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with an expiry date of past-1990 are likely to originate from
plasma sourced from screened ‘low-risk’ blood donors.
Therefore, the reduced prevalence of PARV4 in more recently
* manufactured factor VIII products may be a result of the
removal of specific ‘high-tisk’ donor popuwlations.

Virus inactivation using a variety of heat treatments was
introduced into the manufacturing process of existing
coagulation factor products in the mid-1980s, béfore the
implementation of HIV and HCV screening. The effective-
ness of these treatments, for HCV parficularly, varied greatly,
depending on the duration and temperature of heating and
whether the product is in liquid form or lyophilized (15,18].
Other virus inactivation procedures include solvent/detergent
treatment, which is effective against enveloped viruses [17,18].
Animal parvoviruses, such as canine, bovine and porcine
parvoviruses, and minute virus of mice, were used to inves-
tigate the effectiveness of virus inactivation of plasma prior
to the development of cell culture-based assays for B19V. By
virtue of their small size and absence of viral envelope,
arimal parvoviruses ave relatively resistant to inactivation
by a range of heat and chemgical agents [19]. Based on studies
using these model parvoviruses, B19V was also expected to
be resistant to these virus inactivation strategies and uniikely
to be effectively eliminated by dry heat and pasteurization
{5]. However, recent studies using B19V cultures suggest that
it is more susceptible to heat and low pH treatments than
other animal parveviruses [20-23). Results here show that
there was not a significant reduction in the prevatence of
B19V DNA in factor VIl products manufactured after the
introduction of virus inactivation procedures (B19V DNA
was detected in 41% of products manufactured without virus
inactivation measures vs. 39% of products manufactured
using virus inactivation steps). However, it must be noted
that virus inactivation procedures such as heat and low pH
treatments do not physically remove viral DNA, which may
still be detectable by NAT. The effect of virus inactivation
procedures on PARV4 temains to be determined; however,
the reduced prevalence of PARV4 in factor VII products
manufactured with virus inactivation (8% in virus inactivated
products vs. 22% in products manufactured without virus
inactivation) may suggest that these viruses are susceptible
to virus inactivation treatents. The increased prevalence of
PARV4 in factor VI concentrates expiring in the late $1970s
and mid~1980s may also result from epidemics of infection as
.has been observed for B19V [2]. Qur investigation of recent and
archived manufacruring plasma pools for PARV4 identified
an increased prevalence of these viruses in plasma pools
received from one manufacturer between 1991 and 1992, which
may be the result of seasonal and/for epidemic variation [9].

PARV4 viral loads in these factor VI concentrates were as
high as 5 log,, per m! of product, while the levels of B19V
were as high as 8 log,, per m! of product. The higher levels
of contaminating PARV4 and B19V viruses were confined to

the older factor VIIl concentrates (expiring pre-1990).
Considering that downstream purification and processing of
manufacturing plasma pools will alter the viral loads present
in subsequent plasma-derived products, viral loads in these
factor VI concentrates correlate well, albeit being approxi-
mately 1 log,, lower, with the levels of PARV4 and B9V
detected in recent and archived plasma pools [8,5]. In these
manufacturing plasma pools, the viral loads of these viruses

typically range up to 6 log,, per ml of plasma for PARVA4, and

up to 9 log,, per ml of plasma for B15V.

In manufacturing plasma pool samples previously examined
for the presence of PARV4, we found that genotypes 1 and
2 were detected in approximately equal proportions [8,9).
These samples were received at NIBSC for plasma pool testing
between 2005 and 2006, but also included archived samples
received between 1990 and 1993. In this present study, we
detected a greater prevalence of PARV4 genotype 2 over
genotype 1 in factor VI concentrates manufactured in the
past 30-35 years {21 products testing positive for PARV4
genotype 2 sequences vs. nine products testing positive
for PARV4 genotype 1 sequences), As the majority of these
PARV4-positive factor VIII products had expiry dates of
pre-1990 and were likely to have been manufactured from
blood donations collected before the mid-1980s, these results
suggest a temporal change in the prevalence of PARV4 geno-

types aver the past 30-35 years. A similar temporal change in *
parvovirus genoprevalence has been suggested in the case of

B19V genotypes 1 and 2, where both genotypes were equally
detected in the tissues of individuals born in the 1950s or

earlier, while genotype 1 viruses were predominantly detected

in'the tissues of individuals born in the 1960s and later [24].
Further evidence for a temporal succession of infection
with PARV4 genotype 1 over genotype 2 has recently been
reported in HIV infected patients {25].

Although positive PCR results do not necessarily reflect
infectivity, the detection of PARV4 DNA in coagulation
factor VII concentrates in this study raises questions as to
whether PARV4 has been transmitted parenferally to the
recipients of such products. PARV4 was ariginally identified
in an individual who was a daily injecting drug user and it is
possible that he acquired the virus through this route [1]. In
addition, we have identified an increased incidence in the
detection of PARV4 in febrile patients, including IVDUs and
homosexual men [9], and in individuals infected with HCV
(including IVDUs) {26]. An increased prevalence of PARV4 in

H[V—mfected 1ndmduals has also recently been reported [25] :

HBV make it imposgsible tg
a role in his symptoms [1].
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may cause subclinical infections. and the implications for the
safety of blood and plasma-derived products such as factor
VII are still not known.
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ABSTRACT

BACKGROUND

Three patients who recewed visceral-organ transplants from a single donor on the
same day died of a febrile iliness 4 to 6 weeks after transplantation. Culture, poly-
merase-chain-reaction (PCR) and serologic assays, and oligonucleotide mlcroarray
analysis: for a wide range of mfecuous agents were not informative,

M ETHO [+1:3

We eyaluated RNA obtained from the liver and kidney transplants in two recipients.
Unbiased high-throughput sequencing was used to identify microbial sequences
not found by means of other methods. The specificity of sequences for a new can-
didate pathogen was confirmed by means of culture and by means of PCR, immu-
nohistochemical, and serologic analyses

n

RESULTS
High- throughput sequenang ylelded 103 632 sequences, of which 14 represented
an Old World arenavirus. Addluonal_sequence analysis showed that this new arena-
virus was related to lymphocytic choriomeningitis viruses. Specific PCR assays
based on a unique sequence confirmed the presence of the virus in the kidneys,

liver, blood, and cerebrospinal fluid of the recipients. Immunohistochemical analy-

sis revealed arenavirus antigen in the liver and kidney transplants in the recipients.
IgM and IgG antiviral antibodies were detected in the serum of the donor. Serocon-

version was evident in serum specimens obtained from one recipient at two time

points.

CONCLUSIONS _ : o

Unbiased high-throughput sequencing is-a powerful tool for the discovery of patho-
gens. The use of this method during an outbreak of disease facilitated the identifi-
cation of a new arenavirus transmitted through solid-organ transplantation.

N ENGL ] MED  10.1056/NE)Moa073785
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¥ ETHODS OF CLONING NUCLEIC ACIDS
. of microbial agents directly from clini-
: +- cal specimens offer new opportunities
for the surveillance and discovery of pathogens.

Molecular techniques have been used successfuily
in the identification of infectious agents such as
the Borna disease virus, hepatitis C virus, Sin Nom-
bre virus, human herpesviruses 6 and 8, Bartonella
henselae, Tropheryma whipplei, West Nile virus, and
~ the coronavirus associated with severe acute re-

spiratory syndrome.* :

The arenaviruses are enveloped, negative-strand
RNA viruses in rodents; these viruses are most
frequently transmitted to humans through expo-
sure to infected urine. Infection with the proto-
type virus, lymphocytic choriomeningitis virus
(LCMV), is typically asymptomatic or associated
with mild, rransient illness; however, LCMV has
also been implicated in aseptic meningitis.2
Human-to-human transmission of LCMV during
pregnancy has been reported, and infection dur-
ing the gestational period can result in fetal death,
neurologic sequelae, and chorioretinopathy.? Fa-
tal outbreaks of disease associated with human-
to-human transimission of LCMV in recipients of
solid-organ transplants have also been described.*

- We report the use of unbiased DNA sequencing in
the discovery of 2 new LCMV-related arenavirus
that caused fatal disease in three recipients of or-
gans from a single donor.

B

METHODS

PATIENTS AND CLINICAL COURSE
Three women in Australia who were 63 years of
age (Recipient 1), 64 years of age (Recipient 2),
and 44 years of age (Recipient 3) received a liver

transplant (Recipient 2) or kidney transplants

(Recipients 1 and 3) from one male donor who
was 57 years of age. The donor died of cerebral
hemorrhage 10 days after returning to Australia
from a 3-month visit to the former Yugoslavia,
where he had traveled in rural areas. The immedi-
ate post-transplantation course in the three trans-
plant recipients was unremarkable; however, febrile
illnesses with varying degrees of encephalopathy
developed in all three, and they died 4 to 6 weeks
after transplantation (Table 1). Bacterial and viral
cultires; polymerase-chain-reaction (PCR) assays
for herpesviruses 1 through 8, lyssavirus, influ-
enza A and B viruses, respiratory syncytial virus,

picornavirus, adenovirus, human parainfluenza
virus, flavivirus, alphavirus, hantavirus, polyoma-
virus, Crimean—Congo hemorrhagic fever virus,
Rift Valley fever virus, toxoplasma, Mycobacterium
tuberculosis, and Mycoplasma pneumoniae; and viral
and panmicrobial oligonucleotide microarray
analysis* revealed no candidate pathogens.

UNBIASED HIGH-THROUGHPUT SEQUENCING

RNA was extracted from the brain, cerebrospinal
fluid, serum, kidney, and liver of Recipient 1,
who had received a kidney transplant, and from
the cerebrospinal fluid and serum of Recipient 2,
who had received a liver transplant. As shown in
Figure 1, after digestion with DNase I to eliminate
human chromosomal DNA, RNA preparations
were amplified by means of reverse-transcriptase
PCR, (RT-PCR) with the use of random primers.>®
Amplification products were pooled and se-
quenced with the use of the GSL FLX platform
(454 Life Sciences), bit DNA fragmentation was
omitted.” After trimming to remove sequences
derived from the amplification primer and after
filtration to eliminate highly repetitive sequences,
the data set was analyzed by subtracting fragiments
that matched human sequences, clustering non- -
redundant sequences,® and assembling them into
contiguous sequences® for difect compatison with
the GenBank databases of mucleic acids and pro-
teins with the use of BLASTN and BLASTX soft-
ware.X® We analyzed the resilting aligriments and
assigned them to nodes in thé National Center
for Biotechnology Information taxonomy database,
using a custom software application written in-Perl
(BioPerl version 5.8.5).

PCR QUANTITATION OF THE ARENAVIRUS BURDEN
RNA obtained from tissues, plasma, serum, and
cerebrospinal fluid was reverse transcribed with
the use of random hexamers. PCR was per-
formed with the use of a SYBR Greeri assay {Ap-
plied Biosystems). The following cycling condi-
tions were used: 50°C for 2 minutes and 95°C
for 10 minutes, followed by 45 cycles at 95°C for

-15 seconds and 60°C for 1 minute. Real-time

PCR assays were performed with the following
primer set: S%GTGCYTGCACAACAICGTTTB' A
fforward) and 5'CAATGCCCAGCYTGACAAT3’
(reverse). Thermal cycling was performed with
the use of an ABI 7500 real-time PCR system
(Applied Biosystems).

N ENGL ] MED  10.1056/NEJM02073785
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ARENAVIRUS IN FATAL TRANSPLANT-ASSOCIATED DISEASES

-:‘féblgi.cﬁéﬁ&gyi#j — Tre———y 3
Interval between
Recipient Organ Transplantation
Ne. Age Diagnosis Transplanted Clinical Course and Death
yr days
1 63 'End-stage renal failure due to Kidney  Fever, sepsis, encephalopathy, 36
polycystic kidney disease acute tubular necrosis, praft re-
Jection, radiographic evidence
of chest infiltrates
2 64 Decompensated cirrhosis and Liver Fever, confusion, encephalgpathy 30
hepatocellular cancer due with myodlonus, chest infil-
to Kepatitis C infection trates
3 44  End-stage reria] failure due to Kidney - Fever, graft rejection, intraabdom- 29
polycystic kidney disease inal hematornas and effusion,
T transplant nephrectomy, en:
¢ephalopathic lness

VIRAL ISOLATION AND ANALYSES

Kidney tissue from Recipient 1 was homogenized
in phosphate-buffered saline, centrifuged to pel-
let cellular debris, filtered, and used to inoculate
Vero E6 cells. The cells were monitored daily by
means-of dight microscopy for cytopathic effect
and by means.of RT-PCR for the presence of are-
navirus nucleie acid in supernatant. Monolayers
of cells showing cytopathic effects that were also
positive for arenavirus nucleic acid were fixed
with buffered 4% paraformaldehyde for indirect
immunofluorescence and immunohistochemical
microscopy and with buffered 2.5% glutaralde-
hyde for thin-section electron microscopy. Rabbit
polyclonal antiserum against Old World arenavi-
ruses, including LCMV, was used as the source of
primary antibodies for immunohistochemical
analysis. Secondary antibodies were alkaline phos-
phatase-conjugated goat antibodies against rab-
bit IgG.* Immunohistochemical assays were also
performed with the use of formalin-fixed, paraf-
fin-embedded tissue sections obtained from the
liver and kidoey of Recipient 1.

Virus-infected and neninfected (control} Vero
EG cells were fixed with methanol: Serum speci-
mens from the donor, from the recipients, and
from 100 randomly chosen contfol recipients of
solid-organ transplants were applied to the fixed
cells followed by fluorescein-labeled aptihuman
1gG or IgM secondary antibodies.

COMWMPLETE GENOME SEQUENCING
AND PHYLOGENETIC ANALYSES

RNA extracted from the liver in Recipient 1 was
used as a template to clone and sequence the Land

S segments of the virus. The gene fragments ob-
tained by means of pyrosequencing were used to
design specific PCR primers; thereafter, consen-
sus primers were designed on the basis of align-
meuts of ather arenavirus sequences with the use
of the SCPrimer program.*

The L and 8 segments were assembled and se-
quenced as a series of overlapping genetic frag-
meits. Evolutionary distances between the assem-
bled segments were computed with the use of the
Poisson correction method and expressed in units
of amino acid substitutions per site in relation-
ship to arenavirus L, glycoprotein precursor, and
nucleoprotein amino acid segments in the Gen-
Bank database with the use of the MEGA pro-
gram.** The percentage of replicate trees in which
taxa clustered together in the bootstrap test (1000
replicates) is shown pext to the branches. All posi-
tions containing alignment gaps and missing data
were eliminated only in pairwise sequence com-
parisons (see Fig. 1a, 1b, and 1c of the Supple-
meritary Appendix, available with the full text of
this article at www.nejm.org). The nucleotide and
amino acid homologies of each of the arenavirus
genes (Z, L, GPC, and NP) to LCMV (the closest
completely sequenced relative) are shown in Ta-
ble 2. The sequences are deposited in GenBank
(accession numbers EU136038 and EU136039).

RESULTS

RNA from tissue from Recipient 2, who had re-
cejved a liver, and Recipient 1, who had received
a kidney, was pooled and amplified for unbiased
high-throughput sequencing,” yielding 103,632 se-

N ENGL) MED 10.1056[NEJM03073?85
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- Reverse transcription

Random-primer PCR

sumﬁnﬁ% 3" :

Adapter ligation

amplification

PCRin dil-water emulsian (emPCR), resulting in clonal
amplification of a single bead-bound target sequence

. Amplified DNA
bound to a single
bead is sequenced
with the use’ofa
chemiluminescence
redction {pyro- .
sequencing)

PN

i

Reads dusterad into ,
nonredundant sets

Raw reads trimmed
of primers

Sequehces identified 'wit"lil

Contiguous sequences ]
BLASTN and BLASTX.

assembled with the CAP3
algorithm

quence fragments; The sequences recovered ranged
in size from 45 to 337 nucleotides, with a mean
length of 162. Sequences derived from the ampli-
fication primer and highly repetitive sequences
were eliminated, yielding a net of 94,043 sequenc-
es. These sequerices were processed with thesuse
of algorithms that subtract vertebrate ‘sequences,
- assemble contiguous sequences, and compare the
residual nucleotide and deduced amino acid se-
quences in all six potential open reading frames
with motifs represented in databases of microbes.

At the nucleotide level, sequence data were
uninformative; however, BLASTX analysis of the
deduced protein sequence revealed 14 fragments
that were consistent with Old World arenaviruses

(12 S-segment and 2 L-segment fragments) shar-
ing the closest relationship to LCMV.
Primers were designed for RI-PCR experiments
to detect viral RNA in clinical specimens, assess
the similarity of viral sequences among individual
organs and recipients, and extend the viral se-
quence needed to facilitate characterization. Viral
RNA was present in a total of 22 of 30 speci-
mens of tissue, blood, or cerebrospinal fluid from
all three transplant recipients (Table 3). The se-
quence was identical in all specimens, a finding’
that was consistent with the introduction of a sin-
gle virus into all the recipients. '
Fresh-frozen kidney tissue from Recipient 1 was
homogenized and used to inoculate cultures of

N ENGL] MED 10.1056/NEJMoa073785
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