested positive to murine T lymphotropic virus (MTLV) us-
ing a multiplexed fluorescent immunoassay (MFIA). A series of
investigations, described in this report, revealed that the MTLV
antigen preparation had been obtained from a murine cell line
that contained viral antigen from an astrovirus related to the
one that had infected our mouse colony and the one detected
in wild M. musculus from NYC.¥” However, this new virus did
not infect a strain of highly immunocompromised mice (NOD-
Prkdcem26¢a2][2pgem26¢422 /NjuCrl). This distinguishing feature, if
confirmed, could be exploited as an additional important model
for the study of specific aspects of astrovirus pathogenesis and
virus-host interactions during infection and replication.

Materials and Methods

History. In January 2016, 2 sentinel Swiss Webster mice
(Tac:SW) housed in separate cages, each having received soiled
bedding from 140 cages on 2 different racks in a single mouse
holding room, tested positive for murine T lymphotropic vi-
rus (MTLV) during routine testing by multiplexed fluorometric
immunoassay (MFIA). MFIA is routinely performed inhouse
with commercially purchased reagents (Lab A; Charles River
Laboratories, Wilmington, MA). Screening for MTLV antibodies
is performed annually because of the low probability of infec-
tion, while antibody screening to a panel of other murine infec-
tious agents is performed bimonthly, semiannually, or annually,
based on the global prevalence of each specific agent. The hold-
ing room was 1 of 4 in a vivarium (V1) housing only mice. At
the time of antibody detection, the vivarium had an average
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daily census of 815 mouse cages (95% capacity), and mice were
routinely transferred between all 4 rooms. MFIA and indirect
fluorescent antibody (IFA) confirmatory testing were conducted
at Lab A. MFIA results were confirmed and an additional con-
firmatory test performed by Lab A was, at that time, interpreted
as positive. The 2 MTLV MFIA and IFA positive sentinels were
euthanized, exsanguinated, and necropsied. Their tissues were
processed for histologic examination and frozen for potential
further analysis. Immediately thereafter, 3 cage mates housed in
the cages containing the 2 index cases and all sentinels (16 mice
in 6 cages) in the 3 other holding rooms were tested for MTLV.
Eleven were confirmed positive by MFIA and IFA.

After confirming that sentinels in all 4 holding rooms were
MTLV positive, the movement of animals from V1 was stopped
and the animals were quarantined in situ. Because animals and
staff had historically moved between this vivarium and 4 other
rooms in 2 additional vivaria (V2 and V3), all sentinels (31 mice)
in these 4 rooms were tested for MTLV by MFIA and IFA. Two
sentinel mice housed in 2 of 3 sentinel cages in a single hold-
ing room in a different vivarium (V2) were also found to be se-
ropositive by MFIA and IFA. These sentinels were associated
with 3 cage racks housing mice belonging to an investigator
whose primary colony was maintained in V1. These 3 racks
were moved to a separate room and quarantined, with no new
mouse entries.

Sera from 2 MTLV positive sentinel mice were submitted to a
second diagnostic laboratory (Lab B; IDEXX BioAnalytics, Co-
lumbia, MO) for MTLV testing by MFIA, IFA and Western blot.
Both samples were negative by all methods. We subsequently
discovered, after discussion with Lab A, that they had altered
the methodology by which the MTLV antigen in the MFIA was
produced. In the traditional method, the antigens for MFIA were
prepared from suckling mouse thymus after MTLV infection. In
early 2014, this method was replaced with an in vitro method
in which the viral antigen was prepared by infecting an MTLV-
permissive murine T helper cell line originating from an AKR /]
mouse’s lymph node (D10.G4.1 [ATCC TIB224]; American Type
Culture Collection, Manassas, VA). Approximately 1.5 yr later,
this cell line was also used for the confirmatory IFA after the ex-
isting inventory of slides made with sucking mouse thymocytes
was depleted. Lab B continued to perform the MTLYV tests using
antigen/slides prepared traditionally from suckling mice.

After being notified of these disparate results, Lab A per-
formed a modified IFA panel that included comparing fluores-
cence in naive D10.G4.1 cells and the traditionally generated
MTLV antigen using MTLV-infected suckling mouse thymo-
cytes. The results confirmed that naive D10.G4.1 cells were
reacting to the MTLV positive sera from our sentinels. These
findings, along with the apparent transmissibility of the agent
through soiled bedding and epidemiology pointing to involve-
ment of a single research group, suggested that an unusual
infectious agent, most likely a virus, had been inadvertently
introduced into the colony, and the introduced virus was react-
ing to antigens from the contaminating virus in the naive D10.
G4.1 cells.

We then undertook a series of investigations first to exclude
MTLV and subsequently to understand and identify the caus-
ative contaminating agent. In parallel, we implemented proce-
dures to contain the agent and reestablish agent-free colonies
using a newly developed diagnostic qRT-PCR for the novel vi-
rus.

Animal housing. All experimental and colony mice were
housed in solid-bottom polysulfone microisolator cages main-
tained in an individually ventilated caging system (Maxi-Miser,



Thoren Caging Systems, Hazelton, PA) on autoclaved aspen
chip bedding (PWI Industries Canada, Quebec, Canada). Flash-
autoclaved, y-irradiated feed (LabDiet 5053, PMI, St Louis, MO)
and acidified water (pH 2.5 to 2.8) were provided ad libitum in
a polysulfone bottle with a neoprene stopper (Thoren Caging
Systems).*® Two pieces of steam-sterilized, compressed, cotton
nesting material (0.5 in? Cotton squares, Ancare, Bellmore, NY)
were supplied in each cage. Cages were changed weekly in
a horizontal-flow, HEPA-filtered, mass air-displacement unit
(NU301, Nuaire, Plymouth, MN). V1 and V2 operate with a
single corridor traffic flow that provides direct access to the
holding rooms, clean storage room, and clean and dirty cage
washrooms. All rooms receive filtered (95% ASHRAE effi-
cient), 100% outside air at 10 to 15 air changes per hour. All
animal holding rooms and the dirty cage washroom are main-
tained at negative pressure relative to the corridor. The clean
cage washroom and storage room are maintained at positive
pressure relative to the corridor. Light:dark photoperiod cycle
was maintained at 12:12 h intervals. Room temperature was
maintained at 72 + 2 °F and relative humidity at 30% to 70%.
Staff entering each room were required to don a disposable
gown, hair bonnet and gloves. PPE was removed upon exiting
each room. Investigators placed their mouse cages into bags
to transport them to their laboratories and procedure rooms
for experimental manipulation and returned to the housing
rooms within 12 h. All mice in the V1 are used for neurosci-
ence protocols, most involving neurosurgical procedures and /
or behavioral testing. Investigators share several behavior and
procedure rooms.

The animal care and use program at Weill Cornell Medicine
(WCM) is accredited by AAALAC, and all animals are main-
tained in accordance to the recommendations provided in the
Guide for the Use and Care of Laboratory Animals 8th Edition. All
animal use described in this investigation was approved by
WCM'’s Institutional Animal Care and Use Committee.

Colony health monitoring. The soiled bedding sentinel pro-
gram has been previously described in detail. Briefly, 4 to 6
wk old female Tac:SW mice (Taconic Biosciences, Germantown,
NY) are obtained for use as soiled bedding sentinels. On ar-
rival, animals are free of antibodies to mouse hepatitis virus,
lymphocytic choriomeningitis virus, Ectromelia virus, mouse
parvovirus, minute virus of mice, murine norovirus, pneu-
monia virus of mice, Reovirus, Sendai virus, mouse rotavirus,
Theiler meningoencephalitis virus, mouse adenovirus, K-Virus,
murine polyoma virus, mouse cytomegalovirus, mouse T lym-
photropic virus, Hantavirus, lactate dehydrogenase-elevating
virus, Filobacterium rodentium, and Mycoplasma pulmonis, Helico-
bacter spp., Salmonella spp., Clostridium piliforme, Corynebacterium
kutscheri, Citrobacter rodentium, and endoparasites and ectopara-
sites. Each sentinel cage serves a maximum of 4, single-sided,
70 cage racks and receives approximately 15 mL of dirty bed-
ding from 40 different colony cages (1 column per rack) weekly.
Soiled bedding is collected and provided to each soiled bedding
sentinel cage from 280 colony cages over a 7 wk period. One
sentinel mouse from each cage is identified every 8 wks and
its” blood collected for serologic testing and fecal samples and
pelt swabs collected for PCR testing. At months 6 and 12 post-
placement, one sentinel mouse from each cage is euthanized for
blood collection, pelt and large intestinal content examination
for ecto- and endoparasites, and a gross necropsy is performed
with histologic examination if gross lesions are found, or if
necessary to confirm positive parasitology or serologic tests.
Survival blood collection (approximately 20 uL) is performed
by tail vein nick, using a sterile 25G needle, collecting blood
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into a microsampler (HemaTIP; CRL, Wilmington, MA), or by
cardiac puncture after euthanasia by CO, inhalation. Select tis-
sues are collected (heart, lungs, thymus, mediastinal lymph
nodes, kidneys, liver, spleen, stomach, salivary glands, mandib-
ular lymph node, mesenteric lymph node, uterus, cervix, skin,
urinary bladder, adrenals, ovaries, oviducts, thyroid, trachea,
esophagus, hind limb [femur, tibia, bone marrow, stifle joint,
skeletal muscle, and peripheral nerves], vertebral column with
spinal cord, sternum, head, coronal sections [including brain,
eye, ears, nasal and oral cavities, teeth]. Tissues are preserved
in 10% formalin and, if deemed necessary, are processed into
paraffin blocks, cut into 5 micron-thick sections, and stained
with hematoxylin and eosin for microscopic evaluation.

A more intensive soiled bedding sentinel protocol was imple-
mented in V1 shortly after the initial MTLV-seropositive sentinel
mice were identified. Briefly, 2 sentinel cages, each cage con-
taining 2 Tac:SW and one NOD.Cg-Prkdcs 112rg"™ " /Sz] (NSG;
Jackson Laboratories, Bar Harbor ME) mice were placed on each
rack. Each sentinel cage received dirty bedding weekly from 34
different cages. Both Tac:SW mice from each sentinel cage were
tested monthly by serology for MTLV using the MTLV MFIA as-
say that detected the initial seroconversion. Fecal samples from
both Tac:SW mice in each cage were also harvested weekly and
stored at -80 °F until used for metagenomic analysis. Once any
of the aforementioned Tac:SW sentinel mice tested positive, the
NSG cage mate was removed and cohoused with 2 new Tac:SW
sentinels which were tested by MFIA every 4 wk to confirm the
NSG were infected and able to transmit infection to the new
sentinels.

Serology assays. Mouse sentinel testing by MFIA is routinely
performed by our Laboratory of Comparative Pathology (LCP)
using reagents obtained from Lab A. The MFIA platform is used
to evaluate sera from the soiled bedding sentinel mice every 2
mo for antibody to mouse hepatitis virus, Sendai virus, mouse
parvovirus, minute virus of mice, pneumonia virus of mice,
Theiler meningoencephalitis virus, mouse rotavirus, murine
norovirus, Reovirus, and Mycoplasma pulmonis; every 6 mo for
Ectromelia virus, lymphocytic choriomeningitis virus, K virus,
mouse adenovirus, and murine polyomavirus; and annually for
mouse cytomegalovirus, mouse T lymphotropic virus, Hantavi-
rus, Clostridium piliforme, and Filobacterium rodentium. Confirma-
tory testing (MFIA and IFA) is performed by Lab A. The MFIA
platform has been previously validated and described.* Two
distinct IFA assays were used. In one assay, D10.G4.1 cells were
cultured in Teflon delineated glass slide wells and subsequently
infected with a low dose of MTLV that leaves most cells unin-
fected. Uninfected cells serve as an internal “tissue” control. In
the second assay, suckling mouse thymocytes were prepared by
inoculating a suspension of MTLV-infected thymus cells from
suckling mice onto monolayers of immortalized thymus and
spleen cells (JLS-V5[RRID:CVCL_2534]); ATCC, Manassas, VA)
in slide wells. For testing, cells were incubated with test serum
and then washed, followed by incubation with antimouse IgG
FITC conjugated antibody. Slides were examined using a fluo-
rescence microscope at 200x magnification.

MTLV qRT-PCR. Buccal swabs were collected using cotton
tipped applicators (Pigeon Corporation, Tokyo Japan) from 11
sentinel mice that had tested positive to MTLV by MFIA. Buccal
swabs from 2 mice that had been used as sentinels for less than
1 mo were also tested. Filter tops and prefilters from the 2 cages
in 2 racks housing the index cases were swabbed as previously
described.” Samples were submitted to Lab A for MTLV testing
by qRT-PCR.

361



Vol 70, No 4
Comparative Medicine
August 2020

Pathologic Examination. Four MTLV seropositive sentinel
mice were euthanized and a complete necropsy performed. Tis-
sue samples (heart, lung, thymus, mediastinal lymph nodes,
kidneys, liver, pancreas, spleen, gallbladder, stomach, duode-
num, jejunum, ileum, cecum, colon, salivary glands, mammary
glands, mandibular and mesenteric lymph nodes, uterus, uri-
nary bladder, adrenal glands, ovaries, oviduct, thyroid, trachea,
esophagus, femur, tibia, bone marrow, stifle joint, skeletal mus-
cle, peripheral nerves, vertebral column, spinal cord, sternum,
brain, eyes, ears, nasal and oral cavities, and teeth) were har-
vested and preserved in 10% buffered formalin for at least 72
h. Samples were processed, embedded in paraffin and cut into
5-micron sections before staining with hematoxylin and eosin
for microscopic evaluation.

Electron Microscopy. Naive and MTLV infected D10.G4.1 cells
(approximately 3 x 107 cells) were fixed in 1 mL 4% paraformal-
dehyde, 2.5% glutaraldehyde in 0.1 M sodium cacodylate, pH
7.3 and kept on ice for 1 h. The fixative was decanted and 1 mL
0.1 M sodium cacodylate, pH 7.3 buffer was added. The sample
was refrigerated at 4 °C until evaluated by transmission electron
microscopy.

Mouse antibody production (MAP) test. The D10.G4.1 cell
line (TIB-224; ATCC, Manassas, VA) was maintained follow-
ing ATCC’s recommendations. Briefly, cells were cultured us-
ing RPMI-1640 Medium (ATCC) with 10% T-STIM with Con A
(Beckton Dickinson, Franklin Lakes, NJ), 10% fetal bovine serum,
0.05mM 2-mercaptoethanol and 10 pg/mL recombinant mouse
IL-1 o (R and D Systems, Minneapolis, MN). Two frozen vials
containing MTLV infected or naive cells (approximately 8 x 10°
cells/vial) supplemented with an additional 10% fetal bovine
serum and 5% DMSO were shipped to our laboratory for MAP
testing and electron microscopy. Cells were allowed to thaw in a
water bath at 20 °C. Cells were centrifuged at 10,000 g for 20 min,
supernatant removed and the cells washed twice by resuspend-
ing the pellet in 1 mL phosphate buffered saline (PBS) at 20 °C.

A Tac:SW mouse was inoculated intraperitoneally (IP) with
approximately 5 x 10° naive cells in 0.5 mL PBS. A second mouse
was inoculated IP with approximately 5 x 10° MTLV infected
D10.G4.1 cells in 0.5 mL PBS solution. The 2 inoculated mice
were housed in separate cages, each cohoused with a naive
Tac:SW contact sentinel. Twenty microliters of blood were col-
lected from each mouse at 10, 35 and 48 d after inoculation.
Blood samples were tested by MFIA and IFA at Lab A.

Metagenomic analysis of fecal samples. Fecal samples col-
lected from soiled bedding sentinels (intensified program) were
selected for analysis based on positive serologic results. The
samples used were those collected from the 2 sentinels in a sin-
gle cage at 17 d before they tested positive for MTLV by MFIA.
Fecal pellets were diluted with 750 pl Dulbecco phosphate-
buffered saline, pooled, homogenized with a mortar and pestle,
clarified by 15,000 g centrifugation for 5 min, and supernatant-
filtered using a 0.45 pm filter (Millipore). Free nucleic acids in
the filtrates (not protected in viral capsids) were digested using
DNAse and RNAse to enrich for viral nucleic acids. Nucleic
acids were then extracted (MagMAX Viral RNA Isolation Kit,
Ambion, Austin, Tx) and amplified by random qRT-PCR fol-
lowed by use of the Nextera XT Sample Preparation Kit (Illu-
mina) to generate a library for Illumina MiSeq (2 x 250 bases)
with dual barcoding as previously described.? After de novo
assembly using the Ensembl program,™ the contigs and singlets
were analyzed using translated protein sequence similarity
search (BLASTx v.2.2.7) to all annotated viral proteins available
in GenBank. Geneious R10% was then used to align reads and
contigs to reference viral genomes in GenBank.
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Whole virus genome sequencing (WGS) of virus from feces
and D10.G4.1 cells. WGS of the virus isolated from feces that
had been used for metagenomic analysis (2 samples) and of the
contaminated cell line was undertaken to obtain a more com-
plete sequence. Four fecal pellets collected from sentinel mice
were resuspended in PBS (Thermo Fisher Scientific, Waltham,
MA) and homogenized (TissueLyser Cat. 85300; QIAGEN, Ger-
mantown, MD). RNA from the fecal pellets and naive D10.G4.1
cells (approximately 5 x 10° cells) were extracted (RNeasy Isola-
tion Kit Cat. 74104; QIAGEN) according to the manufacturer’s
instructions with minor modifications. Specifically, extracted
RNA was eluted into 60 pl elution buffer. Extracted nucleic ac-
ids were further treated with an endonuclease on an elution
column (RNase-Free DNase Cat.79254; QIAGEN) for 5 min
at ambient temperature before elution. Reverse transcription
was performed on purified RNA using reverse transcriptase.
Double-stranded cDNA was purified (AMPure XP Beads, Beck-
man Coulter Life Sciences, Indianapolis, IN) following the
manufacturer’s instructions. The concentration of cDNA was
determined (Qubit 3.0 Fluorometer and Qubit dsDNA HS Assay
Kit, Thermo Fisher Scientific, Waltham, MA) and normalized
to 0.2 ng/pl for sequencing library preparation. The sequenc-
ing library was prepared (Nextera XT library preparation kit,
[llumina) with dual-indexing and sequenced on a sequencing
instrument (Illumina MiSeq, Illumina) according to the manu-
facturer’s “MiSeq Sequencing System Guide” for 2x300 base
pair reads. Adapters were removed and reads were de novo
assembled with SPAdes (v 3.9.0).

Phylogenetic analysis. Capsid sequences from Mamastrovi-
rus (n = 19) and Awvastrovirus (n = 3) species were obtained from
the National Center for Biotechnology Information reference
sequence database. In total, 61 capsid protein sequences were
aligned to the 4 MuAstV-2 sequences using ClustalW in Ge-
neious 10.2.3.5 and exported to MEGA®6 for model selection.’*
The Le and Gascuel substitution model was employed to pre-
pare a maximum likelihood tree with 500 bootstrap repetitions.”!
Anewick tree was exported to Figtree (http:/ /tree.bio.ed.ac.uk/
software/figtree/) for annotation.

MuAstV-2 qRT-PCR assay. Contigs obtained from metage-
nomic analysis of fecal samples and cell line sequencing were
subjected to similarity search against the nonredundant protein
or nucleotide databases of GenBank. Based on comparison with
related viruses, a conserved region was targeted for design of
a real-time PCR TaqMan assay (proprietary) with 2 separate
sets of primers based on methods previously described.” Each
primer set was used to test the naive fecal pellets from both
MFIA and IFA positive and negative sentinels, naive D10.G4.1
cell derivatives (DNA and RNA pellets and supernatant), fresh
cell culture media, and mouse thymocyte RNA.

MuAstV-2 Outbreak Eradication. Investigators in V1 reduced
the number of mouse cages to only those that were essential to
maintain a specific strain, and/or complete ongoing investi-
gations. The remaining cages were relocated into 2 rooms and
quarantined in V2. V1 was emptied, all cage racks and caging
equipment were sanitized in a rack washer; disposables, con-
sumables, rack blower hoses, HEPA filters and prefilters were
discarded and replaced. All surface areas in each holding room,
including ventilated rack blower units and animal change sta-
tions/biologic safety cabinets were disinfected with chlorine
dioxide solution (Clidox [1:4:1 dilution]; Pharmacal Research
Labs, Waterbury, CT) providing at least 3 min contact. Sur-
faces were wiped dry, rinsed with water and allowed to air dry.
All laboratories that used mice associated with V1 were also
decontaminated using the same procedures. One week after
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Figure 1. Modified immunofluorescent assay (IFAs) panel conducted using MTLV-infected thymocytes, MTLV-infected D10.G4.1 cells, and naive
D10.G4.1 cells. Serum tested included sera from mice infected with MTLV (MTLYV pos), sera from mice free of MTLV (MTLV neg), and sera from
the index cases. Naive and MTLV infected D10.G.4 cells show strong fluorescence when exposed to serum from the index case. Naive cells do
not show fluorescence when exposed to serum from a mouse exposed to MTLV (positive control).

depopulation and decontamination, MuAstV-2 free mice were
purchased from approved vendors to repopulate the facility.

In parallel, the MuAstV-2 shedding status of mice in quaran-
tine in V2 was evaluated. A fecal pellet was collected from each
cage. Pellets were pooled (10 pellets/sample) and tested us-
ing the newly developed MuAstV-2 qRT-PCR assay. Individual
cages (10 fecal pellets/cage) associated with the sentinel cage
were tested after the detection of a positive pooled cage sample.
If a cage was PCR positive, all cage occupants were euthanized.
Immediately after the initial testing, these testing procedures
were repeated. All remaining cages were then relocated to V1
and the intensive soiled bedding sentinel program previously
described was implemented. If a sentinel tested positive, all
cages on the associated cage rack were tested by PCR (10 cages/
sample) and cages from each positive sample were then tested
individually.

Infectivity experiment. A virus stock was prepared from intes-
tinal contents harvested from qRT-PCR positive mice. Intestinal
contents (approximately 2.5 mL) were homogenized in sterile
PBS (approximately 11.5 mL), clarified via centrifugation (5,000
RPM for 20 min), and passed through a sterile 0.22-um filter
(Nalgene 726 to 2520; Thermo Fisher Scientific, Waltham, MA).
The stock was confirmed as MuAstV-2-positive using qRT-PCR

(using the newly developed assay) and negative for murine
astrovirus 1 using an established diagnostic assay performed
by Lab A. Four NOD-Prkdc26#2]]2rg2¢%422 /NjuCrl (INCG],
Charles River Laboratories) and 4 C57BL/6NCrl female mice
and 3 female Crl:CD(SD) rats, all obtained from Charles River
Laboratories, were each gavaged with 200 uL (mice) or 700 uL
(rats) of the filtered virus stock solution. Animals were cohoused
in separate cages by strain. Two additional C57BL/6NCrl were
gavaged with 200 pL of PBS (controls) and housed together
in a separate cage. At 3, 7, and 21 d after inoculation, all mice
were separated and housed in clean individual cages until a
fecal sample was obtained from each mouse; mice were then
rehoused in their original cages. Fecal pellets were harvested
in a similar fashion at 2, 3, and 6 d after inoculation from rats.
All animals were euthanized for tissue harvest at the last time
point. All fecal samples were maintained at -80 °C until testing.
Animals were observed daily for clinical signs of disease such
as lethargy, hunched posture, unkempt hair coat, or diarrhea.
Fecal samples from individual animals were assayed separately
for MuAstV-2 by gRT-PCR.
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Figure 2. Pairwise nucleotide identity matrix for the capsid protein of murine astrovirus 2 and related viruses
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Figure 3. Pairwise amino acid identity matrix for the capsid protein of murine astrovirus 2 and related viruses

Results

Outbreak with a Novel Infectious Agent. After identification of
the 2 index cases, an additional 13 of 21 soiled bedding sentinels
in 7 of 8 sentinel cages in the 4 V1 animal holding rooms tested
positive by MFIA and IFA using the D10.G4.1 cell-generated
MTLV antigen and IFA slides, respectively. Two of 7 soiled bed-
ding sentinel mice in 2 out of 3 cages in a single holding room
in V2, having received mice from V1 on many occasions, were

364

also seropositive. Soiled bedding sentinel mice in 7 cages, in 3
other holding rooms from V3 and receiving mice from V1, were
all seronegative.

The MTLV-infected D10.G4.1 cell IFA slides reactive to the
sera from the index cases were reevaluated due to the rarity of
a true MTLV outbreak in laboratory mice. A modified IFA panel
was performed by commercial Lab A, which demonstrated fluo-
rescence on both MTLYV infected and naive D10.G4.1 cells, but
not on MTLV infected suckling thymocytes. In addition, serum



obtained from a negative control mouse showed no staining in
either the IFA using MTLV infected sucking thymocytes or naive
(non MTLYV infected) D10.G4.1 cells. Figure 1 shows a represen-
tative modified IFA panel. These findings strongly suggested
that the sera from the index cases were cross-reacting with an
unknown antigen in the naive D10.G4.1 cells. Buccal swabs col-
lected from 13 soiled bedding sentinels, filter tops from both
index sentinel cages and prefilters from their respective racks
all tested negative by qRT-PCR for MTLYV, providing additional
evidence that MTLV was not the offending infectious agent.

Pathology. Gross or microscopic lesions attributable to MTLV
or another infectious agent were not detected in the 4 MTLV
seropositive sentinels examined by MFIA. Pathologic changes
were limited to background lesions typically observed in mice
of this age and stock.

Electron Microscopy. Viral capsids with and without dense
cores and prominent accumulations of filamentous structures,
consistent with prior descriptions of MTLV ultrastructure, were
commonly observed in the nucleus and less frequently in the
cytoplasm (capsids only) of the MTLV experimentally infected
D10.G4.1 cells used for antigen harvest.! There was no evidence
of viral particles or structural elements in the naive D10.G4.1
cells.

MAP Test. The mouse inoculated with MTLV infected cells
was positive for MTLV by MFIA using D10.G4.1 cell-generated
MTLV antigen at all 3 time points, but positive by IFA only at 48
d after inoculation. All other mice, including contact sentinels
tested “positive” for MTLV by MFIA at days 35 and 48, but by
IFA only at 48 d after inoculation.

Metagenomic Analysis of Fecal Samples from Seropositive Sen-
tinels. Two sequence reads, 238 and 212 base pairs long, were
obtained from feces from the 2 soiled bedding sentinels that
had subsequently seroconverted by MFIA at 17 d after collection
of the feces. These reads were 89.9% and 91.3% identical at the
nucleotide level with an astrovirus previously identified from
feral mice in New York City (GenBank accession MF175073.1).
Astrovirus from wild Rattus norvegicus (GenBank accession
HM450380-HM450386) in Hong Kong were the next closest
match at 80.8% and 73.8% nucleotide identity, respectively.* Raw
data is available in GenBank under accession PRINA547824.

Whole Virus Genome Sequences. Astrovirus sequences were
obtained from both fecal pellets and cell line samples. Full se-
quences are available in GenBank as accessions MN503236,
MN503237, and MN503235, respectively. The virus identified
as MuAstV-2, sequenced from feral mice in New York City,
shares 89.9% and 89.2% and 89.3% nucleotide percent iden-
tity to the virus we sequenced from the cell line (MuAstV-2/
TIB224) and the 2 fecal pellets (MuAstV-2/WCM1 and 2), re-
spectively. MuAstV-2/TIB224 and MuAstV-2/WCM1 and 2
share 92.5% and 93.6% nucleotide identity, respectively, and
share less than 50% identity with MuAstV commonly found in
laboratory mice.”* Figures 2 and 3 summarize nucleotide and
amino acid percent identities, respectively, of the ORF2 (cap-
sid) sequence region of various astroviruses. The tables also
provide a heat map in which increasing similarity between
samples is shown by a color change, from yellow to orange
to red. Figure 4 shows the phylogenetic relationship between
each of the described MuAstV-2 capsid sequences and pre-
viously reported astroviruses. MuAstV-2 sequences form a
unique clade (100% bootstrap support) separate from several
astrovirus sequences identified in Rattus sp. from Hong Kong
and China.

MuAstV-2 qRT-PCR. Naive D10.G4.1 cells and fecal pellets
from MTLV seropositive sentinels were tested using 2 primer

Murine astrovirus 2 investigation

sets. Only one set of primers detected viruses from both the
mice and the D10.G4.1 cells and was therefore used in the infec-
tivity experiments and outbreak eradication program. Results
are summarized in Table 1.

MuAstV-2 Outbreak Eradication. Multiple pooled sentinel
cage samples tested positive by PCR during the first round of
testing in both quarantine rooms. Testing of individual cages
associated with each positive pooled cage sentinel revealed at
least one cage contributing to the pool of housed PCR positive
mice; these animals were culled. MuAstV-2 positive samples
were not detected by PCR during the second round of testing.
Once all remaining cages were transferred back to V1, monthly
testing of feces by PCR was conducted for 6 mo using the in-
tensive soiled bedding sentinel protocol. The standard sentinel
testing protocol was then restored, except that the sera sam-
ples were also tested every 2 mo using D10.G4.1 cell-generated
MTLV serology assay. All serology results have been negative
for more than 18 mo.

Infectivity Experiment. All 4 B6 mice inoculated with
MuAstV-2/WCM were PCR positive at the 3 time points tested.
Both of the PBS-inoculated B6 mice remained negative through-
out the experiment, confirming that cross-contamination did not
occur. None of the mice had clinical signs of disease. All 4 NCG
mice inoculated with MuAstV-2/WCM were negative at all 3
time points tested. Virus copy numbers for all mice are provided
in Table 2. Individual fecal pellets, taken from a rat at each of the
3 time points, were all negative for MuAstV-2.

Discussion

We have shown the D10.G4.1 cell line (ATCC TIB224)
was contaminated with a previously unknown astrovirus,
MuAstV-2, and we present evidence that laboratory mice were
infected with a similar virus strain. These discoveries would
not have been possible had we not been testing mouse sentinels
with an assay that, unbeknownst to us, included a serologic
antigen preparation obtained from the contaminated cell line.

Initially, sentinels in V1 and a room in V2 tested positive for
MTLV by MFIA using an inhouse, as well as a confirmatory
assay conducted at a commercial diagnostic laboratory (Lab
A) that also provided the reagents used in the inhouse MFIA.
However, MTLV specific PCR results were negative, and the
same sera samples were confirmed seronegative at a second
diagnostic laboratory (Lab B). This suggested the initial results
were false positives. The serology results were replicated by
inoculating naive mice with the uninfected (MTLV) cell line
used by Lab A to obtain antigen for their MTLV serology assays.
Metagenomic analysis confirmed that both our sentinels and
the cell line were infected with similar strains of a novel murine
astrovirus, explaining the cross reactivity with the MTLV serol-
ogy assay.

It is unclear as to how and when the cell line became infected
with MuAstV-2. The first report describing the establishment of
the cell line describes the harvest of lymph nodes from AKR/]
mice immunized with ovalbumin.’® These source animals could
have been infected with the virus. However, cells from the
harvested lymph nodes were cultured using several biologic
products that also could have been contaminated. Notably, the
culture medium included a T-cell culture supplement (T-STIM
with Con A). This supplement, made from rat splenocytes ex-
posed to the mitogen Concanavalin A, may also have been the
source of contamination, as the virus isolated from the cell line
showed up to 74% nucleotide identity to several astroviruses
isolated from various rat species. As the cells were cocultured
with splenocytes harvested from syngeneic mice, any of the
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Figure 4. Phylogenetic analysis of murine astrovirus 2 sequences. The maximum likelihood tree was constructed using the capsid protein se-
quence. The scale bar represents the number of substitutions per site and bootstrap values are displayed when greater than 70%. Murine astro-

virus 2 sequences are highlighted with blue shading.

various splenocyte donors used to maintain the cell line prior to
providing it to the ATCC could also have served as the source
of the virus. The current culture recommendations for the D10.
G4.1 cell line use mouse interleukin 1 (IL1) rather than spleno-
cytes. When this change occurred is not documented, but mouse
IL1 harvested from activated murine cells, rather than recombi-
nant IL1, may have been used. While we cannot speculate when
the cell line became contaminated, our evidence shows that the
current ATCC D10.G4.1 cell stock is infected with MuAstV-2.
Furthermore, while we have not tested other commercially
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available cell lines for MuAstV-2 contamination, we have noti-
fied ATCC and suggest caution when interpreting experimental
data obtained using D10.G4.1 cells.

We cannot connect the use of this cell line to the apparent
MTLV outbreak identified in our vivarium. Furthermore, we
could not find any publications describing the in vivo use of
D10.G4.1 cells. We surveyed the scientists using animals in V1
and identified only a single biologic, a recombinant adeno-as-
sociated virus (AAV) vector, which had been administered to
mice within the vivarium within the past several years. At the



Table 1. MuAstV-2 qRT-PCR Primer Set Test Results

Murine astrovirus 2 investigation

Sample and template types

Copy no. primer set 1

Copy no. primer set 2

MTLV Seropositive Fecal Sample 1 RNA 15,849 17,845
MTLYV Seropositive Fecal Sample 2 RNA 2 2
MTLYV Seropositive Fecal Sample 3 RNA 946 1,233
MTLYV Seropositive Fecal Sample 4 RNA 2,712 3,845
MTLV Seropositive Fecal Sample 5 RNA 32,975 49,424
D10.G4.1 cell pellet DNA 0 0
D10.G4.1 cell supernatant DNA 0 0
D10.G4.1 cell supernatant RNA 0 107,227
D10.G4.1 cell line pellet RNA 0 1,995,262
MTLV Seronegative Fecal Sample 1 RNA 0 0
Fresh cell culture media for D10.G4.1 cells 0 0
Naive Mouse Thymocyte RNA 0 0
Table 2. MuAstV-2 copy number at day 3, 7, and 21 post inoculation with MuAstV-2/WCM1
Copy no.
Strain Animal Day 3 Day 7 Day 21
C57BL/6NCrl 1? 0 0 0
22 0 0 0
3 107227 432876 6579
4 53367 432876 6579
5 107227 215443 1630
6 107227 869749 3275
NCG 7 0 0 0
8 0 0 0
9 0 0 0
10 0 0 0

aInoculated with sterile PBS

time of the survey, we had not identified MuAstV-2 and thus
did not have a diagnostic PCR; however, the last available ali-
quot of the biologic had already been used experimentally. Sera
from these mice were tested and found to be seronegative using
the D10.G4.1 cell-generated MFIA. These results, and the fact
that most AAV vectors are produced using human or insect cell
platforms, make it highly unlikely the AAV was the source of
the outbreak.?

AKR mice are carriers of an endogenous murine leukemia
virus (eMuLV), AKV, which is associated with emergence of a
unique MuLV called mink cell focus-forming (MCF) virus in the
thymus at about 5 mo of age. MCF are formed by recombination
of AKV with the replication-defective polytropic MuLV found
in the mouse genome. The formation of MCF is promoted by
the high level of AKV expression and leads to a 70% to 95%
incidence of leukemia at approximately 6 mo of age.® As the
D10.G4.1 cells were of AKR origin and expressed high levels
of ecotropic MuLV (data not shown), we speculated that the
mice in our vivarium were potentially expressing and develop-
ing antibody to an endogenous MuLV or had become infected
with a horizontally transmissible MuLV. We developed an AKV-
specific IFA, but the results obtained were inconsistent.

Simultaneously, we confirmed that the MFIA and IFA results
could be replicated in mice inoculated with MTLV-free D10.
G4.1 cells, using their naive cage mates as contact sentinels.
Furthermore, sera obtained 48 d after inoculation with naive or
MTLV-infected cells were confirmed negative and positive for
MTLY, respectively, by Lab B, using the in vivo-generated MTLV
antigen. These findings, along with the modified IFA panel re-
sults, indicated that antibodies in mice from our vivarium were

reacting with an unknown antigen(s) in the naive D10.G4.1 cells.
Although the antibodies may have been reacting to mouse anti-
gens inherent to the D10.G4.1 cells, this was considered unlikely
because the naive SW contact sentinels also tested positive, sug-
gesting transmission of an unknown agent. At the same time,
SW sentinels from other vivaria did not have cross-reacting anti-
bodies, nor did the thousands of samples tested by Lab A using
this assay. We hypothesized, based on these results, the epide-
miologic data, and the apparent fecal-oral mode of transmis-
sion, that an unidentified virus was infecting our mouse colony,
and the cell line was infected with the same or an antigenically
similar virus.

Lab A had screened the cell line by PCR for all known murine
viruses as part of a quality assurance program prior to use for
MTLYV antigen production. The cell line was only positive for
mouse parvovirus 1 (MPV-1); however, the virus appeared to be
incomplete or nonreplicating because cells were MPV-negative
by MAP test and by IFA with MPV-1 and other parvovirus an-
tisera. Subsequent whole genome sequencing revealed integra-
tion of a partial MPV-1 sequence.

As we suspected a virus, and the D10.G4.1 cells were nega-
tive for replication competent mouse pathogens, we turned to
metagenomics to identify the putative pathogen. Two contigs
that most closely matched a novel astrovirus, identified from
feral rats (Rattus norvegicus) in China, were assembled from fecal
pellets collected from animals that subsequently seroconverted
in the MTLV MFIA * Subsequently, an additional report identi-
fied a more closely related astrovirus from feral mice (M. muscu-
Ius) in New York City.”
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Whole virus genome sequencing of the cell line and the fe-
cal pellets confirmed the presence of highly similar astrovi-
ruses (MuAstV-2/TIB-224 and MuAstV-2/WCM1 and 2).
These viruses are most closely related to MuAstV-2, and the
rodent astroviruses described previously***” These viruses are
highly divergent from the first astrovirus identified from M.
musculus and from the more common astroviruses of labora-
tory mice.”'2%#4 This finding confirmed our speculation that
MuAstV-2, or a closely related virus, had infected our labora-
tory mouse colony, as well as the cell line from which the an-
tigen used for the MTLV screening assays was derived. This
explained why the MTLV assay results were positive, despite
the mice not having been exposed to MTLV.

With the virus sequences available, we developed a reliable
PCR assay that detects MuAstV-2 and other closely related
rodent astroviruses. This assay was used as the primary diag-
nostic tool to implement a test-and-cull eradication plan to re-
populate V1 with mice free from MuAstV-2. Since completing
that plan over 18 mo ago, we have continued to use the MTLV
MFIA to test all sentinels every 2 mo as a surrogate serologic
test for MuAstV-2. Results have consistently remained nega-
tive in all vivaria. We now also use PCR for MuAstV-2 to test
feces from all mouse strains entering our facility from noncom-
mercial sources. The prevalence of this virus appears to be very
low. Over an 18-mo period we have tested over 350 groups of
mice imported from other institutions; so far 2 groups of mice,
also from academic institutions in NYC, have tested positive
by PCR; these results have been confirmed with serologic as-
says. In addition, Lab A, which had been using the D10.G4.1
cells to generate MTLV antigen for approximately 18 mo prior
to our first positive results, determined retrospectively that out
of the thousands of samples tested using this assay, only one
additional set of related samples, also collected from mice at a
third academic institution in the NYC metropolitan area, had
similar positive results. These findings indicate that this virus
may be present in at least some other institutional colonies.
The outbreak at our institution may have resulted from the im-
portation of mice from another institution and passed through
quarantine without the use of an appropriate diagnostic test.
However, we consider this possibility less likely, because our
quarantine records show imported mice that entered V1 in
the 18 mo prior to the identification of the outbreak did not
have questionable MTLV results consistent with MuAstV-2
contamination. However, we cannot be completely certain that
the antigen used in all assays during this period was derived
from the cell line.

In our opinion, the more likely root cause of the outbreak was
the incursion of feral mice into laboratory areas where investi-
gators work with research mice on the bench without the pro-
tection of cage filters, biologic safety cabinets, and/or animal
change stations. While our pest control program had not identi-
fied feral mice in the vivarium or the adjacent laboratory spaces,
feral mouse incursions could nonetheless go undetected. In fact,
feral mice have been trapped in the building’s loading dock,
and we confirmed that fecal pellets from a feral mouse trapped
in this location tested MuAstV-2 positive by PCR.

Highly immunocompromised NSG mice were cohoused
with immune competent SW mice during periods in which
the latter were infected with and subsequently seroconverted
to MuAstV-2. We expected that the NSG mice would become
persistently infected, shed high levels of the virus for a pro-
tracted time, and potentially develop clinical disease, as oc-
curs when immunocompromised mice are exposed to many
murine viruses. However, this did not occur. To confirm our
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assumption that highly immunocompromised mice would
not support MuAstV-2 infection, we inoculated both B6 and
NCG mice with the virus. No clinical signs of disease were
observed in either strain. Fecal PCR results were negative in
NCG mice, whereas B6 mice has positive fecal PCR results.
This finding suggests that infection did not occur in the NCG
strain and supports the suspicions based on the NSG sentinels.
Although additional confirmatory experiments are required,
these results may highlight an unusual characteristic of this
astrovirus in that perhaps at least one of the cell types or cyto-
kine pathways absent or altered in NSG and NCG mice may be
necessary to support virus entry and/or replication. A recent
report found that enteric bacterial or viral species can prevent
or shorten virus infection in highly immunocompromised
mice. Therefore, our findings may indicate the presence of an
unidentified infectious agent modulating the innate immune
response in NCG mice and preventing MuAstV-2 infection.?¢
Our findings also suggest that MuAstV may serve as a valu-
able model to study virus (astrovirus)-host interactions and
pathogenesis.

Because MuAstV-2 forms part of a phylogenetic clade shared
with astroviruses identified from rats, we inoculated outbred
rats with over a 3-fold greater infectious dose than was used
to infect mice. Although we tested only one rat per time point,
the results suggest that MuAstV-2 does not infect rats. Because
astroviruses are considered to be species specific, this finding is
not surprising, although some have suggested that cross-species
infections may be responsible for the high number of astrovi-
ruses identified."

In conclusion, the pursuit of false positive serologic results
to MTLYV led to the identification of a novel murine astrovirus,
MuAstV-2, infecting both laboratory mice and the cell line in
which the assay antigen was produced. MuAstV-2 appears to
have the unusual feature of not replicating in highly immuno-
compromised mice. This finding is yet another example of how
unexpected laboratory results can lead to discovery.
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