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In this context, several recent studies have linked germline
mutations in RNase L to prostate cancer susceptibility [10-
13). Prostate cancer has a complex etiology influenced by
androgens, diet, and other environmental and genetic factors
[14). While sporadic prostate cancer displays an age-related
increase in prevalence, familial prostate cancer kindreds
often display carly-onset disease. Such kindreds, defined by
having more than three affected members per family, account
for 43% of early onset cases (<55 years old) and 9% of all
cases [15]. The genetics of hereditary prostate cancer (HPC) is
complex, and several genes have been proposed as suscept-
ibility factors in this syndrome. Interestingly, one of these,
HPCI, is linked to RNASEL [10,11). Several germline
mutations or variants in HPCI/RNASEL have been observed
in HPC [10-13] (reviewed in [16}), including a common (35%
allelic frequency) missense variant of RNase L, in which 2 G to
A transition at nucleotide (nt) position 1385 (G1385A) results
in a glutamine instead of arginine at amino acid position 462
(R462Q). Remarkably, a large, controlled sib-pair study
implicated the R462Q RNase L variant in up to 13% of
unselected prostate cancer cases {11]. One copy of the
mutated gene increased the risk of prostate cancer by about
50%, whereas individuals that were homozygous for the
mutation had a 2-fold increased risk of prostate cancer. The
R462Q RNase L variant had a 3-fold decrease in catalytic
activity compared with the wild-type enzyme [9,11]. However,
while several case-controlled genetic and epidemiologic
studies support the involvement of RNASEL (and notably
the R462Q variant) in prostate cancer etiology {10-13), others
do not [17-19], suggesting that either population differences
or environmental  factors may modulate the impact of
RNASEL on prostatic carcinogenesis.

While the antiapoptotic phenotype of RNase L deficiency
has dominated previous discussions of its possible linkage to
cancer, RNase L is also a key effector of the antiviral action of
interferons. This led us to consider the possibility that the
putative linkage of RNase L alterations to HPC might reflect
enhanced susceptibility to a viral agent. To test this
hypothesis, we have examined RNA derived from wild-type
and RNase L variant (R462Q) prostate tumors for evidence of
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viral sequences, by hybridization to a2 DNA microarray
composed of the most conserved sequences of all known
human, animal, plant, and bacterial viruses [20,21]. Here we
report that 40% (eight of 20) of all tumors homozygous for
the R462Q allele harbored the genome of a distinct
gammaretrovirus closely related to xenotropic murine
leukemia viruses (MuLVs). In contrast, retroviral sequences
were present in <2% of tumors bearing at least one copy of
the wild-type allele (one of 66). In addition, virus-harboring
cells were detected within infected prostatic tumor tissues by
fluorescence in situ hybridization (FISH) and immunohisto-
chemistry (IHC). These findings represent the first detection
of xenotropic MuLV-like agents in humans, and reveal a
strong association betwéen infection with the virus and
defects in RNase L activity. The relation of retroviral
infection to prostate cancer will require further study, but a
cofactor role is not excluded.

Results

Detection of XMRV by Microarray-Based Screening

To search for potential viruses in prostate cancer tumors,
we employed a DNA microarray-based strategy designed to
screen for viruses from all known viral families [20,21]. Total
or polyadenylated RNA extracted from tumor tissue was first
amplified and fluorescently labeled in a sequence-nonspecific
fashion. The amplified and labeled fragments, which con-
tained host as well as potential viral sequences, were then
hybridized to a DNA microarray (Virochip, University of
California San Francisco, San Franciscd, United States)
bearing the most conserved sequences of ~850 fully
sequenced NCBI reference viral genomes (~11,000 70-mer
oligonucleotides).

The Virochip was used to screen RNA samples lsolar.ed
from prostate tumors of 19 individuals (Figure 1), A positive

‘hybridization signal suggestive of a gammaretrovirus was

detected in seven of 11 tumors from patients homozygous for
the R462Q RNASEL variant (QQ). In contrast, no virus was
detected in three tumors from RQ heterozygotes, and only
one of five tumors from RR individuals was positive.
Clustering of the microarray oligonucleotide intensities
(Figure 1) revealed a simifar hybridization pattern in all
positive cases, Furthermore, a computational analysis using E-
Predict, a recently described algorithm for viral species
identification [22], suggested that the same or similar
mammalian gammaretrovirus was present in all positive
tumors (Table S$1). Thus, the Virochip detected the presence
of a probable gammaretrovirus in half of the QQ tumor
samples and in only one non-QQ sample.

Characterization of XMRV Genome

To further characterize the virus, we recovered its entire
genome from one of the tumors (VP35) (Figure 2). To obtain
viral clones, we first employed a direct microarray recovery
technique described previously [21]. Briefly, amplified nucleic
acid from the tumor tissue, which hybridized to viral
microarray. oligonucleotides, was eluted from two specific
spots. The eluted DNA was re-amplified, and plasmid libraries

" constructed from this material were screened by colony

hybridization using the spots’ oligonucleotides as probes. The
array oligonucleotides used in this case derived from the LTR
region of murine type C retrovirus (MTCR) and spleen focus-
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(A) Virochip hybridization patterns obtained for tumor samples from 19 patients. The samples (x-axis} and the 502 retrovual ollgonucleotldes present on

the microarray (y-axis) were clustered using hierarchical clustering. The red color

3

indicates the

(B} Magnified view of a selected cluster containing oligonucleotides with the strongest positive signal. Samples from paﬂems with QQ ANASEL genotype
are shown in red, and those from RQ and RR individuals as well as controls are in black,

(C) Results of nested RT-PCR specific for XMRV gag gene. Amplified gag PCR fragments along with the corresponding human GAPDH amplification
controls were separated by gel electrophoresis using the same lane order as in the microarray cluster.

DOt 10.1371/journal ppat.0020025.g001 ‘

forming virus (SFFV) [23]. The largest recovered fragment was
415 nt in length, and had 96% nt identity to the LTR region
of MTCR, a MuLV identified in the genome of a mouse
myeloma cell line (T. Heinemeyer, unpublished data). These
findings established that the virus in question was indeed a

. gammaretrovirus, and likely a relative of MuLVs. To clone

and sequence the rest of the viral genome from sample VP35,
we used tumor ¢DNA to PCR-amplify overlapping segments
using primers derived from MTCR; gaps were closed using
primers from earlier vecovered clones (Figure 2B and Table
$2). Using a similar strategy, we have also determined the full
sequence of the virus from a second tumor, VP42, Finally, a

1 viral g i e from a third tumor case,
VP62 was obtamcd by PCR amplification of two ~4 Kb-long
overlapping fragments jointly spanning close to the entire

cc

-length of the virus (Figure 2B), The three sequenced genomes

share >98% nt identity overall' and >89% amino acid (a2)
identity for predicted open reading frames (ORFs), and thus
represent the same virus.

The full genome of the virus (Figures 2 and $1) is 8,185 nt

long and is distinct from all known isolates of MuLV. The .

geriome is most similar to the genomes of exogenous MuLVs,
DG-75 cloned from a human B-lymphoblastoid cell line [24],
and MTCR, with which it shares 94% and 93% overall nt
sequence identity, respectively. The genome also shares up to
95% nt identity with several full-length Mus musculus
endogenous proviruses (Figure 2C). Phylogenetic trees con-
structed using available mammalian type C retroviral
genomes and representative full-length proviral sequences

). PLos Patheg
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P 9

from the mouse genome (Figures 3 and §2) showed that the
newly identified virus is more similar to' xenotropic and
polytropic than to ecotropic genomes. Based on these
findings we propose _the ‘provisional name Xenotropic
MuLV-related virus (XMRV) for this agent.

Translation of the XMRV genomic sequence using ORF
Finder [25] identified two overlapping ORFs coding for the
full-length Gag-Pro-Pol and Env polyproteins. No exogenous
coding sequences, such as viral oncogenes, could be detected .
in the XMRV genome. The predicted Gag polyprotein is 536
aa long and is most similar to a xenotropic provirus on M.
musculus Chromosome 9, with which it shares 97% aa, identity

*(Figure S2A). The Pro-Pol polyprotein is 1,197 aa long and

0213

has the highest aa identity with MuLV DG-75 and a
xenotropic provirus on M. musculus Chromosome 4, 97%
and 96%, respectively (Figure $2B). An amber (UAG) stop .
codon separates the Gag and Pro-Pol coding sequences,
analogous to other MuLVs in which a translational - read-
through is réquired to generate the full-length Gag-Pro-Pol
polyprotein (reviewed in [26}).

Similar to other MuLVs [25,24,27-81], the Env polyprotein
of XMRV is in a different reading frame compared with Gag-.
Pro-Pol. The Env protein sequence is 645 aa long, and has the
highest amino. acid identity with the Env protein of an
infectious MuLV isolated from 2 human small cell lung cancer
line NCI-417 [32] and MulV New Zealand Black 9-1
xenotropic retrovirus (NZB-9-1) [28]), 95% and 94%,
respectively. The- XMRV Env protein also shares similarly
high identity with several murine xenotropic proviruses

March 2006 | Volume 2 | Issue 3 | €25



Virus in Prostate Tumors with R462Q RNASEL

cug $A
A £ 5488 glGIAZ

sD| aus UAG AUG| UAa

205) 813 2223 3] 7680

o RS-, B

gag-pro-pol

]

— T —~— T T T T T

[ 1 2 3 4 5 6 8 kb
B [T

[ o T il
L] XMRV VP35
XMRV VP82

<

Figure 2, Complete Genome of XMRV

(A) Schematic map of the 8185 nt XMRV genome. LTR regions (R, US, U3) are indicated with boxes, Predicted open reading frames encoding Gag, Gag-
Pro-Pol, and Env polyproteins are labeled in green. The corresponding start and stop codons (AUG, UAG, UGA, UAA) as well as the alternative Gag start
codon (CUG} are shown with their nt positions. Similarly, splice donor (SD) and acceptor {SA) sites are shown and correspond ta the spliced 3.2-Kb Env
subgenomic RNA (wiggled line).

(8) Cloning and sequencing of XMRV VP35 and VP62 genomes. Clones obtained by probe recovery from hybridizing microarray oligonuceotideés {blue
bar) or by PCR from tumor cONA (black bars) were sequenced. Primers used to amplify indlvidual clones (Table S2) were derived either from the
genome of MTCR (black arrows) or from overlapping VP35 clones {blue arrows),

{C) Genome sequence similarity plots comparlng XMRV VP3s wuh XMRV VP42, XMRV VP62, MulV DG-75, MTCR, and a set of representative non-
ecotropic proviruses (MERVs) (see ials and M The were made using AVID [81], and plots were generated using mVISTA [82)
with the default window size of 100 nt. Y-axis scale for each piot represents percent nt identities from 50% to 100%. Sequences are labeled. as
xenotropic {X), polytropic (P), or modified polytropic (Pm).

DOI: 10.1371/journal.ppat.0020025.9002
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Figure 3. Phylogenetic Analysis of XMRV Based on Complete Genome
Sequences

Complete genomes of XMRV VP35, VP42, and VP62 (red); MTCR. Mul Vs
DG-75, AKV, Moloney, Frlend, and Rauscher; feline leukemia virus (FLV);
koala retrovirus (KoRVY glbbon ape leukemia virus (GALV); and a set of
representative non-ecotropic proviruses (mERVs) were aligned using
ClustaiX (see Materials and Methods). An unrooted neighbor-joining tree
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most divergent segment of the genome: compared with other
MuLVs (Figures 5 and 2C). Unlike ecotropic MuLVs, where
translation from this codon adds an ~90 aa N-terminal leader
peptide in frame with the rest of the Gag protein, thus
generating a glycosylated form of Gag [54], XMRV has a stop
codon 53 aa residues downstream from the alternative start.
Interestingly, both MuLV DG-76 and MTCR gag leader
sequences are also interrupted by stop codons, and therefore
are not expected to produce full-length glyco-Gag. Further-
more, a characteristic 24-nt deletion was present ‘in this
region of the XMRV genome, which is not found in any"
known exogenous MuLV isolate, However, a shorter deletion
of nine nt internal to this region is present in the sequences
of several non-ecotropic MuLV proviruses found in the
sequenced mouse genome (Figure 5). In cell culture,
expression of intact glyco-Gag is mnot essential for viral
replication [55,56). However, lesions in this region have been
associated with interesting variations in pathogenetic proper-
ties in vivo [57-61]. For example, an alteration in ten nt
affecting five residues in the N-terminal peptide of glyco-Gag
was found to be responsible for a 100-fold difference in the”
frequency of neuroinvasion observed between CasFrKP and
CasFrKP41 MuLV strains [62]. In addition, insertion of an
octanucleotide resulting in a stop codon downstream of the
CUG start.codon prevented severe early hemolytic anemia
and prolonged latency of erythroleukemia in mice infected-
with Friend MuLV [58]. While we do not yet know the
pathogenétic significance of the lesions in XMRV glyco-Gag,
the high degree of sequence divergence suggests that. this
region may be under positive selective pressure and therefore
may be relevant to the establishment of infection within the
human host. .

Association of XMRV Infection and R462Q RNASEL

(Figure 82C). Conserved splice donor (AGGTAAG, position
204) and acceptor (CACTTACAG, position 5,479) sites
involved in the generation of env subgenomic RNAs {33]
were found in the same relative locations as in other MuLV
genomes. A multiple sequence alignment of XMRV Env and
corresponding protein seq es of other representative
MuLVs (Figure 4) showed that within three highly variable
regions (VR), VRA, VRB, and VRC, known to be important for
cellular tropism [34-36]), XMRV has the highest aa identity
with xenotropic envelopes from MuLVs NZB-9-1, NFS-Th-1
[37}, and DG-75. Although unique-t0-XMRV aa are present in
each of the three VRs, based on the overall similarity to the
known xenotropic envelopes, we predict that the cellular
receptor for XMRV is XPR1 (SYG]), the recently identified
receptor for xenotropic and polytropic MuLVs [38-40).

The long terminal repeat (LTR) of XMRV is 535 nt long and
has the highest nt identity with the LTRs from xenotropic
MuLVs NFS-Th-1 (96%) and NZB-9-1 (94%). The XMRV
LTRs contain known structural and.regulatory clements
typical of other MuLV LTRs [33,41}. In particular, the CCAAT
bok, TATAAAA box, and AATAAA polyadenylation signal
sequences were found in U3 at their expected locations
(Figure S3A). U3 also contains a glucacorticoid response
clement sequence AGA ACA GAT GGT CCT. Essentially

PLoS Pathogens | www.plospathogens.org

identical sequences are present in genomes of other MuLVs,
These elements have been shown to activate LTR-directed
transcription and viral replication in vitro in response to
various steroids including androgens [42-45]. In addition,
presence of an intact glucocorticoid respanse element is
thought to be the determinant of higher susceptibility to FIS-
2 MuLV infection in male compared with female NMRI mice
[46,47). Despite these similarities, single nt substitutions
unique to XMRV and an insertion of an AG dinucleotide
immediately downstream from the TATA box are present in
U3 (Figure S3A). Consistent with these findings, a phyloge-
netic analysis based on U3 sequences from XMRV and from
representativé xenotropic MuLV provirus groups [48,49]
showed that XMRV U8 sequences formed a well-separated
cluster most similar to the group containing' NFS-Th-1 and
NZB-9-1 (Figure S3B).

The 5 gag leader of XMRV, defined as the sequence
extending from the end of U5 to the ATG start codon of'gag,
consists of a conserved non-coding region of ~200 nt,
containing a proline tRNA primer binding site as well as
sequences required for viral packaging [50,51] and the
initiation of translation [52,53]. The non-coding region is
followed by a ~270-nt region extending from the conserved
CTG alternative start codon of gag. This region represents the

March 2006 | Volume 2 | Issue 3 | e25

was generated based on this alignment, excluding gaps and using Genotype

Kimura's correction for multiple base substjtutions. Bootstrap values {n =

1000 trials) -are indicated as percenmges Sequences are labeled as To further examine ‘he association between presence °f
lytropic {P), modified p pic (Pm), or ecotropic (E)l.  the virus and the R462Q (1385G->A) RNASEL genotype, we

X), p
DOk 10.1371/journal ppit 0020025.9003 developed a specific nested RT-PCR assay based .on the virus

Figure 4, Mulﬂple‘Sequence Alignment of Protein Sequences from XMRV and Related MulVs Spanning SU G\yccproteln VRA, VRB, and VRC, Known to
Determine Receptor Specificity

Env protein sequence from XMRV (identical in VP35, VP42, and VP62; red); MTCR; MuLVs DG-75, NZB-9-1, NFS-Th-1, MCF247, AKV, Moloney, Friend, and
Rauscher; and polytropic proviruses MX27 and MX33 [77] were aligned using ClustalX. Sequences are labeled as xenotropic (X), pelyttopic (P), modified
polytropic (Pm), or ecotropic (E). VRs are boxed. Dots denote residues identical to those from XMRV and deleted resldues appear 3s spaces,

DOI: 10.1371/journal. ppat.0020025.4004 -
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Figure S. Multiple-Sequence Alignment of 5’ gag Leader Nucleotide Sequences from XMRV and Related MulLVs

Sequences extending from the afternative CUG start codon to the AUG start codon (underlined) of gag derived from XMRV VP35, VP42, and VP62 (blue);
MTCR, MulVs DG-75, and Friend; and a set of representative non-ecotropic proviruses {mERVs) were aligned with ClustalX (see Materials and Methods),
Predicted amino acid translation corresponding to the VP35 sequence is shown above the alignment (red); asterisk indicates a stop. Sequences are
labeled as xenotropic (X}, polytroplc (P}, modified polytropic (Pm), or ecotropic (E). Dots denote nt identical to those from XMRV, and deleted nt appear

Virus in Prostate Tumors with R462Q ANASEL

VP84
MERV Ghe9 (X} MuLV DG-T5 (X)
1§ MERV Che.7 (Pm) mERV-Chr4 (X)
mERV Chr,12 (Pm) MuLY Akv (E)
mERV Chr.7 () MGF1233 (P)
mERY Ghr.11 (P) mERV Chi.6 (X}
CR

mERY Che.11.(F)
mERV Chr.7 (Pm)

GR (X)
MCF1233 (P) MERV Chr.12 (Pm)
i

Moloney (E)

Rauscher (E) Rauacher ()
- Friend (E)} Frisnd (E) ,
gag fragment (380 nt) poi fragment (2500 nt)

Figure 6. Comparlson of XMRV Sequences Derived from Tumor Samples of Different Patients

(A) Phylogenetic tree based on the 380 nt XMRV gag RT-PCR fragment from the nine positive tumor samples {red) and the corresponding sequences
from MTCR; MuLVs DG-75, MCF1233, Akv, Moloney Rauscher and Friend; and a set of vepresentatlve non-ecotropic provlmses (mERVs) The sequences
were aligned using CIus(aIX and !he C p g tree was g using the neighbor-joining method (see and M

values (n = 1000 trials) are indicated s are labelsd 3s ic (X), polytropic {P), modified p pic {Pm), of ic (E).
(B) Phylogenetic tree based on a zsoo-n! pol PCR fragment from the 9 XMRV- posmve tumor samples The tree was constvucted as descvlbed In (A)
DO 10.1371/Journal.ppat.0020025.9006 ,

as spaces. .
DOl 10.1371/journal.ppat.0020025.g005

sequence recovered from one of the tumor samples (VP35,
see above). The primers in this assay (Figure S1) amplify a
380-nt fragment from the divergent 5 leader and the N-
terminal end of gag. The RT-PCR was pasitive in eight (40%),
of 20 examined tumors from homozygous (QQ) individuals.
In addition, one tumor from a homozygous wild-type (RR)
patient was positive among 52 RR and 14 RQ. tumors
examined (Figure 1 and Table 1). Interestingly, this case was
associated with the highest tumdr grade among all XMRV-
positive cases (Table §3). PCR specific for the mouse GAPDH
gene was negative in all samples (unpublished data), arguing
strongly against the possibility that the tumor samples were
contaminated with mouse nucleic acid. Collectively, these
data demonstrate a strong association between the homo-
zygous (QQ) R462Q RNASEL genotype and presence of the

virus in the tumor tissue (¢ < 0.00002 by two-tail Fisher's"

exact test).

Table 1. XMRV Screening by gag Nested RT-PCR

PCR RNASEL Genotype® Total
i QQ RQ RR

PCR + 8 ’ 0 1 9

PCR ~ 12 14 51 77

Total 20 14 52 86

*RNASEL genotypes are as follows: QQ, homozygous R462Q variant; RQ, heterozygous; RR,
hemozygous wild-type.
DOI: 10.1371/journal.ppat.0020025.1001

@ PLOS Pathogens | www.plospathogens.org

0216

XMRYV Sequence Diversity in Samples from Different
Patients

. To examine the degree of XMRV sequence diversity in
different patients, we sequenced the amplified fragments
from all nine samples, which were positive by the nested gag
RT-PCR. The amplified gag fragments were highly similar
(Figure 6A) with >98% nt and >98% ‘aa identity o each
other. In contrast, the fragments had <89% nt and <95% aa
identity with the most related exogenous sequence of MuLV
DG-75. Several corresponding endogenous non-ecotropic
sequences were more similar to the XMRV fragments,
including the xenotropic provirus from M. musculus Chro-
mosome 9, which was <98% identical on the nt level.
Nevertheless, all XMRV-derived fragments were more similar
to each other than they were to any othér sequence.

In addition to the gag gene, we also examined the same
patient samples for sequence variation in the pol gene. We
sequenced PCR fragments obtained with a set of primers
targeting a 2500-nt stretch in the pol gene (Figure S1). Similar
to the gag fragments, the amplified pol fragments were highly
similar (Figure 6B) and had >97% nt and >97% aa identity
to each other, In contrast, the fragments had <94% nt and
<95% aa identity with the most related sequence, that of

‘MuLV DG-75. Interestingly, XMRV-derived pol sequences

were less similar to and approximately equidistant from the
examined representative xenotropic and polytropic endoge-
nous sequences.

Close clustering of the sequenced gag and pol fragments
(Figure 6) indicates that all microarray and RT-PCR positive
cases represent infection with the same virus. On the other
hand, the degree of sequence variation in the examined
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fragments is higher than that expected from errors intro-
duced during PCR amplification and sequencing, The
frequency of nt misincorporation by Taq polymerase has
been estimated as 107 — 107 ([68] and references therein),
compared with the observed rate of up to 2% in the gag and
pol fragments. These findings suggest that the observed XMRV

sequence variation is a result of natural sequence diversity, °

consistent with the virus being independently acquired by the
affected patients, and argue against laboratory contamina-
tion as a possible source of XMRV,

Detection of XMRV in Tumor-Bearmg Prostatic Tissues
Using FISH

To localize XMRYV within human prostatic tissues, and to
measure the frequency of the infected cells, XMRV nucleic
acid was visualized using FISH on formalin-fixed prostate
tissues. A SpectrumGreen fluorescently labeled FISH probe
cocktail spanning all viral genes was prepared using cDNA
derived from the XMRV isolate cloned from patient VP35
(Materials and Methods). Distinct FISH-positive cells were
observed in the tumors positive for XMRV by RT-PCR (e.g.,
VP62 and VP88) (Figure 7). To identify cell types associated
with the’ positive FISH signal, the same sections were
subsequently stained with hematoxylin and eosin (H&E),
Most FISH-positive cells were stromal-fibroblasts (Figure 8A),
including those undergoing cell division (Figure 8B). In
addition, occasional infected hematopoietic cells were also
seen (Figure 8C). XMRV FISH with concurrent immunostain-
ing for cytokeratin AEV/AES to achieve specific labeling of
epithelial cells [64] showed no XMRV-infected cells that also
had the epithelium-specific -staining, confirming their non-
epithelial origin (Figure 8C). While the XMRV nucleic acid
was usually present within nuclei (Video 51), suggesting
integrated proviral DNA, some cells showed cytoplasmic
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staining adjacent to the nucleus, suggestive- of viral mRNA
andjor pre-integration complexes in non-dividing cells
(Figure 8A).

We also used FISH to obtain a minimal estimate of the

_frequency of XMRV-infected prostatic cells. For this purpose

we employed a tissue microarray containing duplicates of 14
different prostate cancer tissue specimens (Table 2). FISH

-with DNA probes derived from XMRV. VP35 showed five to

ten XMRV/FISH-positive cells (about 1% of prostate cells
observed) in each of five homozygous RNase L 462Q (QQ) .
cases: VP29, 31, 42, 62, and 88, Patient sample VP79, also a
QQ case, contained two positive cells (0:4% of total cells
examined). All of the XMRV/FISH-positive cells observed
were stromal cells. In contrast, three RR tissue samples and
two RQ tissue_samples showed one or no (<0,15%) FISH-
positive cells. Two of the QQ cases, VP35 and VP90, positive
by gag RT-PCR, showed only one FISH-positive cell each
(Table 2). Conversely, one case, VP31, was FISH~§osilive, but
g2g~RT-PCR negative, As expected, Chromosome 1-specific
probes used as a positive control specifically. labeled nearly

every cell from the examined case VP88, whereas a KSHV-
specific probe used as a'negative control did not label any
cells in sections from cases VP88 and VP5I, but did efficiently
label 293T cells transfected with KSHV DNA (unpublished
data). Thus, consistent with the microarray and RT-PCR data,
detection of XMRV by FISH was associated primarily with
QQ cases, In addition, in samples where XMRV was detected,
all positive cells were stromal and did. not account for more
than 1% of all prostatic cells. Finally, differences in the
numbers of XMRV-positive cells detected in the different
samples could be due to heterogeneity in virus copy numbers
between , different patients andlor specxﬁc regions of the
prostate sampled.
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Figure 7, Detection of XMRV Nucleic Acid In Prostatic Tissues Using FISH

Prostatic tumor tissue sections from QQ cases VP62 (A-C) and VP88 (D-F) were analyzed by FISH using DNA probes (green) derived from XMRV VP35
(top right enlargements). Nucle| were counterstained with DAPI. The same sections were then visualized by H&E staining {left panels). Scale bars are 10
um. Arrows indicate FISH positive cells, and their enlarged images are shown in the bottom right panels.

DOI: 10.1371/journal.ppat.0020025.9007

Detection of XMRV in Tumor-Bearing Prostatic Tissues Virochip microarray and by RT-PCR with XMRV-specific
Using 1HC primers. Parallel RT-PCR studies of prostate tumors from
To identify cells expressing XMRV proteins, we assayed for ~ wild-type (RR) and. heterozygous (RQ) patients revealed
the presence of Gag protein using a monoclonal antibody evidence of XMRV in only one of 66 samples, clearly
against (SFFV); this antibody is reactive against Gag proteins demonstrating that human XMRYV infection is strongly linked
from a wide range of different ecotropic, polytropic, and to decrements in RNase L activity. This result supports the
xenotropic MuLV strains [65]. Using this antibody, positive ~ View that the R462Q RNase L variant leads to a subtle defect
signal by IHC was observed in prostatic tissues of XMRV- in innate (IFN-dependent) antiviral iflnmunity.
positive cases VP62 and VP88, both QQ (Figure 9). An As its name indicates, XMRV is closely related to
enhanced alkaline phosphatase red detection method allowed %enotropic murine leukemia viruses (Mul.Vs). Unlike eco-
Gag detection in the same cells with both fluorescence (Figure tropic MuLVs, such as the canonical Moloney MuLV, which
9A-9D, left) and bright field (Figure 9A-9D, middle) micro- grow only in rodent cells in culture, xenotropic MuLVs can
scopy. The Gag-expressing cells were observed in prostatic grow in non-rodent cells in culture but not in rodent cell

stromal cells with a distribution and frequency similar to that lines. Xenotropic viruses have been isolated from many
detected by FISH (Figure 9 and unpublished data). In inbred as well as wild mouse strains, Studies of the
contrast, no Gag-positive cells were observed in VP51 distribution of non-ecotropic sequences in different mouse

prostatic tissue, which is of RR genotype (Figure 9E). strains show that the diversity of xenotropic proviral
sequences in wild mice is greater than that found in the

inbred laboratory strains [49,66]. This finding led to the
conclusion that these endogenous elements were independ-

The results presented here identify XMRV infection in ently and relatively recently acquired by different mouse
prostate tissue from approximately 40% of patients with species as a result of infection rather than inheritance [49].
prostate cancer who are homozygous for the R462Q variant Unlike ecotropic MuLVs, which can only recognize a receptor.
(QQ) of RNase L, as judged by both hybridization to the (CAT-]) specific to mouse and rat species [67-69], xenotropic

Discussion
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Figure 8. Characterization of XMRV-Infected Prostatic Cells by FISH and FISH/Immunofiuorescence :

Using a tissue microarray, prostatic tumor tissue sections from QQ case VP62 were analyzed by FISH (green) using DNA probes derived from XMRV VP35
(left panels). Nuclei were counterstalned with DAPL The same sections were then visualized by H&E staining {middie panels). Arrows indicate FiSH-
positive cells, and their enlarged FISH and H&E Images are shown in the top right and bottom right panels, respectively. Scale bars are 10 pm.

{A) A stromal fibroblast, :

(B) A dividing stromal cell. X

(Q) A stromal hematepoletic cell. The section was concomitantly stained for XMRV by FISH {green) and cytol AE1/AE3 by i fl e

(red).
DOL: 10.1371/journal ppat.0020025.9008

viruses recognize a protein known as XPR1 or SYG1. XPRI is The evidence for this is as follows: (i) XMRV was detected in
expressed in all higher vertebrates, including mice, but primary human. tissues; (ii) no murine sequences (c.g.,
polymorphisms in the murine gene render it unable to GAPDH) could be detected in our materials by PCR; (iii)
mediate xenotropic MuLV entry [38-40]. Thus, xeriotropic infection was predominantly restricted to human samples
MuLVs have a potential to infect a wide variety of  with the QQ RNASEL genotype; (iv) - polymorphisms were
mammalian species, including humans. found in the XMRV clones recovered from different patients

Xenotropic MuLVs have occasionally been detected in consistent with independent acquisition of the virus by these
cultured human cell lines. For example, MulV DG-75 was individuals; and (v) vital nucleic acids and antigens could be
cloned from a human B-lymphoblastoid cell line [24), and an detected in infected QQ prostate tissue by FISH and THC,
infectious xenotropic MuLV was detected in a human small respectively. Taken together, the above evidence argues
cell lung cancer line NCI-417 {32]. Although laboratory strongly against laboratory contamination with virus or
contamination, either in culture or during passage of cell , cloned DNA material as the source of XMRV infection in

lines in nude mice, cannot be ruled out as a possible source in the analyzed samples. To our knowledge, this report
these cases, such contamination cannot explain our results. represents the first published examples of authentic infection
'@ PLoS Pathogens | www.plospathogens.arg 0218 . March 2006 | Volume 2 | Issue 3 | €25
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Table 2. Frequency of XMRV-Infected Prostatic Cells Determined by FISH

Patient RNASEL Genotype* Number of Cells Counted® Number of FISH-Positive Cells (%) XMRV FISH® XMRV gag RT-PCR

VP 88 QQ © 408 ’ 5(123) ) + +
v 3 QQ 526 6(1.14) + -
VP 42 Qq 530 6(113) -+ ¥
VP 62 Q@ 904 10 {1.11) 4 +
VP 29 Q 659 7.(1.06) ++ +
VP 79 QQ a64 2 (043) + +
VP 10 QQ 872 1012 4= -
vP 3§ [} 849 - 1012 ’ - +
e . QQ 843 1(002) +—- +
VP 45 RQ 987 - 00 - -
VP45 RQ 794 FXC - -
VP 30 RR 661 1(035) /- -
VP 50 /R 787 11013 = -
VP 51 RR 842 0 - -

*RNASEL genotypes are as follows: QQ, homoazygous R461Q variant; RQ, heterozygous; RR, homozygous wild-type.

®All types of prostatic cells are included.
i = 0.19%-0.29%; + = 0.2%—1%; ++= >1%,
DO: 10.1371/joumal.ppat.0020025.1002

of humans with a xenotropic MuLV-like agent. Although our
efforts to clone the sites of XMRV integration into the host
genome have been limited by the small amounts of prostate
tissue available for this purpose, our work to clone such sites
is ongoing and will provide an important additional piece of
evidence for XMRV infection in humans.

The XMRYV sequence is not found in human genomic DNA,
and none of the human endogenous retroviruses, including
the only known gammaretrovirus-like human endogenous
sequences (hERVs E and T) {70], bare any significant similarity
to the XMRV genome. This indicates that XMRV must have
been acquired exogenously by infection in positive subjects.
From what reservoir and by what route such infections were
acquired is unknown. It seems unlikely that direct contact
with feral mice could explain thé observed distribution of
infection in our cohort, since there is no reason to believe
that rodent exposure would vary according to RNASEL
genotype. It is possible that infection is more widespread
than indicated by the present studies, especially if, as seems
likely, individuals with the wild-type RNase L clear infection
more promptly than those with the QQ genotype. But if 50, a
cross-species transfer model of XMRV infection would
require improbably high levels of rodent exposure for a
developed society like our own, Thus, although the viral
sequence suggests that the ultimate reservoir of XMRV is
probably the rodent, the proximate source of the infection
seems unlikely to be mice or rats. Provisionally, we favor the
notion that the XMRYV infections we have documented were
acquired from other humans, i.e,, that XMRV may have been
resident in the human population for some time. This
speculation will, however, require direct epidemiologic
validation. It also remains to be determined if RNase L
R462Q homozygotes are more sensitive to the acquisition of
infection, or are simply less likely to clear infection once
acquired. This is an important issue, since if the latter model
is correct, it would imply that in younger humans, XMRV
prevalence may be higher than what is observed in our

prostate cancer cohort (mean age 58.7 y). We are currently.
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developing serologic assays for use in. population-based
studies that should shed light on these matters.

While presented work documents a clear link of XMRV
infection to RNase L deficiency, we emphasize that the data
we Have accumulated does not mandate any etiological link to
prostate cancer, Furthermore, our finding that XMRV
infection is targeted to stromal cells and not to carcinoma
cells and the fact that the XMRV genome harbofi no host-
derived oncogenes rule out two classical models for retroviral
oncogenesis: direct introduction of a dominantly acting
oncogene and insertional activation of such a gene, However,
more indirect contributions of the virus to-the tumor can
certainly be envisioned. Recent work has shown that stromal
cells have an active role in directly promoting tumorigenesis
of adjacent epithelial cells by producing various cytokines
and growth factors that serve as proliferative signals [71] or
indirectly by modifying the tumor microenvironment by
promotion of angiogenesis or recruitment of inflammatory
mediators leading to oxidative stress [72]. In- particular,
cancer-associated fibroblasts” stimulate growth of human
prostatic epithelial cells and alter their histology in vivo
[73}. Tt is conceivable that XMRV-infected prostatic stromal
cells could produce and secrete growth factors, cytokines or
other factors that stimulate cell proliferation or promote
oxidative stress in surrounding epithelia. Such a paracrine
mechanism could still function quite efficiently even with the
relatively small number of XMRV-infected cells that charac-
terize the lesion.

Finally, we note that the identification of an exogenous
infection such as XMRV could help explain why not all
genetic studies have consistently identified RNase L as a
prostate cancer susceptibility factor. If such an infection were
linked, however indirectly, to prostate cancer risk, and if the
prevalence of infection is not uniform in different popula-
tions, populations with low XMRV prevalence might be
expected to show no association of RNASEL lesions to
prostate cancer.

Clearly, resolution of these issues will require much further
investigation, We need to determine the prevalence of XMRV
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enhance our ability to probe these and other questions in the
near future, : o

Materials and Methods

Genotyping of pati and p tissue processing. All human
samples used in this study were obtained according to protocols
pproved by the Cleveland Clinic’s Institutional Review Board, Age,

clinical parameters, and geographical locations of XMRV-positive
prostate cancer cases are provided in Table S8, Men scheduled to
jergo p! ies at the Cleveland Clinic were genotyped for
the R462Q (1385G:>>A) RNASEL variant using a premade TAQMAN -
genotyping assay (Applied Biosystems, Foster City, California, United
States; Assay c__935391__1) on DNA isolated from peripheral blood
mononuclear cells. Five nanograms of genomic DNA were assayed
according to the manufacturer’s instructions, and analyzed on an
Applied Bi 7900HT Seq D ion System instrument.
I diately after pr ies, tissue cores were. taken from both
the transitional zone (the site of benign prostatic hyperplasia, BPH)
and the peripheral zone (where cancer generally occurs), snap-frozen
in Jiquid nitrogen, and then stored at 80 °C. Remaining prostate
tissue was fixed in 10% neutral buffered formalin, processed, and
embedded in paraffin for later histological analyses, Frozen tissue
cores were transferred from dry ice immediately to TRIZOL reagent
(Invitrogen, Carlsbad, California, United States), homogenized with a
power homogenizer or manually using a scalpel followed by a syringe,
and total RNA was isolated according to the manufacturer's
instructions. The prostate tissue RNA was then subjected to RNase-
free DNase I (Ambion, Austin, Texas, United States) digestion for 80
min at 87 °C. The sample was then extracted with phenol -and the
RNA was precipitated with isopropanol overnight at —20 °C followed
by centrifugation at 12,000 g for 30 min at 4 °C. Poly-A RNA was
isolated from the DNase digested total RNA using the Oligotex
mRNA Midi Kit (Qiagen USA, Valencia, California, United States) as
instructed by the manufacturey. The poly-A RNA concentration was
measured using the RIBOgreen quantitation kit (Molecular Probes,
Invitrogen), and the samples were stored at —80 °C.
- Microarray screening: Virochip microarrays used in this study were
identical to those previously described {20-22]. Prostate'tumor RNA
samples were amplified and labeled using a modified Round A/B
random PCR method and hybridized to the Virochip microarrays as
reported previously (Protocol 81 in [21]). Microarrays were scanned
with an Axon 4000B scanner (Axon Instruments, Union City,
California, United States) and gridded using the bundled GenePix
3.0 soft Microarray data have been submitted to the NCBI GEO

Figure 9. Detection of XMRV Protein in Prostatic Tissues Usin
Immunostaining 3 -
Prostatic tumor tissue sections from-QQ cases VP62 (A and B) and VP88
(C and D), as well as an RR case VP51 () were stained, then visualized by
immunofluorescence (left) or bright field {middie) using a monocional
Entlbody to SFFV Gag protein. Nuclei are counterstained with

3 ged images p g to the positive cells are
shown on the right. Scale bars are § um in (A), (B), and (E) and 10 pm in
() and (D}

DOL: 10.1371/journal. ppat.0020025.9009

infection in the general ‘population, understand its routes of
transmission and tissue tropism, explore its associations with
pre-maligant and other prostatic conditions, and define the
biochemical interactions of the virus with the 2-5A/RNase L

system. The availability of molecular clones, infectious virus

stocks, and susceptible cell culture systems should greatly
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database (GSE3607). Hybridization patterns were interpreted using E-
Predict as previously described [22) (Table 51). To make Figure 1,
background-subtracted hybridization i ities of all retroviral
oligonucleotides (205) were used to cluster samples and the
cligonucleotides. Average linkage hierarchical clustering with Pear-
son correlation as the similarity metric was carried out using Cluster
(version 2.0) {74]. Cluster images were generated using Java TreeView
(version 1.0.8) [75].

Genome cloning and sequencing, Amplified and labeled cDNA
from the VP35 tumor sample was hybridized (o a hand-spotted
microarray containing several retroviral oligonucleotides, which had
high hybridization intensity on the Virochip during the initial
microarray screening. Nucleic acid hybridizing to two of the
oligonucleotides (9628654._817__rc derived from MTCR: TTC GCT
TTA TCT GAG TAC CAT CTG TTC TTG GCC CTG. AGC CGG GGG
CCA GGT GCT CGA CCA CAG ATA TCC T; and 9626955_16__rc
derived from SFFV: TCG GAT GCA ATC AGC AAG.AGG CTT TAT
TGG GAA CAC GGG TAC CCG GGC GAC TCA GTC TGT CGG AGG
ACT G) was then individually eluted off the surface of the spots and
amplified by PCR with Round B primers. Preparation of the hand-
spotted array, hybridization, probe recovery, and PCR amplification
of the recovered material were carried out according to Protocol S1.

e d amplified DNA samples were then cloned into pCR2.1+
TOPO TA vector (Invitrogen), and the resulting libraries were
screencd by colony hybridization with the corresponding above

oligonucleotides as probes. Hybridizations were carried out using
Rapid-Hyb buffer (Amersham, Piscataway, New Jersey, United States)
according to the manufacturer's protocol at 50 °C for 4 h, Eight
positive clones were sequenced, of which two (one from each library;
clones K1 and K2R1 in Figure 2A) were viral and had 94-95% nt
identity to MTCR. |

To sequence the remainder of the VP85 genome as well as the
entire genome from the VP42 tumor, we amplified fragments of the
genome by PCR using either amplified (Round B) or unamplified
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(Round A) cDNA prepared for original Virochip screening. This was
accomplished first using a combination of primers derived from the
sequence of MTCR and earlier recovered clones of XMRV. The two
overlapping fragments from VP62 were amplified by PCR from cDNA
generated by priming poly-A RNA with random hexamers, All PCR
primers are listed in Table $2. The amplified fragments were cloned
into pCR2.1-TOPO TA vector (Invitrogen) and sequenced using M13
scquencing primers. Genome assembly was carried out using
CONSED version 13.84 for Linux [76],

PCR. Screening of tumor samples by gag nested RT-PCR was
carried out according to Protocol $2. PCR fragments in all positive
cases were gel-purified using QIAEX 1I gel extraction kit (Qiagen),
cloned into pCR2.1-TOPO TA vector (Invitrogen), and sequenced
using M13 sequencing primers.

Pol PCR was carried out using amplified cDNA (Round B material)
as the template.

Sequence of the primers used for amplification (2670F, 3870R,
3810F, and 5190R) is listed in Table $2. Amplified products were gel-
purified using QIAEX II gel extraction kit (Qiagen), and purified
products were directly used for sequencing.

Phylogenetic analyses. Xenotropic mERV Chromosome 1, xeno-
tropic mERV Chromosome 4, and xenotropic mERV Chromosome 9
were chosen by BLAST querying the NCBI nr database with the

plete XMRYV g ani ing the most similar full-length
proviral sequences, all of which happened to have xenotropic
envelopes (Figure S2C). Polytropic mERV Chromosome 7 and
polytropic mERV Chromosome 11 were chosen by selecting NCBI
nr full-length proviral sequences with envelopes most similar to a
prototygev polytropic clane MX27 [77). Similarly, modified polytropic
mERV Chromosome 7 and modified polytropic mERV Chromosome
12 were selected on the basis of similarity to a prototype-modified
polytropic clone: MX33 .(77]. U8 analysis was performed using
previously described ref. q : Mcvl8, Mcvs, Mxv2,
Mcvil, Mxvll, and HEMV18 [49); CWM-T-15, CWM-T-15-4, CWM-.
T-25a, and CWM-T-25b [48]. -

To generate the neighbor-joining tree of complete genomic
sequences (Figure 3), the seq were first lly edited to
make all genomes the same length, i.e, R to R, The edited sequences
were then aligned with ClustalX version 1.82 for Linux (78,79] using
default settings. The tree was generated based on positions without
gaps only: Kimura correction for multiple base substitutions [80] and
bootstrapping with n = 1000 were also used.

All other trecs were generated as above, except sequences were
first trimmed to the same length, gaps were included, and Kimura
correction was not used, as using these parameters did not have any
significant effect on the trees.

Antibodies. Monoclonal antibody to SFFV Gag protein was
produced from R187 cells ([65]; ATCC: CRL-1912) grown in DMEM
(Media Core, Cleveland Clinic Foundation, Cleveland, Ohio, United
States) with 10% ultra-low IgG FBS (Invitrogen) until confluent.
Conditioned media was collected every three days from confluent
cultures. Five ml of conditioned media per preparation was
centrifuged at 168 X g for 5 min at 4 °C. Supernatant was filtered
through a 0.22-pm syringe filter unit (Millipore, Billerica, Massachu-
setts, United States) and concentrated 16-fold in an Amicon ultra-
filtration unit with a 100-kDa molecuiar weight cutoff membrane
(Millipore). Sodium azide was added to a final concentration of
002%. Concomitant XMRV FISH/cytol in i fluotescence
was performed using a mouse anti-cytokeratin AEV/AES (20:1
mixture) lonal antibody (Chemi International, Temecula,
California, United States) capable of recognizing riormal and
neoplastic cells of epithelial origin.

FISH. The XMRV-35 FISH probe cocktail was generated using both
2.15-kb and 1.84-kb seg of the viral g btained by PCR
with forward primer-2345, 5' ACC CCT AAG TGA CAA GTC TG %
with reverse primer-4495, 5' CTG GAC-AGT GAA TTA TAC TA 3’
and forward primer-4915, 5' AAA TTG GGG CAG GGG TGC GA 3
with reverse primer-6755, 5’ TTG GAG TAA GTA CCT AGG AC 8,
both cloned into pGEM-T (Promega, Madison, Wisconsin, United
States). The recombinant vectors were digested with EcoRT to velease
the viral cDNA fragmerits, which were purified after gel electro-
phoresis (Qiagen). The purified viral cDNA inserts were used in nick
translation reactions to produce SpectrumGreen dUTP fluorescendly
labeled probe according to manufacturer’s instructions (Vysis Inc.,
Des Plaines, [llinois, United States). Freshly baked slides of prostatic
tissues or tissue microarray arvays with ~4-pim thick tissue sections
were deparaffinized, rehydrated, and subjected to Target Retrieval
{Dako, Glostrup, Denmark) for 40 min at 95 °C. Slides were cooled to
room temperature and rinsed in H,O. Proteinase K (Dako) at 1:5000
in Tris-HC} (pH 7.4) was applied directly to slides for 10 min at room
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temperature. Adjacent tissue sections were also probed with
SpectrumGreen dUTP fluorescently labeled KSHV-8 DNA (nts
85820-92789) as a negative control or, as a positive cantral with
SpectrumGreen and SpectrumOrange labeled TelVysion DNA Probe
cocktail (Vysis), specific for subtelomeric regions of the P and Q arms
of human Chromosome 1 as a positive control to ensure the tissue
was completely accessible to FISH. FISH slides were examined using a
Leica DMR microscope (Leica Micro-Systems, Heidelberg, Germany),
cquipped with a Retiga EX CCD camera (Q-ImagingVancouver,
British Columbia, Canada). FISH images were captured using a Leica
TCS SP2 laser scanning confocal with a 63X oil objective numerical
aperature 1.4 (Leica Micro-Systems) microscope. XMRV nucleic acids
were visualized using i i ity projections of optical slices
acquired using a 488-nm argon-laser (emission at 500-550 nm).
TelVysion DNA Probes were visualized using maximum intensity
projections of optical slices acquired using a 48&nm argonlaser
{emission at 500-550 nm) and 568-nm krypton-argon-laser (emission
at 575-680 nm) DAPI was visualized using i i i

projections of optical slices acquired using a 364-nm UV-laser
(emission at 400-500 nm). Slides were subsequently washed in 2X SSC
(0.3 M sodium chloride and 0.08 M sodium citrate, [pH 7.0)) to
remove coverslips, and H&E stained for morphological evaluation.

IHC, THC on human tissues was performed on a Benchmark
Ventana Autostainer (Ventana Medical Systems, Tucson, Arizona,
United States). Unstained, formalin-fixed, paraffin-embedded pros-
tate sections were placed on electrostatically charged slides and
deparaffinized followed by a mild cell conditioning achieved through
the use of Cell Conditioner #2 (Ventana Medical Systems). The
concentrated R187 monoclonal antibody against SFFV p30 Gag was
dispensed manually onto the sections at 10 g per ml and allowed to
incubate for 32 min at 37 °C. Endogenous biotin was blocked in
sections using the Endogenous Biotin Blocking Kit (Ventana Medical
Systems). Sections were washed, and biotinylated ImmunoPure Goat
Anti-Rat IgG (Pierce Biotechnology, Rockford, lllinois, United States)
was applied at a concentration of 4.8 pg per ml for 8 min. To detect
Gag protein localization, the Ventana Enhanced Alkaline Phospha-
tase Red Detection Kit (Ventana Medical Systems) was used. Sections
were briefly washed in distilled water and counterstained with
Hematoxylin Il (Ventana Medical Systems) for approximately 6
min. Sections were washed, dehydrated in graded alcohols, incubated
in xylene for 5 min, and coverslips were added with Cytoseal (Microm
International, Walldorf, Germany). Negative controls were performed
as above except without the addition of the R187 wmonoclonal
antibody.

Concomitant XMRV FISHlcytokeratin IHC was performed on
slides of prostate tissue from patient VP62. First, sections were
immunostained for cytokeratin AEIfAES using the Alexa Fluor 594
Tyramide Signal Amplification Kit (Molecular Probes, Invitrogen).
Briefly, unstained, formalin-fixed, paraffi bedded sections cut at
~4 um were placed on electrostatically charged slides, baked at 65 °C
for at least 4 h, deparaffinized in xylene, and rehydrated through
decreasing alcohol concentrations. Slides were incubated in Protease
IT (Ventana Medical Systems) for 3 min at voor temperature and
washed in phosphate-buffered saline (PBS) in peroxidase quenching
buffer (PBS + 3% H,0,) for 60 min at room temperature, then
incubated with 1% blocking reagent (10 mg/ml BSA in PBS) for 60
min at room temperature. The slides were incubated with cytokeratin
AE1AE3 antibody diluted in 1% blocking reagent for 60 min at room
temperature and rinsed $X times in PBS, Goat anti-mouse IgG-
horseradish peroxidase (Molecular Probes, Invitrogen) was added and
incubated for 60 min at room temperature, The slides were rinsed 8X
in PBS. The tyramide solution was added to the slides for 10 min at
room temperature and the slides were rinsed 3X in PBS. Slides were
then placed in Target Retrieval solution (Dako) for 40 min at 95 °C.
FISH for. XMRV was performed as described above except in the
absence of proteinase K treatment. After FISH, the slides were

i with V. hield Mounting Medi plus DAPI (Vector
Labs, Burlingame, California, United States) and examined using
fluorescence microscopy. Immunofiuorescence images were captured
using a Texas red filter with a Leica DMR microscope (Leica Micro-

Systems), equipped with a Retiga EX CCD camera (Qlmaging).

Supporting information

Figure S1. Complete Nucleotide Seq of XMRV VP35

Numbers to the left indicate nt coordinates relative to the first nt.
Predicted open reading frames for Gag, Gag-Pro-Pol, and Env
polyproteins are shown below the corresponding nt. Characteristic
24-nt deletion in the 5' gag leader is indicated with a triangle. Other
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genome features as well as primers used in the nested gag RT-PCR are
shown as arrows. )

Found at DO \0.!571Ijouma\.ppa!.0020025.13001 {558 KB PDF).

Figure 52, Phylogenetic Analysis of XMRV Based on Predicted Gag,
Pro-Pol, and Env Polyproteins

Predicted Gag (A), Pro-Pol (B), and Env (C) sequences of XMRV VP85,
VP42, and VP62 (red) as well as the correspondihg sequences from
MTCR; MuLVs DG-75, MCF1238, Akv, Moloney, Friend, and
Rauscher; feline leukemia virus (FLVY; koala retrovirus (KoRV);
gibbon ape leukemia virus (GALV), and a set of representative non-
ecotropic proviruses (mERVs) were aligned using ClustalX. The
resulting alignments were used to generate unrooted neighbor-
Joining trees (see Materials and Methods). Sequences are labeled as
xenotropic (X), polytropic (P), modified polytropic (Pm), or ecotropic
(E).

Found at DOL: 10.1871 fjournal.ppat.0020025.55002 (186 KB EPS).

Figure $3. Comparison of XMRV US Region to Representative Non-
Ecotropic Sequences

{A) Multiple seq lig of U3 seq from XMRV VP35,
VP42, and VP62; MuLVs NZB-9-1 and NFS-Th-1; and from
representative non-ecotropic proviruses [37,48,49). The sequences

were aligned using ClustalX (sce Materials and Methods). Only

sequences most similar to XMRYV are shown, Glucocorticoid response
elemenit (GRE), and TATA and CAT boxes are indicated by lines.
Direct repeat regions (boxed) are numbered according to the existing
convention [37,48). Triangle indicates a 190 nt insertion in polytropic
proviruses [37]. XMRV-specific AG dinucleotide insertion is shown in
red. Dots denote nt identical to those from XMRV, and deleted nt
appear as spaces.

(B) Phylogenetic tree based on U3 nt sequences. Multiple sequence
alignment from (A) was used to g an d neighb
Jjoining tree (see Materials and Methods). Bootstrap values (n = 1000
trials) are shown as percentages. US sequences from XMRV are shown
in red.

Found at DOI: 10.1371/journal.ppat.0020025.5g003 (188 KB EPS).
Protacol 51, Probe Recovery from Hand-Spotted Microarrays by
“Scratching™

Found at DOI: 10.1371/journal.ppat.0020025.5d001 (83 KB PDF).
Protocol 52. XMRV gag Nested RT-PCR

Found at DOL: 10.1371fjournal ppat.0020025.5d002 (172 KB PDF),
Table S1. Computational Viral Species Predictions Using E-Predict
for the Virochip Microarrays Shown in Figure 1

Found at DOI: 10.1371/journal.ppat.0020025.5t001 (48 KB DOC).
Table 52. PCR Primers Used for Sequencing of XMRV Genomes
Found at DOL: 10.1371/journal.ppat.0020025.5t002 (45 KB DOC).

Table 88, Age, Clinical Parameters, and Geographical Locations of
XMRV-Positive Prostate Cancer Cases

Found at DOL: 10.1371/journal.ppat.0020025.5t003 (39 KB DOC).

Video S1. Confacal Optical Image Planes of a Representative XMRV .

FISH Positive Cell
Optical image planes (0.5 pm step-size) of the XMRV FISH positive
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Table 1
Contents lists available at ScienceDirect Clinical and pathological data of all patients
VirorLoay Sample Age Group PSA (ng/ml) Free PSA (%) Tumor-stage Gleason-score
Journal of Clinical Virology 1 3 ] 03 5152 N N
45 B 025 84 NA NA
3 48 B 06 53.33 NA NA
: . Lelsevier. 1 : 4 51 B 045 3787 NA NA
journat homepage: www.elsevier.com/locate/jcv M 3 B 02 o N by
[ 33 B 022 50 NA NA
7 45 B 057 5439 NA NA
8 45 B 081 3827 NA NA
9 42 B 13 5333 NA © NA
Prevalence of human gammaretrovirus XMRV in sporadic prostate cancer _ 0 » E 044 22 >, o
, . i b X . b 12 56 B 035 2571 NA NA
Nicole Fischer?®*, Olaf Hellwinkel®, Claudia Schulz?, Felix K.H. Chun?®, 3 g B 049 3061 NA NA
. . B 075 24 NA NA
Hartwig Huland, Martin Aepfelbacher?, Thorsten Schlomm® ] ,5 o B o1 S NA NA
* Institute for Medical Microbiology and Virology, University Medical Center dorf, ini 52, 20246 g, Germany ' :s g; 8 :]1821 3125 NA . NN:
® Martini-Clinic, Prostate Cancer Center ond Department of Urology, University Medical Center Eppendorf, Martinistrasse 52, 20246 Hamburg, Germany . . 8 o 2469 NA
: 18 56 - B 042 33BN NA NA
19 52 8 0.63 49.21 NA NA
20 57 B 082 2195 NA . :NA
ARTICLE INFO ABSTRACT a 55 B 083 241 NA NA
2 65 B 05 NA NA . NA
ArUC{e history: Background: We previously identified a novel exogenous gammaretrovirus (xenotropic murine leukemia Zzi S : g‘gg 32,4'9718 m NN: ’
Recetved 15 February 2008 virus-related gammaretrovirus (XMRV)) using a pan-viral microarray. XMRV is the first MLV-related virus 25 55 B u 2545 - NA " NA
- Received in """_Td form 21 April 2008 found in human infection. Forty percent (8/20) of familial prostate cancer patients homozygous for a . 2% 80 B 2054 1237 NA NA
Accepted 25 April 2008 mutation in RNase L (R462Q) were positive for XMRV, while the virus was rarely (1/66)detected in familial 27 64 B NA NA NA NA
p cancer patients heterozygous for R462Q or carrying the wild type aliele. . 28 63 B 653 20.52 NA NA
Keywords: Objectives: To determine the presence of XMRV in non-familial prostate cancer samples. 29 52 8 815 1853 NA NA
XMRV g
i Study design: RNA from prostate tissue was analyzed for XMRV using nested RT-PCR. In all samples, RNase 30 66 B 6.28 3089 NA NA
Non-familial prostate cancer . . 3 65 B 13.39 2942 NA NA
RNase L L (R462Q) genotyping was performed using an allele-specific PCR. 2 70 B 27:54 10.64 A NA
Infection Results: XMRV-specific sequences were detected in one of 105 tissue samples from non-familial prostate ped s B 305 3115 NA NA
RT-PCR cancer patients and from one of 70 tissue samples from men without prostate cancer. The two XMRV- 34 . 57 B 532 22‘37 NA NA
positive patients were wild type or heterozygous for the R462Q mutation and thus carried at least one 35 77 B NA NA NA NA
fully functional RNase L allele. 36 il B 3.05 9.18 NA NA
Conclusions: XMRV was rarely detected in non-familial prostate cancer samples from Northern European 37 . 70 ] 752 2394 NA NA
patients. The homozygous mutation R462Q (QQ) was significantly underrepresented (<6%) in this cohort 38 A B 10.46 1836 NA NA
when compared to other studies (11-17%). . 39 60 B 64 19.69 NA NA
© 2008 Elsevier B.V. All rights reserved. 40 60 B 636 1745 NA NA
41 66 A 56 2179 : pT2c 3+3
2 65 A 285 21.05 pl2c 3+3
4 58 A 499 1182 “pr2e 343
. 44 67 A 407 23.83 . pr2e. 3+3
1. Introduction nant stages of the disease.! Viral infections may be triggers for the 45 68 A 61 159 pr2a : 3+3
: inflammatory process. However, epidemiological studies designed 4: 62 A 314 1401 pT2c 344
Prostate cancer is the most frequent cancer of men in North to detect links between specific viral infections and prostate cancer :8 2: : i“f mg :1" ;:;’
America and Europe. Well known factors contributing to the have been inconclusive. 2 49 62 A 784 23.85 pT2c 3+3
risk of prostate cancer are age, androgens, environmental and Recently, a new gammaretrovirus, xenotropic murine {eukemia 50 50 A 642 1231 pT2a 3+3
genetic factors.' Sporadic (non-familial) prostate cancer is the virus-related gammaretrovirus (XMRV), was discovered in pro- S1 51 A 786 4.5 pT2c 3+3
most common form of prostate cancer (80~90%) and its inci-  static tissue from patients with familial prostate cancer;! :g :g : :-g? §95<;5 Pgh 34 :;
dence increases with age. Familial prostate cancer, which accounts specifically in patients homozygous for a missense mutation in 54 P A 367 1608 :.m 443
for 10-20% of all prostate cancer cases, occurs much earlier in the RNase L gene, R462Q, Fluorescence in situ hybridization 55 65 A 9.81 9.68 pT3a 443
life and is defined as prostate cancer occurring in individuals revealed that prostatic stroma cells were infected at low frequency 56 68 A 135 an pT3a 5+4
with three or more first degree relatives who had prostate can-  (0.5-1.2%). 51 53 A 926 1879 pl2c 4+3
cer. RNase L, an endoribonuclease. of the antiviral defense :g g: : ;‘: :1 Pg: ;:34
Recent work emphasizes that prostate cancer is frequently ~ pathway, was one of the first prostate cancer susceptibil- 60 52 A 361 1357 ":m 342
associated with chronic prostatic inflammation. A lesion called ity genes recognized. The missense mutation R462Q has been 81 65 A 6.02 103 pT3a 3+4
proliferative inflammatory atrophy is often found in the premalig- linked to hereditary prostate cancer -3 and has been impli- 62 64 A 268 2388 pT2a 3+3
cated in up to 13% of all prostate cancer cases in some :i ;; : 2-647 ;"7‘;3 Pg‘ ::g
studies.'” Not all studies have confirmed this finding, perhaps 65 - A 932 44 gn: 342
because of differences in population genetics or environmental 66 50 A NA NA pT2¢ 344
Abbreviations: PCR, polymerase chain reaction; PCA, prostate cancer; SNP, sin- factors,14-16 67 52 A 8.77 - 832 pr2c 3+4
gle nucleotide polymorphism: XMRV, ropic murine leukemia virus-refated In the present study, we analyzed 105 RNA samples from the &8 - A 334 1527 pT3a 343
;’e":‘:éil;sl’}‘;:r’::::“:;l’:;?‘ antigen; PIA, proliferative Inflammatory atrophy: HPC.,  proctate tissue of 87 sporadic prostate cancer patients and also gg g; : g';g fgf: :gﬁ i:;
* Corresponding author, Tel.: +43 42903 B184: fax: +48 42803 3250, biopsy samples from 70 healthy men without prostate cancer for n 57 A 1191 915 pT2¢ 4+3
E-mail address: nfischer@uke.de (N. Fischer), the presence of XMRV. 72 53 A 3.04 1546 pT2¢ 3+4
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Table 1 (Continued}

Sample Age Group PSA (ng/ml) Free PSA (X) Tumor-stage Gleason-score
73 62 A an 977 pT2c 3+3
74 63 A 938 6.18 pT2c 3+3
75 67 A 513 15.01 pT2c 3+3
76 66 A 1227 14.83 pT3b 3+4
77 57 A 2417 28.71 pT2c 3+3
78 66 A 37 1216 pT2c 3+4
79 65 A 62 4.52 pT2c 3+4
80 54 A 853 514 pT2a 443
81 58 A 1798 13.24 pT3a 4+3
82 53 A 5.52 13.22 © pT2 3+4
83 62 A 448 781 pT2a 3+4
84 70 A 3.56 18.82 pT2c 3+3
85 61 A 315 219 pT3a 3+4
86 . 58 A 648 6.48 pT2c 3+4
87 65 A 10.28 1021 pT2c 344
88 54 A 2262 4,02 pT3a 3+4
8g 65 A 187 6.1 pT2a 4+4
90 71 A 6.19 16.16 pT2c 3+3
il 54 A 7.31 78 T2 3+4
82 62 A 785 6.62 pT2¢ 3+4
93 64 A 5.75 9.91 pT2c 3+3
94 63 A 5.04 85 NA 3+3
95 73 A 1013 20.24 NA 3+4
96 69 A 6.22 98 NA 3+4
97 60 A 9.18 132 NA 4+4
98 69 A 1798 1.7 NA 3+4
99 3 A 2976 5.7 NA 3+4

100 57 A 7.09 141 NA 3+3

101 60 A 4.02 177 NA 3+3

102 75 A 6.75 21 NA 3+3

103 54 A 454 29.7 NA 3+3

104 72 A 6.94 12 NA 4+3

105 65 A 10.59 181 NA 3+3

106 59 A 8.67 182 NA 4+3

107 n A 279 176 NA 3+3

108 49 A 112 241 NA 3+3

109 66 A 817 76 NA 5+3
110 65 A NA NA pT3a 3+4
m KA A NA NA pT2c 4+3

12 48 A NA NA pT2e 343
1m &7 A - NA NA pT3b 4+3
114 62 A NA NA pT3b 4+3
115 76 A NA NA pT3b 3+4
16 58 A NA NA pT3b 3+4
17 63 A NA NA PT2c 3+4
18 59 A NA NA pT3b 3+4
ns 69 A NA NA pT3b NA

120 67 A NA NA pT2b 3+3

121 70 A NA NA PT3a 3+4

122 60 A NA NA pT3b 344

123 70 A NA NA pT3b 4+3

124 67 A NA NA pT3b 3+4

125 67 A NA NA pT2c 3+3

126 4 A 277 13 NA - NA

127 65 A 1046 12.05 NA NA

128 67 B 463 13.6 NA NA

129 62 B 354 13.37 NA NA

130 68 B 1478 1748 NA NA

131 55 B 478 2218 NA NA

132 70 8 10.52 191 NA NA

133 67 B 349 2464 NA NA

134 4 B 374 14.44 NA NA

135 69 B 9.14 182 NA NA

136 59 B 5.33 12.4 NA NA

137 83 B 41 142 NA NA

138 57 B 1 35 NA NA

139 61 B 972 2N NA NA

140 80 B 4.58 347 NA NA
141 66 . B 46 3065 NA NA

142 67 B 5.42 351 NA NA

143 62 B 41 176 NA NA

144 75 B 3.89 283 NA NA
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Table 1 (Continued)

Sample Age Group PSA (ng/ml) Free PSA (%) Tumor-stage Gleason-score
145 © S6 B8 923 219 - NA NA
146 85 B 494 133 NA NA

147 64 B 1558 104 NA NA

148 nn B 752 176 NA NA
149 7 B . 617 2382 NA NA

150 72 B 279 344 NA NA

151 47 B 276 17 NA NA

152 §7 B 287 355 NA NA

153 53 B 55 189 NA NA

154 65 B 584 36.5 NA . NA

155 - 62 B 494 211 NA NA

156 65 B 8.02 21 NA N -
157 54 B 597 131 N NA

NA: "not analyzed",

2. Methods
2.1. Tissue sampling and RNA isolation

We studied histological tumor-free prostate biopsies from 87
patients (Group A; samples 41-127) with confirmed cancer under-
going radical prostatectomy at the Urology Department of the
University Hospital Hamburg-Eppendorf, and from 70 control
donors (Group B). Group B samples 1-40 were from men defined
as healthy according to the following parameters: serum PSA
<1ng/ml; no family history of prostate cancer; normal transrec-
tal ultrasound or negative digital rectal examination, Group B
samples 128-157 were from men with multiple negative biopsy
series,

In some patients with a large prostate cancer, biopsies were
taken from the cancerous region (T) as well as from the regxon
without signs of cancer (N) as confirmed by histology.

Tissue specimens were collected strictly from the peripheral
zone of the prostate by ultrasound-guided transrectal biopsy,
Samples were fixed in RNAlater (Qjagen) and RNA was isolated
using RNeasy-columns (Qiagen) followed by RNA quality control
using an Agilent 2100 bicanalyzer (Agilent Technologies, Inc.).
Clinical and pathological data for all individuals are shown in
Table 1. The study was approved by the local ethics committee
(no: OB-052-04).

2.2. XMRV RT-PCR; sequencing and clustering of XMRV gag
sequences

XMRV-specific RT-PCR was performed as described
previously.'® Briefly, total RNA extracted from tissue obtained
by needle biopsy was analyzed in a nested RT-PCR reaction
using XMRV specific primers. PCR fragments were gel purified
using QIAEX I gel extraction kit (Qiagen) cloned into pCR2,1-TA
vector (Invitrogen) and sequenced. For phylogenetic tree anal-
ysis, a published sequence set was used.'0 The gag sequences
were aligned with ClustalX version 182 118 usmg default
settings.

2.3. RNase L genotypir(g and quantitative real-time PCR

Allele-specific PCR to detect single nucléotide polymorphism
R462Q was performed as described." Briefly, this allele-specific
PCR utilized two primers, each with the 3’ terminal base comple-
mentary to one of the alleles to be identified. Two separate PCR
amplification reactions using the same reverse primer were per-
formed to detect each allele. For the quantitative real time PCR,
100 ng of total RNA was reverse transcribed in a total volume of

. 25l using random primers. 5 ul of cDNA were amplified using

the Qjagen SyBr Green Master Mix on a Biorad iCycler according
to manufacturer's instructions. Each experiment was performed in
triplicate. The primers used were described recently.!®

DU145 and LNCaP, two prostate cancer cell lines (American Type
Cultare Collection), were cultured in RPMI medium supplemented
with 10% FCS.

3. Results

3.1 Low frequency of XMRV in sporadic prostate cancer

The gammaretrovirus XMRV was originally identified in RNase
L-deficient prostate cancer tissue of patients with familial prostate -
cancer. In the absence of epidemiological data for XMRV, the
present study was initiated to extend the search for XMRV-specific
sequences to include patients with sporadic prostate cancer inde-
pendent of the RNase L status. Only one sample of 105 obtained
from the sporadic prostate cancer patients was positive for XMRV
(0.95%) by RT-PCR. Additionally, XMRV sequences were detected in

. one of the 70 (1.42%) RNA samples from prostate tissue of healthy

donors (Table 2). -
To examine the relationship between the amplified sequences
and those previously published for XMRV,'0 the gag, region from

‘both samples was amplified by nested RT-PCR and sequenced.

The sequences were highly similar (Fig. 1), showing 98-99%
sequence identity within a 390-bp region of gag, suggesting
that the ampliﬁed sequences are mdeed from the same virus,
XMRV.

3.2. RNase L genotyping

Data from our earlier studies provide evidence that functional
mutations in RNase L might be important for the acquisition of
XMRV. In the present study, an allele-specific PCR ! for the SNP
R462Q within RNase L was performed (Fig, 2). Neither of the two

- XMRV-positive samples was homozygous for the R462Q muta-

tion. The prostate cancer sample (sample 57) was heterozygous
(QR} and the control sample (sample 6) displayed a wild type
(RR) RNase L genotype. The results obtained by PCR were con-
firmed by sequencing. (Fig. 2B). Table 3 summarizes the results
of the RNase L SNP R462Q genotyping of all samples included in
the study. Only a few of the samples (<6%) showed the homozy-
gous QQ genotype previously reported to be present in 13~15%
of control cases, sporadic .prostate cancer samples and famil-
ial prostate cancer samples,12.151620-22 The distribution of wild
type and heterozygous mutations was concordant with published
results.
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Fig. 1. XMRV gag sequences derived from sporadic and familial prostate cancer samples. Phylogenetic tree comparing a 390-nt RT-PCR gag fragment amplified from sporadic

tumor samples (57in Group Aand 6 in Group B) with recently published XMRV sequences from famlhal pmsme cancer panents % The sequences were aligned using ClustalX

and the tree was d using the neig| -joining method, Sequences are labeled as

3.3. RNase L expression

Relative RNase L mRNA expression levels were assayed in XMRV-
positive samples using quantitative real time RT-PCR. LNCaP cells,
which have an inactivating deletion mutation in one allele of
RNASEL2° These cells had a 20-fold reduction in RNase L expres-
sion levels compared to DU145 cells (Fig. 3). In contrast, the two
XMRV-positive samples (6 and 57) did not have reduced RNase
L expression when compared to DU145 cells. Randomly selected
samples from our cohort representing Group A and Group B did
not show major differences in RNase L expression. However, we
observed a 50-fold difference in RNase L mRNA expression when
comparing RNA from tumor cells (T} with normal tissue (N) from

(X) (®), ! (Pm). or pic (E).

patient 117. Two other samples, 118 and 119, did not show major
differences in RNase L expression between tumor cells and normal
cells.

Table 2
XMRV detection using nested gag RT-PCR
PCA (Graup A) Control (Group B}
XMRV RT (+) 1/105 170
Median age (yrs) 611 585

Total RNA isolated from prostate tissue from patients with prostate cancer (PCA)
was analyzed for the presence of XMRV sequences using an RT-nested PCR, GAPDH
was amplified in parallel as an internal control,

282 N. Fischer et al. / Journal of Clinical Virology 43 (2008} 277-283
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(8) 57 (groupA) : Genotype QR
CCAAAATGTCCTGTCATC
CCGAAATGTCCTGTCATCY

6 (group B) : Genotype RR
CCGAAATGTCCTGTCATC
CCGAAATGTCCTGTCATC

Fig. 2. Allele-specific PCR for the genotyping of the R462Q (A1385G) mutation in
the RNase L gene. Ethidium bromide stained agarose gel showing PCR-positive frag-
ments of RNase L using allele-specific forward primers Q(leRt) or R (right)in separate
PCR reactions with a common reverse primer R RNA from prostate cancer cell
lines LNCaP. (Genotype QR) and DU145 (Genotype RR) were used as controls. (B)
Nucleotide sequence of the two XMRV pasitive PCR fragments from tumor samples
shown in (A}. Nucleotide exchange at pasition 1385 is shown in light grey.
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Fig. 3, RNase L mRNA expression in prostate tissue samples. RNase L mRNA expres-
sion was measured by quantitative real time PCR as described in Section 2. Standard

from three {four each) are shown.
Prostate cancer cell lines DU145 and LNCaP(shown as black bars) were used as con-
trols. RNase L mRNA levels from healthy control roup B) are shown in light
grey, samples from PCA patients (Group A) are shown as whke bars. Tindicates RNA
from tumor region, N stands for RNA from normal tissue. The two XMRV-positive
cases are indicated as speckled bars, The RNase L genotype of al! samples is shown
in brackets,

Table 3

RNase L genotyping of SNP R462Q

Study group Number screened  RNASEL (SNP 462) Sample type
RR RQ QQ

PCA (Group A) 87 51 3 7 Tissue DNA

Control (Group B) 70 42 24 4 Tissue DNA

DNA from prostate tissue from patients with prostate cancer (PCA) was analyzed
for the presence of a single nucleotide polymorphism (SNP) at amino acid position
462 within the RNase L gene. RR, RQ, QQ; wild type, heterozygous and homozygous
genotype, respectively.

4. Discussion

XMRV, a novel gammaretrovirus, was recently identified in .
familial prostate cancer samples using a pan-viral microarray.’®
Qur earlier studies suggested that functional mutations in RNase L
might be tmportant for the acquisition of XMRV, Almost all XMRV-
positive prostate cancer cases described so far carry a mutation
within RNase L (R462Q), resulting in reduced RNase L activity,’®

However, the current study found only a low prevalence of
XMRV in non-familial prostate tissue of men in Northern Europe.

RNase L, an endoribonuclease of the antiviral defense pathway,
was one of the first susceptibility genes discovered in prostate
¢ancer. The HPC1 (hereditary prostate cancer) locus was linked
to prostate cancer in several genetic linkage studies performed
in North America and Finland.'"122023 This finding was not be
confirmed in a large case control study recently conducted in
Germany.'6 RNase L Is implicated in the interferon-mediated anti-
viral defence pathway and has been shown to play a role in several
models of viral infection including influenza A, West Nile virus and
herpes simplex virus,2132.24-26

In our previous study, XMRV was detected in familial prostate
cancer patients homozygous for the R462Q variant (QQ) of RNase
L0 Overall, 40%.-(8/20) of patients homozygous. for the SNP
R462Q (QQ) has XMRV infection, whereas only 1.5% (1/66) patients
heterozygous (QR) or carrying the wild type allele (RR) were
XMRV-positive. Subsequent in vitro experiments demonstrating
that XMRV replication increases with reduced RNase L activity fur-
ther corroborated our previous results.2’

So far, there are no epidemiological data regarding the preva-
lence of XMRVin p: tissue, independent of the RNase Lstatus.
The prevalence of XMRV in our cohort was low (1.14%). The two
XMRV-positive patients were heterozygous (HR).or wild type (RR)
genotype and showed no deficiency in RNase L expression, These
results are in accord with our previous observation -that XMRV

ec es are predomi ly found in prostate cancer patients
witha deﬁcxcncy in RNase L and only rarely found in prostate cancer
patients with at least one-fully functional RNase L allele,

Genotyping for the SNP R462Q in the C-terminal domain of
RNase L, revealed that homozygosity of R462Q (QQ) is a relatively
rare event (<6%). These results are in contrast to previous studies
that have reported homozygous R462Q (QQ) mutations in 11-17%
of cases, independent of the genetic backg; d of the population,
At present, we do not have an explanation for this observation, since
all of our patients are of Caucasian background and live in Northern
Europe.

We were not able to look for SNP R462Q in the germline cells of
our cohort, as such material was not available, However, a recent
study comparing germline with somatic' mutations of RNase L
observed a similar distribution of homozygous heterozygous or -
wild type allele frequency in both tissue types.28

In conclusion, our results suggest that XMRV is not associated
with sporadic prostate cancer in Northern Europe. The availability
of an XMRV antibody-screening test should greatly enhance epi-
demiological studies of the prevalence of XMRV in larger cohorts
of prostate cancer patients as well as in the general population,
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Abstract
Background: A novel gammaretrovirus named xenotropic murine leukemia virus-related virus
(XMRV) has been recently identified and found to have a prevalence of 40% in prostate tumer
samples from American patients carrying a homozygous R462Q mutation'in the RNaseL gene, This

. mutation impairs the function of the innate antiviral type I interferon pathway and is a known -
susceptibility factor for prostate cancer, Here, we attempt to measure the prevaience of XMRV in
prostate cancer cases in Germany and determxne whether an analognus association with the
R462Q polymaorphism exists..

Results: 589 prostate tumor samples were genotyped by real-time PCR with regard to the
RNasel. mutation. DNA and RNA samples from these patients were screened for the presence of
XMRV-specific gog sequences using a highly sensitive nested PCR and RT-PCR approach. .
Furthermore, [46 sera samples from prostate tumor patients were tested for XMRV Gag and Env
antibodies using a newly developed ELISA assay. In agreement with earlier data, 12.9% (76 samples)
were shown to be of the QQ genotype. However, XMRYV specific sequences were detected at
neither the DNA nor the RNA level. Consistent with this result, none of the sera analyzed from
prostate cancer patients contained XMRV.specific antibodies.

Conclusion: Our results indicate a much lower prevalénce (or even complete absencé) of XMRV
in prostate tumor patients in Germany, One possible reason for-this could be a geographically
restricted incidence of XMRV infections, '

Background mately 80,000 deaths per year [1], Modern methods of
Prostate cancer (PCa) is currently the most. commonly diagnosis and extensive programs for early detection have
diagnosed cancer in European males and causes approxi-  increased the chances for successful treatment in recent
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years, but there is still only limited knowledge concerning
susceptibility and putative risk factors for PCa. In addition
to age, the risk factors for developing PCa are thought to
be diet, alcohol consumption, exposure to ultraviolet
radiation [2], and genetic factors [3]. One of the first stud-
ies to investigate the hereditary factors associated with a
predisposition for developing prostate cancer identified
the HPC1 locus (hereditary prostate cancer locus-1) {4},
which is now known to harbor the RNaseL gene. RNaseL
codes for a endoribonuclease involved in the IFN-regu-
lated antiviral defense pathway (reviewed by |5]). The sig-
nificance of RNaseL gene polymorphisms for the
development of prostate cancer is still under scrutiny, The
R462Q (rs486907) polymorphism for example is impli-
cated in up to 13% of all US prostate cancer cases [6] and
three other variants contribute to familial prostate cancer
risk in the Japanese population [7], whereas ng significant
association with disease risk could be found in the Ger-
man population [8].

Recently, an analysis for viral sequences in prostate cancer
stroma tissues using custom-made microarrays resulted in
the discovery of a new gammaretrovirus named xenotropic
murine leukemia virus-related virus (XMRV), [9,10]. XMRV
was present in eight of twenty (40%) cases in patients
with familial prostate cancer that were homozygous at the
R462Q locus for the QQ allel. On the other hand, the
virus could be detected in only 1.5% of carriers of the RQ
or RR allels. in subsequent studies involving smaller
cohorts of European prostate cancer patients, the preva-
lence and correlation of the QQ-phenotype with the pres-
ence of XMRV were either far less significant [11] or the
virus could not be detected at all [12]. Very recently XMRV
was recognized by immunohistochemistry in 23% of
prostate cancers from US American donors, independent
of the R462Q polymiorphism [13].

This present study describes the development and use of
sensitive PCR and RT-PCR assays to test DNA and RNA
from 589 PCa tumor samples obtained from the Charité
hospital in Berlin (Germany) for the presence of proviral
XMRV DNA and corresponding viral transcripts. In addi-
tion, we used an ELISA based on recombinant XMRV pro-
teins to screen 146 PCa patient sera for viral Env- and Gag-
specific antibodies. Neither in the 76 specimens
homozygous for the QQ allele, nor in any of the other
samples could XMRV or a related gammaretrovirus be
detected. Furthermore, none of the sera contained anti-
bodies specific for the XMRV Env or Gag proteins.

Methods

. Patlents

Tissue samples were collected from 589 patients undergo-
ing radical prostatectomy for histologically proven pri-
mary prostate cancer at the Department of Urology,

http:/iwww.retrovirology.com/content/6/1/92

Charité - Universititsmedizin Berlin, between 2000 and
2006. Institutional review board approval for this study
was obtained and all patients gave their informed consent
prior to surgery. Tissue samples were obtained immedi-
ately after surgery, snap-frozen in liquid nitrogen and
stored at -80° C. Histopathologic classification of the sam-
ples was based on the World Health Organization and
1997 TNM classification guidelines {International Union
Against Cancer, 1997). The patient's median age was 63
years (range 43 - 80). The serum PSA levels were measured
prior to surgery and ranged from 0.1 to 100 ng/mi
(median 7.5 ng/ml). 405 of 589 patients (69%) had
organ-confined disease (pT2) while the remaining 31%
had non organ-confined disease (pT3 and pT4). Using the
Gleason-score (GS) system, the sample population was
divided into low-grade tumors (GS 2-6, n = 282), interme-
diate cases (GS 7, n = 175), and high-grade prostate carci-
nomas (GS 8-10, n = 68).

Nucleic acid Isolation
Frozen tissues were mechanically sliced and immediately
lysed in DNA- or RNA-lysis buffer, column-purified, and
eluted (50-200 pl) according to the manufacturers
instructions {QIAamp DNA Mini KGt, RNeasy Mini Kit,
QIAGEN GmbH, Hilden, Germany). The OD;024 ratio
and nucleic acid concentrations were determined using
the Nanodrop-1000 instrument (PeqLab Biotechnologie
GmbH, Erlangen, Germany). In addition, RNA samples
were checked for integrity using a Bioanalzyer-2100 (Agi-
lent Technologies, Inc., Santa Clara CA, United-States).
¢ No additional macro-/micro-dissections were performed
on the prostate tissues because viral nucleic acids were
expected to be present preferentially in the stromal com-
partments. : .

Diagnostic PCR

A nested PCR was developed for the detection of XMRV
sequences that amplifies regions upstream of the gag start
codon, harboring the unique 24 nt deletion {10]. First, we
constructed by fusion-PCR a synthetic gene representing
the region from nucleotide 1 to 800 of the MLV DG-75
(Genbank acc. number AF221065). This fragment was
cloned into the pCR4-TOPO vector (Invitrogen, Karl-
stuhe, Germany), and the identity of the fragment was
confirmed by sequencing, The same procedure was used
to clone a corresponding 800 nt fragment for use as a pos-
itive control of the XMRV genome (Genbank acc. num.
EF185282). Conditions of first round PCR for the detec-
tion of proviral sequences were: 100 ng patient DNA,
primer Out-For 5'-CCGTGTTCCCAATAAAGCCT-3', Out-
Rev 5 TGACATCCACAGACTGGTTG-3", (30 sec @ 94°C,
30 sec @60°C, 30 sec @ 72°C) x 20 cycles. Using 1/10t
of the first reaction and primer In-For 5-GCAGCCCT-
GGGAGACGTC-3' and In-Rev 5'-CGGCGCGGTITCG-
GCG-3' the second round PCR is able to detect any XMRV-
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like sequences, e.g. MLV DG-75. In addition, using a.
primer spanning the XMRV-specific deletion 5'-
CCCCAACAAAGCCACTCCAAAA-3' we were able to dis-
tinguish between XMRV and DG75 sequences. Second
round PCR reaction was performed at an elevated anneal-
ing temperature of 64°C for 35 cycles.

A nested-PCR strategy was used to detect XMRV-specific
viral RNAs in the total RNA of prostate tissue samples in
which the first round RT-PCR was performed as described
above using In-For and In-Rev followed by a quantitative
real-time PCR published by Donget al., 2007 [9,14]. As an
internal control, a human GAPDH specific primer and

. probe set were included in which the primers for the outer
RT-PCR were the same as for the inner PCR: forward 5'-

GGCGATGCTGGCGCTGAGTAC-3' reverse  5-TGGTC-
CACACCCATGACGA-3' and the probe 5-YAK-TTCAC-
CACCATGGAGAAGGCTGGG-Eclipse Dark quencher-3'
[15].

RNosel genotyping

A real-time PCR setup designed by Olfert Landt/TIB MOL-
BIOL, Berlin was used for RNaseL genotyping of tumor
samples which detects the single nucleotide polymor-
phism G1385A (rs486907) responsible for the- R462Q
mutation. PCR was carried out with R462Q_F CCTAT-
TAAGATGTTTTGTGGTTGCAG, R462Q_A GGAAGATGT-
GGAAAATGAGGAAG and the probes R462Q_(A) YAK-
ATTTGCCCAAAATGTCCTGTCATC-BBQ and R462Q_(G)
FAM-ATTTGCCCGAAATGTCCTGTCATC-BBQ following
a two-step protocol with 95°C for 20 sec and 60°C for 1
min, Positive controls were constructed by fusion PCR,
starting with 40 mer oligonudleotides, of the two 297 bp
fragments corresponding to the "R"- and "Q" versions of
the RNAseL genomic region and cloning these into the
PCR4-TOPO vector (Invitrogen). For each PCR, positive
control plasmids containing the R- or Q-sequence were

" included.

R bii Proteins, |
Recombinant proteins of XMRV pr65 (Gag) and gp70
(Env/SU) were generated for immunization and for the
ELISA assays. For XMRV Env/SU, a fragment containing
the amino acids 1-245 of the surface unit (gp70) was
amplified, cloned in pET16b vector {Novagen, Gibbs-
town, USA) and expressed in BL21 E. coli. For XMRV Gag
(pr65), two fragments (amino acids 1-272 and 259-535)
that overlap by 14 amino acids were constructed. The
expressed proteins were affinity purified using a Ni-NTA
column and eluted in 8 M urea, and proteins for immuni-
zation were subsequently dialyzed against phosphate
buffered saline. BALB/c mice were immunized with the
recombinant fragments of the Envelope or Gag proteins,
and sera were collected throughout the period of four

htp:/Avww.refrovirology.com/contant/6/1/92

immunizations. All animal experiments were performed
in accordance with institutional and state guidelines.

ELISA

Two weeks after the last immunization the mice were
bled, and serum antibodies were measured by solid phase
enzyme-linked immunosorbent assay (ELISA). Briefly,
bacterially expréssed and purified (via His-tag) protein
fragments were coatéd ovemight on Probind-96-well

 plates (Becton Dickinson Labware Europe, Le Pont de

Claix, France) at room temperature in equimolar
amounts. The plates were blocked with 2% Marvel milk
powder in phosphate buffered saline (PBS) for 2 h at
37°C, washed three times with PBS, 0.05% Tween 20 and
serial diluted mouse sera or patient sera at a 1:200 dilu-
tion in PBS with 2% milk powder and 0.05% Tween20
added into each well. After incubation for 1 hour at 37°C,
each well was again washed three times and a 1:1000 dilu-
tion of a goat anti-mouse IgG-HRP conjugate (Sigma
Aldrich, Munich, Germany) in PBS, 2%. milk powder,
0.05% Tween' 20 (Serva, Heidelberg, Germany) was
added. After further incubation for 1 hour at 37°C, each
well was again washed three times. The chromogen ortho-
phenylendiamin (OPD) in 0.05 ‘M phosphate-citrate
buffer, pH 5.0 containing 4 pl of a 30% solution of the
hydrogen peroxide substrate.per 10 m! was then added:
After 5-10 minutes the color development-was stopped by
addition of sulphuric acid and the absorbance at 492 nm/
620 nm was measured in a microplate reader.

Patient sera were tested for XMRV-Gag or -Env binding
antibodies in the same way, using a goat anti-human IgG-
HRP conjugate as secondary antibody (Sigma Aldrich,
Munich, Germany). Out of the 146 sera samples only
from 30 patients the corresponding nucleic acids were
included in the 589 DNA/RNA samples,

T K (4 4
Cells were grown on gelatine (0.3% coldwater fish gela-
tine in distilled water) coated glass stides in 12-well plates
and 24 h after seeding were transfected using Polyfect Rea-
gent (Qiagen) with the full length molecular clone
pCDNA3.1-VP62 or with the pTH-XMRV-coEnv or pTH-
XMRV-coGAG plasmids containing codon eptimized syn-
thetic full-length genes of the XMRV env or gag under con-
trol of the CMV promioter. 48 h after transfection the cells
were fixed with 2% formaldehyde (Sigma) in PBS, Cells
were rinsed briefly in PBS, permeabilized with 0.5% Tri-
ton X-100 in PBS for 15 min and washed 3 times with
PBS. After 30 min incubation with blocking buffer (2%
Marvel milk powder in PBS) cells were incubated for 60
min at 37°C with the mouse or human antisera diluted
1:200 in blocking buffer. The slides were washed exten-
sively with PBS. The secondary antibodies conjugated to
fluorophores were added for 30 min. After thorough,
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washing steps with PBS, the cells were mounted in

Mowiol and the glass slides were placed upside-down on
microscopy slides. Images were obtained on a Zeiss
(LSM510) confocal laser-scanning microscope.

Electron Microscopy

Transfected cells were fixed with 2.5 % glutaraldehyde in
0.05 M Hepes (pH 7.2) for 1 h at room temperature. Fix-
atives were prepared immediately before use. The samples
were embedded in epoxy resin (Epon) after dehydration
in a series of ethanol solutions (30%, 50%, 70%, 95%,
and 100%] and infiltrated with the resin using mixtures of
propylene oxide and resin followed by pure resin. Polym-
erization was carried out at 60°C for 48 h. Ultrathin sec-
tions {60-80 nm) were cut with an ultramicrotome
(Ultracut § or UCT; Leica, Germany) and picked up on
slot grids covered with a pioloform supporting film. To
add contrast, sections were stained with uranyl acetate
(2% in distilled water) and lead citrate (0.1% in distilled
water). Sections were examined with a FEI Tecnai G2
transmission electron microscope.

Results

Determination of the RNasel genotype of prostate cancer
samples

The highly significant correlation between XMRV-positive
prostate cancers and homozygosity for the QQ allel of the
RNasel, SNP R462Q previously published {9,10]
prompted us to analyze the genotypes of all 589 PCa sam-
ples included in our study. The DNA was extracted from
prostate biopsies consisting of tumour cells and surround-
ing stromal tissue. Using a real-time PCR method that
allows the underlying G1385A mutation at the DNA level
to be detected, 76 specimens (12.9 %) were found to be
homozygous for the QQ genotype. The RQ and RR geno-
types were present at frequencies of 52.5% and 34.6%

350
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300
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g 200
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® 150
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Z 100 7
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QQ (mwt) RR (WT) Qr
Figure |

Analysis of sample DNA with allele specific real time
PCR for the R462Q genotype. 76 of 589 samples (12.9%)
are homozygous for the QQ allele, 204 samples (34.6%) are
homozygous for the RR allele and 309 (52.5%) are hetero-
Zygous.
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respectively (Fig. 1). All samples were screened in dupli-
cate and gave consistent results.

Screening for proviral XMRY sequences by nested PCRs

‘We developed a nested PCR able to detect and discrimi-

nate between XMRV and proviral sequences closely
related to the endogenous murine gammaretrovirus DG-
75 [16]. This discrimination is based on the XMRV-spe-
cific 24 nt deletion within a conserved retroviral region
(Fig. 2A). To facilitate the development of the nested PCR
and to evaluate its sensitivity, we constructed de novo the
corresponding XMRV genomic region (nt 1-800 of the
XMRV VP62 sequence) via fusion-PCR of oligonucle-
otides and cloned this fragment into the pCR4-TOPO vec-
tor to generate the pXMRV plasmid. In addition, the
corresponding sequence of the DG-75 provirus was
assembled and cloned in the same way to yield the pDG-
75 vector.

Chromosomal DNA from a healthy human was spiked
with serial 1:10 dilutions of pXMRV and used to assess the
sensitivity of the nested PCRs. Following the first round
that used the outer primers, two parallel second rounds
with the primer pair In-For/In-Rev and In-For/Deletion-
Rev were performed.

Both primer pairs allowed the specific detection of 10 or
more copies of their targets. Use of the primers In-For/In-
Rev with the pXMRV template resulted in a 174 nt PCR
product, and a 198 nt product was produced with pDG-75
as template (Fig. 2B). Mouse tail DNA was also included
as a positive control to amplify a 198 nt sequence from
murine endogenous DG-75-like proviruses. As expected,
no PCR signal was generated if the In-For/Deletion-Rev
primer pair was used with pDG-75 or mouse tail DNA as
template (Fig, 2C, lower panel, lane 17 and lane 21).

All 589 DNAs isolated from prostate biopsies were
screened using the nested PCR setup and primer combina-
tions described. The successful RNAseL genotyping of all
589 samples confirmed DNA integrity and the absence of
PCR inhibitors in the samples. Specific fragments indicat-
ing the presence of XMRV (Fig. 2C upper panel) or a DG-
75 related gammaretrovirus were obtained from none of
the samples (Fig. 2C lower panel).

Examination of total RNA for the presence of XMRY
transcripts

To assess corresponding RNA'samples, a comparable
approach was used in which a first round RT-PCR for
cDNA synthesis with primers amplifying XMRV and DG-
75-like sequences was followed by quantitative real-time
PCR for the specific detection of XMRV (Fig. 3A). Prelim-
inary experiments performed with XMRV RNA (kindly
provided by R. Silverman) indicated the ability to detect
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Nested PCR for sensitive screening of patient tumor tissue DNA. (A) A nested PCR primer setup was used as indi-

" cated for the screening-of 589 PCa patient DNA isolated from prostate tumor and stroma tissue. Primer sites are numbered

according to the XMRV VP62 sequence (Genbank EF185282). (B) The reproducible detection limit was 10 copies of plasmid
DNA in human genomic DNA resulting in a 174 bp PCR product for XMRYV. In the experiment shown even 1 copy could be
amplified. Mouse tail DNA (MT) was used as positive control yielding a 198 bp product amplified from endogenous genomic
MLV sequences. (C) Nested-PCR screen of the first 16 QQ patients (lane 1-16) with the In-For and Deletion-Rev primer pair
(upper panel) and In-For and In-Rev primer setup (fower panel); lane |7 = mouse tail DNA, lane 18 = water control outer PCR -
mix, lane 19 = water control inner PCR mix, lane 20 = pXMRY, fane 2 = pDG7S, marker = 100 bp marker,

as few as 10 transcripts (e.g. Fig. 3B), and the reproducible
sensitivity to detect 100 transcripts. A human GAPDH
primer and probe set was used in each sample as an inter-
nal control for the integrity of the RNA. Whereas all 589
samples generated a positive GAPDH signal with Ct-val-
ues between 16 and 20, no signals with the XMRV specific
probe were obtained (Fig. 3C).

XMRY antibody detection )

Productive infection of humans by a murine gammaretro-
virus related virus should induce an antibody response.
Fragments of the cloned XMRV VP62 envelope (gp70)
and the gag (pr65) protein were expressed in E. coli to pro-
vide a basis for an ELISA to detect XMRV-specific antibod-

ies in the sera of prostate cancer patients. One fragment
spanning the region from amino acids 1 t0 245 of Envand
two- overlapping fragments spanning Gag were expressed
and purified via an N-terminal His-tag. -

Sera from immunized Balb/c mice (but not pre-immune
sera) were reactive in ELISA against the recombinant pro-
teins (data not shown). In addition, the specificity of the
antibodies was confirmed by immunofluorescence micro-
scopy using HEK 293T cells transfected with the expres-
sion plasmid pcDNA3.1-VP62 (kindly provided by R.
Silverman) that carries the sequence of the replication
active XMRV molecular clone (Fig. 4A and 4B). After trang-
fection, these cells produce gammaretroviral particles vis-
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24nt compared to MLV DG-75
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Figure 3
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Nested RT-PCR for sensitive and specific screening of patient tumor tissue RNA. (A) RT-PCR for alt 589 RNA

samples was carried out with In-For and In-Rev primers, followed by a quantitative real-time PCR using primers and probe as -

indicated. Using the Q445T forward primer spanning the XMRYV typical deletion ensured specific detection of XMRV
sequences. Primer sites are numbered according to the XMRV VP62 sequence. (B) Real-time PCR curves showing the mean of
triplicates. The sensitivity shown in this example was |0 copies. (C) Example of the first |6 QQ patients RNA screen including

GAPDH control reactions as the mean value of duplicates.

ible by electron microscopy of ultrathin sections (Fig. 4C).
This is, to our knowledge, the first visualisation of XMRV
particles using thin section electron microscopy of trans-
fected cells. The particles show the typical C-type budding
structures and a classical morphology of MLV,

Of the 146 sera samples tested, the corresponding nucleic
acids were available in 30 cases and were included in the
amplification reactions as a subset of the 589 DNA/RNA
samples. Of these 30 patients 2 were of the QQ genotype,
20 of QR and 8 were RR homozygous. In total, 146 sera
from prostate cancer patients and 5 healthy control indi-
viduals were tested negative for antibodies binding
recombinant XMRV gp70 and Gag proteins in ELISA,
although postive control immunized mouse sera reacted
strongly (Fig. 5A and 5B). One patient serum that reacted

strongly in ELISA against the recombinant pr65 protein
was subsequently tested by immunofluorescence assay
using HEK 293T cells expressing XMRV and cells express-
ing the gp70- or pr65 proteins alone. No XMRV specific
binding was seen, indicating a non-specific ELISA reac-
tion,

Discussion

XMRV is a recently discovered gammaretrovnrus, found
using RNA-based microarray techniques in tissue samples
from prostate cancer patients [10]. XMRV was detected
predominantly in patients who are homozygous for the
QQ allele at R462Q in the RNaseL gene, which results in
a reduced RNasel activity and therefore in a diminished

IFN-based antiviral deferse. Later studies showed XMRV-

to be an infectious virus for human prostate-derived cells
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lmmune sera

XMRV-env (A)

XMRYV (VP62 molecular clone) XMRV-gag (B)

Figure 4

Immunoflourescence microscopy and electron microscopy of transfected 293 T cells. Mice were immunized with
recombinant gp70 or préS protein fragments, and sera were used for immunoflourescence microsocopy of 293T cells trans-
fected two days earlier with the molecular XMRV clone VP62 or with gp70 and pré5 expression constructs, (A) A pool of sera
from gp70 immunized mice showed reactivity against whole XMRV or XMRY envelope protein expressing cells, Preimmune
sera showed no binding, and immune sera did not react with naive 293T cells. (B) A pool of immune sera from pré5 (Gag)
immunized mice showed similar reactivity to whole virus or XMRV Gag expressing cells. Gag protein was expressed at higher
levels in cells transfected with the CMV-driven codon-optimized gag construct than in those transfected with the VP62 molec-
ular clone of XMRV, (€) Thin section of 2937T celis 2 days after transfection with the VP62 molecular clone of XMRYV. Particles
budding at the cell membrane and a mature XMRYV virion are shown. Scale bar = 100 nm.,
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Figure 5

ELISA of PCa patient's sera using recombinant XMRYV proteins, Mean ODs with two replicates of each patient sera
diluted 1:200 (dark.bars) and of serially diluted sera from immunized mice (light bars). Cut-off was calculated as the mean of
four (gp70) and five (pré5) sera from healthy controls plus two times standard deviation, (A) ELISA of randomly chosen PCa
patient sera using the gp70 (Env) fragment (aa 1-245). (B) ELISA using a mixture of both pré5 (Gag) fragments. In general there
was a higher background against the pré5 proteins, seen also with the sera of healthy humans and the preimmune mouse sera.

Page 8'of 11
(page number not for citation purposes)

Retrovirology 2009, 6:92

and to be sensitive to RNaseL-mediated inhibition of rep-
lication by IFN-B [9]. The question of whether carcino-
genic transformation renders the prostate epithelia cells
susceptible to XMRV infection as a bystander virus or
whether XMRV is itself a prostate cancer causing agent has
not yet been addressed. It was very recently shown that
XMRV could be detected in 22Rvl prostate carcinoma
cells originally derived from a primary prostatic carci-
noma {17). This observation further highlights the need to
dlarify the participation of XMRV in the etiology of human
prostate carcinomas. -

As known for many years in other cancers, e.g. HPV in cer-
vical carcinoma or other cancers (reviewed by zur Hausen,
2009 [18]), infectious agents causing inflammatory (pre-
cancerous) lesions are suspected to be involved in the
pathogenesis of prostate carcinoma [19,20). An increased
susceptibility of prostate epithelia cells to infection with
RNA-viruses as a tesult of the impaired function of RNa-
seL, resulting in proliferative inflammatory atrophy (PIA),
could be an intriguing scenario. These focal areas of epi-
thelial atrophy are presumed to be precursors of prostatic
intraepithelial neoplasia and prostate cancer [21]. A small
number of other studies during the last ten years attempt-
ing to demonstrate a role for viral infections in the devel-
'opment of PCa have yielded rather inconclusive data [22-
26).

If a real correlation between viral infection and prostate
cancer exists, new therapeutic or even prophylactic treat-
ments against the development of PCa could be devel-
oped by targeting for example, viral antigens. In this
respect, a recent observation that radiolabelled therapeu-
tic monoclonal antibodies specific for HPV or HBV pro-
teins can inhibit subcutaneous tumor development in vivo
by cells expressing these antigens [27] is of particular
interest. :

In the present study, we report the testing of 589 DNA and
RNA samples from sporadic prostate cancer patients for
the RNasel genotype and for XMRV sequences. Although
76 of our samples (12.9%) displayed the "susceptibility"
QQ genotype, consistent with the frequency given in the
literature, no XMRV-specific sequences were detected in
either the RNA or the DNA from the prostate tumor sam-
ples. Given the ratio of approximately 40% positive cases
harboring the QQ genotype in the study population of
Urisman et al. [10], one would have expected at least 30
XMRV positive specimens amongst our 76 RNaseL QQ-
allele samples. ) .

At least two other studies have looked for XMRV at the
nudleic acid level, albeit with a much smaller sample
groups. Fischer and coworkers [11] studied material from
105 German patients with sporadic prostate ¢ancer and

http:/iwww.retrovirology. ccho ntent/6/1/92

found only one individual positive for XMRV by nested
RT-PCR, but this individual did not display the QQ RNa-
sel, genotype. Another study carried out in Ireland investi- _
gated 139 PCa patients. In 7 QQ patients and two
heterozygous RQ samples, no XMRV sequences were
detected [12]. '

It should be mentioned that this study cannot completely
rule out the possibility of an infection with another gam-
maretrovirus in these patients. The design-of our PCR
approach was done in such a way that one primer pair (In-
For/In-Rev) binds to conserved regions, allowing amplifi-
cation of various MLV types including AKV MLV (J01998),
MLV DG-75 (AF221065), MoMuLV (NC_001501), MTCR
(NC_001702), MCF 1233 MLV (U13766), and Rauscher
MuLV (NC_001819). In this PCR setup a specific signal
was obtained with the mouse tail DNA as template, indi-
cating that endogenous MLVs were detected. As additional
controls we tested the cell lines 22Rvl (XMRV positive
[17]) and DU145 (XMRV negative [9]). As expected,
22Rv1 was found to be strongly positive for RNA tran-
scripts and for provirus (with In-For/Deletion-Rev prim-
ers), while DU145 was negative in both PCR approaches
(data not shown). '

‘We also tested 146 sera samples for XMRV antibodies and

found none of them to be positive in ELISA or Western
blot analyses. The recombinant XMRV proteins that were
used reacted positively with sera from immunized mice.
As XMRV is closely related to other murine leukemia
viruses and therefore immunogenic in mammalian hosts
{28], an infection which allows the virus to spread to the
stroma cells should induce a humoral immune response.
The analysis of sera from prostate cancer patients for anti-
bodies could therefore offer a rapid and valid screening
method to investigate the involvement of a virus. Obvi-
ously the determination of sensitivity and specificity of
these ELISA assays is to'a certain degree limited, due to the
lack of a human anti-XMRV positive control antibody.
Nevertheless, the mouse sera were used to demonstrate
the suitability of the recombinant antigens as ELISA anti-
gens, even though the titration cannot be used to deter-
mine the amount of antibodies in the human sera
samples. The failure to-detect XMRV proviruses or tran-
scripts in the 30 cases where DNA, RNA and sera samples
were all available, is consistent with the negative ELISA
results, It is theoretically possible that the tumor environ-
ment itself compromises the immune system and inhibits
the antibody response to the tumor-associated viral anti-
gens. This seems unlikely since animal studies have dem-
onstrated - that tumor diseases do not dramatically
suppress systemic immunity [29]. There was a certain
degree of background reactivity to the recombinant Gag -
proteins, as was also seen in an ELISA using a lysate of
ultracentrifuge-concentrated virus as antigen (data not
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shown). Difficulties with background signals in testing
human sera for reactivity to MLV-derived antigens are well
known when using whole virion particles as antigen [30],
but this also occurs to a lesser extent when using recom-
binant proteins [28). In general, there was a higher back-
ground reactivity against Gag in our 146 PCa and healthy
control sera tested; and one serum reacted strongly to the
pr65 protein. Upon further testing in Western blot and
immunfluorescence assay, this serum showed no specifi-
city for XMRV. It might be possible that antibodies
directed against the transmembrane protein p15E were
missed due to our choice of the gp70 and the pr65 antigen
as targets. In other human retrovirus infections, HIV and
HTLV antibodies against this region are detectable. There-
fore, it should also be mentioned that before the serolog-
ical assays using XMRV proteins were established all
serum samples were screened for cross-reactivity with
recombinant gp70, p15E and p27 31,32} of another gam-
maretrovirus, the porcine endogenous retrovirus (PERV).
All sera were found to be negative for any of these targets
despite the obvious sequence homology of XMRV and
PERV in the ectodomain of p15E and certain conserved
regions in gp70 and p27. Regarding this point, it is also of
interest that Furuta et al. [33], recently reported the detec-
tion by Western blot of antibodies specific for the XMRV
Gag protein in blood bank samples from prostate cancer
patients and healthy donors, but no Env-specific antibod-
ies.

Conclusion

In summary, we démonstrate in a large cohort of more
than 500 German prostate cancer patients with a median
age of 63 years and various stages of disease no evidence
for infection by the recently discovered gammaretrovirus
XMRV. This result possibly suggests' that the rather
restricted geographic incidence of XMRV infections, and
the epidemiology of XMRV in the United States should
therefore be studied closely. In addition, the oncogenic
potential of the virus should be thoroughly investigated to
exclude (or confirm) this viral infection as a possible trig-
ger for the development of prostate cancer.

Abbreviations

XMRV: xenotropic murine leukemia virus-related virus;
PCa: prostate cancer; MLV: murine leukemia virus; pr: pre-
cursorprotein; gp: glycoprotein; SNP: single nucleotide
polymorphism; nt: nucleotide;

Competing interests
The authors deciare that they have no competing interests.

Authors' contributions

OH carried out the molecular studies and drafted the
manuscript. HK carried out the patient's sampling and
preparation and drafted together with OH the manu-

http:/iwww.retrovirology.com/content/6/1/92

script. PB, LN and NaB carried out the generation and
evaluation of antisera and corrected the manuscript. JD
carried out the additional screening against related retro-
viruses, KM, RK and NB conceived of the study, and par-
ticipated in its design and coordination. All authors read
and approved the final manuseript. .

Acknowledgements

The real-ime PCR setup for RNasel genotyping was designed by Olfert
Landt/TIB MOLBIOL, Beriin. We are indebted to Sandra Kihn and Sandra
Klein for their excellent technical assistanice. We thank R. Silverman and ).
Das Gupta for the XMRV full-length molecufar clone and supporting lab
protocols. We also thank Lars Méller, ZBS4, for the electron microscopy
of XMRV and §. Norley for reading the manuscript and helpful discussions.

References

. | Boyle P, Ferlay ): Cancer-incidence and mortality in Europe,

2004. Ann Oncol 2005, 16:48 1488,

2. Kolonel LN, Aitshuler D, Henderson BE: The muitiethnic cohort
study: exploring genes, lifestyle and cancer risk, Nat Rev Can-
cer 2004, 4:519-527.

3. Nelson WG, De Marzo AM, Isaacs WB: Prostate cancer. N Engl}
Med 2003, 349:366-381.

4. Smith JR, Freije D, Carpten D, Gronberg H, Xu ), Isaacs SD, Brown-
stein M), Bova GS, Guo H, Bujnovszky P, et al: Major susceptibility
locus for prostate cancer on chromosome | suggested by a
genome-wide search. Science 1996, 274:1371-1374.

5. Silverman RH: A scientific journey through the 2.5A/RNase L
system. Cytokine Growth Factor Rev 2007, 18:381.388.

6. Casey G, Neville P|, Plummer $), Xiang Y, Krumroy LM, Kleln EA,
Cartalona W), Nupponen N, Carpten JO, Trent JM, et o.: RNASEL
Arg462Gin variant is implicated in up to I3% of prostate can-
cer cases. Nat Genet 2002, 32:581-583,

7. Nakazato H, Suzuki K, Matsuj H, Ohtake N, Nakata S, Yamanaka M:
Role of genetic polymorphisms of the RNASEL gene on
familial prostate cancer risk in a Japanese population. B8r
Cancer 2003, 89:691-696.

8. Maier C, Haeusler |, Herkommer K, Vesovic Z, Hoegel J, Vogel W,
Paiss T: Mutation screening and association study of RNASEL
as a prostate cancer susceptibliity gene., 8¢ | Cancer 2005,
92:1159-1164.

9. Deong B, Kim §, Hong S, Das Gupta }, Malathi K, Klein EA, Ganem D,
Derisi JL. Chow SA, Silverman RH: An infectious retrovirus sus-
ceptible to an IFN antiviral pathway from human prostate
tumors, Proc Natl Acod Sei USA 2007, 104:1655-1660.

10, Urisman A, Malinaro R], Fischer N, Plummer S}, Casey G, Klein EA,
Malathi K, Magi-Galluzzi C, Tubbs RR, Ganem D, et al: Identifica-
tion of a novel. Gammaretrovirus in prostate tumors of
patients homozygous for R462Q RNASEL variant. Plo§
Pathog 2006, 2:e25.

1. Fischer N, Hellwinkel O, Schulz C, Chun FK, Huland H, Aepfelbacher
M, Schiomm T: Prevalence of human gammaretrovirus XMRY
in sporadic prostate cancer. [ Clin Virol 2008, 43:277-283.

12, .D'ArcyF, Foley R, Perry A, Marignol L, Lawler M, Gaffney E, Watson
R, Fitzpatrick J, Lynch T: No evidence of XMRY In irish prostate
cancer patients with the R462Q mutation. European Urology
Supplements 2008, 7:271.

13. Schlaberg R, Chos D), Brown KR, Thaker HM, Singh IR: XMRV is
present in mallf prostatic epithelium and Is
with prostate cancer, especially high-grade tumors, Proc Nat!
Acad Sci USA 2009 in press,

14, Hong S, Klein EA, Das Gupta ), Hanke K, Weight Cj, Nguyen C,
Gaughan C, Kim KA, Bannert N Kirchhoff F, et ol Flbrlls of Pros-
tatic Acid Ph Boost i by
XMRY, a Human | Retrovlrus Associated with Prostate Can-

. cer, | Virol 2009, 83:6995-7003.

1S Behrendt R, Fiebig U, Norley S, Gurtler L, Kurth R, Denner ): A neu-
tralization assay for HIV-1 based on measurement of provi
rus integration by duplex real-time PCR. | Virol Methods 2009,
159:40-46,

Page 10 of 11
(page number not for citation purposes)

Retrovirology 2009, 6:92

20,

20,

2.

23

24,

23

26.

27,

28,

29,
30.

3.

Ra\sc‘n KP Pizzato M, Sun HY, TakeuchIY Cashdoflar LW, Grossbsrg
SE: M. lar cloning, and 'y
characterization of a xcnotrople murine leukemia virus con-
stitutively released from the human B-lymphoblastoid cell
line DG-75. Viroiogy 2003, 308:83-91.
Knouf EC, Metzger M|, Mitchell PS, Arroyo JD, Chevillet JR, Tewari
M, Miller AD: Multiple integrated copies and high-level pro-
duction of the human retrovirus XMRY (xenotropic murine
feukemia virus-related virus) from 22Rvl prostate carcl
noma cells. | Virol 2009, 83:7353-7356,
zur Hausen H: Papillomaviruses in the causation of human
cancers - a brief historical account. Virology 2009, 384:260-265.
May M, Kalisch R, Hoschke B, Juretzek T, Wagenlehner F, Brookman-
Amissah S, Spivak |, Braun KP, Bar W, Helke C: [Detection of pap-
illomavirus DNA n the prostate: a virus with underesti-
mated clinical relevance?]. Urologe A 2008, 47:846-852.
Wagenlehner FM, Elkahwaji JE, Aigaba F, Bjarklund-johansen T, Naber
KG, Hartung R, Weldner W: The role of inflammation and infec-
tion in the pathogenesis of prostate carcinoma. ‘BJU int 2007,
100:733-737.
De Marzo AM, Marchi VL, Epstein JI, Nelson WG: Proliferative
inflammatory atrophy of the prostate: implications for pros-
tatic carcinogenesis, Am | Pathol 1999, 155:1985-1992.
Das D, Wojno K, Imperiale MJ: BK virus as'a cofactor In the eti-
ology of prostate cancer in its early stages, | Virol 2008,
82:2705-27 1 4.,
Korodi Z, Wang X, Tedeszm R, Knekt P, Diliner J: No serological
of cancer and Infec-
tlon with herpes simplex virus type 2 or human herpesvirus

type 8: a nested case-control study. | nfect Dk 2005,

191:2008-2011,

Samanta M, Harkins L, Klemni K, Britt W), Cobbs CS: High preva-
lence of human cytomegalovirus in prostatic intraepitheliat
neoplasia and prostatic carcinoma. | Urol 2003, 170:998-1002.
Sfanos KS, Sauvageot ), Fedor HL, Dick JD, De Marzo AM, Isaacs WB:
A molecular analysis - of prokaryotic and viral DNA
sequences in prostate tissue from patients with prostate
cancer indicates the presence of muitiple and diverse micro.
organisms. Prostote 2008, §8:306-320.

Strickier HD, Burk R, Shah K, Viscidi R, Jackson A, Pizza G, Bertoni F,
Schiller JT, Manns A, Metcalf R, et ol: A multifaceted study of
human papillomavirus and prontatu carcinoma, Cancer 1998,
82:1118-1128.

Wang XG, Revskaya E, Bryan RA, Strlclder HD, Burk RD, Casadevall *

A, Dadachova E: Treating cancer as an infectious disease-—viral
antigens as novel targets for treatment and potential pre-
vention of tumors of viral atlology. PLoS ONE 2007, 2:e!1i4,

Klm S, Park E}, Yu S5, Kim §: D of enzyme-linked
bent assay for d ibodies to replica-

¢l p murine | virus. | Virol Methods 2004

118:1-7,

Frey AB, Monu N: g defects in anti-ti T :ells. immu-

nol Rev 2008, 222:192-205,

Martineau O, Klump WM, McCarmack JE, DePolo NJ, Kamandgut E
Petrowski M, Hanlon |, Jolly D), Mento S), Sajjadi N: Evaluation of
PCR and ELISA assays for screening clinical trial subjects for
replication-competent retrovirus. Hum Gene Ther 1997,
8:J231-1241.

Fiebig U, Stephan O, Kurth R, Denner J: Neutrallzing antibodles

http://www.retrovirclogy.com/content/6/1/92

agalnst conserved domains of pI5E of porcine end:
retroviruses: basis for a vaccine for xsnotramplmndonl
Virology 2003, 307:406-413.

Irgang M, Sauer IM, Karlas A, Zeilinger K, Gerlach JC, Kurth R, Neu-
haus P, Denner J: Porcine endogenous retroviruses: no Infec-
tion in patients treated with a bioreactor based on porcine
liver cells, | Clin Virol 2003, 28:14-154.

Furuta RA: The Prevalence of Xenotropic Murine Leukemia
Virus-Related Virus in Healthy Blodd Donors in japan.

Abstracts of papers presented at the 2009 meeting on Retroviruses, May
18- May 23, 2009 Cold Spring Harbour Laboratory 2009:100.

Publish with BloMed Central and every
scientist can read your work free of charge

“8ioMed Central will be the most significant development for
disseminating the results of biomedical research in our lifetime. *
$ir Paul Nurse, Cancer Research UK
Your research papers will be:
« avallable free of charge to the entire biomedical community
+ peer reviewed and published immediately upon acceptance
+ cited in PubMed and archived on PubMed Central
« yours — you keep the copyright

Submit your manuscript here:

BioMedcentral
_adv.asp N

Page 11 of 11
(page ngf[lbor not Io_roilalion purposes)




Z
/]
~

XMRV is present in malignant prostatic epithelium
and is associated with prostate cancer, especially

high-grade tumors
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Xenotropic murine leukemia virus-related virus (XMRV) was recently
discovered in human prostate cancers and is the first gammaretrovi-
rus known to infect h While g i have well-
characterized oncogenic effects in animals, they have not been shown
to cause human cancers. We provide experimental evidence that
XMRV is indeed a gammaretrovirus with protein composition and
particle ultrastructure highly similar to Moloney murine leukemia
virus (MoMLV), h ovirus. We lyzed 334 consec-
utive p r d using a quantitative PCR assay
and Immunohlstochemistry (IHC} with an anti-XMRV specific anti-
serum, We found XMRV DNA in 6% and XMRV protein expression in
23% of prostate cancers, XMRV proteins were expressed primarily in
malignant epithelial cells, suggesting that retroviral infection may be
directly linked to tumorigenesis. XMRV infection was associated with
prostate cancer, especially higher-grade cancers, We found XMRV
infection to be independent of a common polymorphism in the
RNASEL gene, unlike results previously reported. This finding in-
creases the population at risk for XMRV infection from only those
homozygous for the RNASEL variant to all individuals, Our observa-
tions provide evidence for an association of XMRV with malignant
cells and with more aggressive tumors.

Gleason | immunohistochemistry | retrovirus | RNaseL | xenotropic

rostate cancer is the most common form of nonskin cancer in

U.S. men (1), The lifetime risk for developing prostate cancer
is ~1'in 6 (2) in the United States, and globally, 3% of men die of
prostate cancer (3). Morbidity and mortality from prostate cancer
are likely to grow further, given increasing longevity. Epidemiologic
studies indicate that infection and inflammation may play a role in
the development of prostate cancer (4, 5). A search for vira] nucleic
acids in prostate cancers led to the identification of xenotropic
murine leukemia virus-related virus (XMRV) in ~10% of samples
tested (6). Because only malignant tissues were analyzed in the
initial report, an association of XMRYV with prostate cancer could
not be addressed. Our analysis of 233 cases of prostate cancers and
101 benign controls showed an association of XMRYV infection with
prostate cancer, especially with more aggressive tumors, XMRV
proteins were almost exclusively expressed in malignant epithelial
cells. Only rarely did we find XMRYV proteins in benign stromal
cells, in contrast to a previous report (6).

XMRYV was originally discovered in patients with a reduced
activity variant of the RNASEL gene, and a strong correlation
between this variant (R462Q) and the presence of XMRV was
reported: 89% of XMRV-positive cases and only 16% of XMRV-
negative cases were homozygous (QQ) for this variant in'a total of
86 cases (6). Our study of 334 cases allowed us to establish the
independence of XMRYV infection and the R462Q variant. This
finding moves the population at risk for XMRV infection from a
small, genetically predisposed fraction homozygous for the R462Q
RNASEL variant to all men. Sequence comparisons have classified
XMRYV as a gammaretrovirus with a high similarity to murine
leukemia viruses. We present experimental evidence that XMRV

and sarcomas in multiple rodent, feline, and primate species but
have not yet been shown to cause cancers in humans. Taken
together, our findings provide evidence consistent with a direct
oncogenic effect of this recently discovered retrovirus. If estab-
lished, a direct tole for XMRYV in prostate cancer tumorigenesis
would open up opportunities to develop new diagnostic markers as
well as new methods to prevent and treat this cancer with antiret-
roviral therapies or vaccines.

Results

A Molecular Clone of XMRV Infects Human Prostate Cells. We con-
structed pXMRV1, a full- -length XMRV molecular clone, using 2
averlapping clones from patient isolate VP62 (6) [gift of Don
Ganem, University of California, San Francisco (UCSF)].
pXMRV1 was transfected into 293T cells. Reverse transcriptase
(RT) activity was detected in the supernatant within 1-2 days of
transfection (Fig, 14), indicating the release of viral particles. These
were inoculated onto naive 293T cells and LNCaP cells, a human
prostate cancer cell line (American Type Culture Collection CRL-
1740). Viral release from infected LNCaP cells was first seen on day
7 postinoculation and peaked at day 12. No particles were released
from similarly inoculated -293T cells up to day 14. pXMRV1 is
therefore an -infectious molecular clone, and XMRV replicates
efficiently in human prostate cells.

XMRYV Particles Have Type-C Retrovirus Morphology. Particles released
from XMRV-infected cells closely led those of a g
retrovirus, Moloney murine leukemia virus (MoMLV), in size and
morphology (Fig. 1 B-E). XMRV particles had an average diam-
eter of 137 nm (SD = 9 nm}), a spherical to somewhat pleomorphic
shape, and characteristic lipid envelopes. The majority of particles
contained an electron-dense, polygonal ‘core with an irregular
outline (average diameter 83 nm, SD = 8 nm), resembling mature
type-C retroviral cores (Fig. 1C). Cores defined as “immature,” i.e.,
spherical with an electron-lucent center, were also seen (Fig. 1D).
A “railfoad track,” a term used to describe immature MoMLV
cores (7), and formed by the radial alignment of the N- and
C-terminal halves of the CA protein, was also seen in immature
XMRYV cores (Fig. 1D, arrowhead). These striking ultrastructural
similarities between XMRYV and MoMLV (Fig. LE) suggest that the
2 viruses are assembled in a very similar manner.

XMRV Proteins, Except for Env, Closely Resemble Those of MoMLV, We

identified XMRYV proteins and defined their molecular weights by -
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oW MW, _Similerity

Gay 2 804 7%
MA__p13 . 141 78%

12 a7 k1
A p30 307 88%
NC_ p10 6.4 2%
PR 1 56%
RT 7 . 95%
IN 48.! 81%
Env__ gp75 68 86%
3y 478 34%
™ 19.6 1%
PE 25 5%

from cells transtected with pXMRV1 or control EGFP

plasmid. (Right) RT activity from LNCaP cells inoculated with XMRV. (Lower) RT activity from NIH 373 cells chronlcally infected with MoMLV shown forcomparison, (8-£) -
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comparing Western blots of lysed XMRV and MoMLV virions

: " probed with antisera specific to XMRV or to MoMLV Gag proteins

(Fig. 1 F and G). In accordance with their high (~90%) sequence
similarities, the- molecular weights of XMRV and MoMLV Gag
proteins were found to be very similar. We identified a 75-kDa band
as the surface unit (SU) of the envelope (Env) protein, using rabbit
antiserum specific to XMRV-Env SU. This antiserum did not react
with the MOMLV-SU, consistent with the lower sequence similarity
(54%) of the corresponding Env proteins and the general tendency

of Env proteins to show greater evolutionary divergence, as com- -

pared to Gag or Pol proteins,

XMRV Proviral DNA Is Detected in 6% of Human Prostate Cancers; Viral
Loads of XMRV Are Low, Our quantitative (q)PCR was designed to
efficiently amplify XMRV proviral DNA from formalin-fixed,
paraffin-embedded (FFPE) tissues. Primers and probes were cho-
sen in a region of the integrase gene that is 100% conserved
between all 3 published XMRYV isolates and yet shares at most 80%
similarity with the most closely related murine retroviral sequences
(Fig. SIA) ‘A common forward primer was used with 2 different
reverse primers to allow for sequence differences in clinical isolates,
Our qPCR was specific for XMRYV sequences and did not amplify

. murine or human endogenous retroviruses; no ampliﬁcation prod-

ucts were seen when using CS7BL/6 mouse. genomic DNA or
human placental DNA as ternplate We tested the sensitivity of our

" qPCR assay in 2 ways. First, in the presence of excess human

placental DNA, we could consistently detect S0 copies of the
XMRYV proviral clone and § copies 50% of the time (Fig. SLB).
Second, because formalin fixation and embedding in paraffin
compromise DNA quality, we also used fixed templates to test
sensitivity. When DNA from FFPE human prostate tissue sections
was splked with known dxlutlons of DNA from fixed and embedded
XMRV d cells, we consi ly d d 1-2 in-
fected cells per qPCR sample (Fig. S1C). We developed a second
qPCR targeting the single-copy gene-vesicle-associated membrane

16352 | www.pnas.org/cgi/dol/'l[m 073/pnas.0906922106

protein 2 (VAMPZ) to test for DNA integrity and amplification
inhibitors {details in supporting information (S7) Text).

To estimate the prevalence of XMRYV in men with nnd without
prostate cancer, we analyzed 233 consecutively accessioned pros-
tate cancers and 101 cases of transurethral resection of the prostate ,
(TURP) as benign controls (Fig. S1D). We detected XMRV DNA
in 14 (6.2%) cases of prostate cancer and in 2 (2.0%) controls. We
determined XMRV proviral loads in these tissues. Using XMRV

. plasmid DNA as a standard, we estimated that qPCR-positive

prostate cancers contained 1-10 copies of XMRV DNA per 660
diploid cells (see Materials and Methods and Fig. S1E). Because the
number of tumor cells in any given section varies widely between
tumors and even between different areas in the same tumor, it is-
impossible to estimate how many copies.of XMRV DNA are
present in each fumor cell. Using FFPE XMR V-infected cells as
standards, we calculated that each 10-um section from a prostate
cancer contained the same amount of proviral DNA as 6~7
XMR V-infected cultured cells.

XMRV Protein is Expressed in 23% of Prostate Cancers and Is Predomi-
nantly Seen in Malignant Epithelium. We developed XMR V-specific
antisera and used them for immunohistochemistry (IHC). We first
used XMRV-infected and uninfected cells that were mixed at
different ratios and fixed in formalin and embedded in paraffin to
mimic prostate tissue sections. We saw granular cytoplasmic stain-
ing in cells in proportion to the percentage of infected cells in the
corresponding. mixtures (Fig. 2 A-C). No staining was seen in
uninfected cells or with preimmune serum (Fig. S2 A and B),
confirming the specificity of our assay. We next performed IHC on
prostate samples from XMRV qPCR-positive cases. We saw the
same cytoplasmic granular pattern in tissues as in infected cultured
cells (Fig. 2 D and E). Antiserum from a second rabbit resulted in
identical staining. No staining was seen with preimmune serum
(Fig.

2F).
We tested tissue sections from all 334 cases of prostav.e cancer and
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Fig.2. XMRV proteins detected in infected cultured cells and in prostate cancer
tissue by IHC, using anti-XMRV antiserum, Counterstaining with hematoxyiin
reveals blue nuclel. (A and 8) XMRV-infected cells: 100% infected (A) and 1%
infected (B). {C) Cultured infected cells at higher magnification show cytoplasmic
granular staining, rep d diag ically in €7 (arrowhead, granules).
(D-F) Human prostate cancers with-clusters of malignant epithelial cells (£), with
Inset at higher magnification (E1). Granular staining pattern seen at higher
magnification. {F and FT) Adjacent section stained with preimmune serum from
the same rabbit. N, nucieus; n, nucleolus.

controls with benign prostatic hyperplasia. We found XMRV
protein expression in 54 (23%) cases with prostate cancer and in 4
(4%) controls (Fig. 44). In contrast to a previous report (6) that
found XMR V-specific staining only in nonmalignant stromal cells,
we observed XMR V-specific staining predominantly in malignant
prostatic epithelial cells. XMRV proteins were expressed in epi-
thelial cells in 46 tumors (85%), in both epithelial and stromal cells
in 4 tumors (7.5%), and exclusively in stromal cells in another 4
tumors (7.5%). Of the 4 controls, XMRV expression was seen in
epithelial cells in 3 and in both epithelial and stromal cells in 1 case.
Epithelial cells expressing XMRV protein usually belonged to a
single acinus or to a few adjacent acini. The proportion of cells
expressing XMRYV protein in a given tissue section varied widely
(Fig. 3 A-G) but positive cells always represented a minority of cells
on the slide. The vast majority of IHC-positive epithelial cells
showed the same granular staining pattern of the entire cytoplasm
that was seen in cultured cells (Fig. 3 A-F), However, the staining
intensity and the subcellular pattern varied between cases, ranging
from intense staining of the entire cytoplasm (Fig. 3E) to more
discrete granular staining (Fig. 3 C and D), with some unusual
staining pattemns (Fig. 3G). In summary, XMRV proteins were
expressed in 23% of prostate cancers and 4% of controls. Protein
expression was seen in clusters of malignant epithelial cells and very
rarely in stromal cells (Fig. 3 H and I).

Presence of XMRV Correlates with Prostate Cancer and Higher Tumor
Grade, We tested for a correlation of XMRYV positivity (by gPCR
or IHC) with the presence, grade, and stage of prostate cancer.
XMRV positivity was 5-fold higher in cancer than in benign
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controls (odds ratio = 5.7, P < 0.0001, Fig. 44). We also tested for
a correlation between XMRYV .positivity and tumor grade as
measured by the Gleason score. We saw a correlation between
XMRYV positivity and higher-grade cancers (Fig. 4B). Of the 233
cases with cancer, we found XMRYV pasitivity in 18% of Gleason
6 tumors, 27% of Gleason 7 tumors, 29% of Gleason 8 tumors, and
44% of Gleason 9 tumors (x*-test for trend, x* = 3.466, P = 0.06,
df = 1). Because only 1 case was a Gleason 10, it was not included
in the analysis.

Most radical prostatectomy specimens contain relatively low
pathological tumor-node-metastasis (TNM) stage cancers, be-
cause surgical treatment is not usually performed for higher stages.
This is reflected in the distribution of tumor stages (pT) in our
series: 75% pT2, 23% pT3, and 2% pT4. XMRYV was detected in
25% of stage pT2 tumors and in 32% of pT3 tumeors. Of the 5 cases
with a pT4 stage, 1 (20%) was XMRYV positive (Fig. 4C). This
moderately increased prevalence of XMRV in advanced stage
cancers was not statistically significant. Our sample had very few
cases with nodal (N) metastasis and no cases with known distant
metastases (M), preventing an investigation of a possible associa-
tion of XMRYV with higher N and M stages, We saw no association
between XMRYV infection and age at diagnosis (Fig. 4D).

XMRV Infection Is Independent of the R462Q Polymorphism of RNASEL.
XMRV was initially discovered in prostate cancers from men
homozygous for a common variant of the antiviral enzyme RNase

" L. This R462Q amino acid substitution results in a 3-fold reduction

of enzymatic activity (8). In their study of 86 men with prostate
cancer, Urisman et al. reported that 89% of XMRV-positive cases
were homozygous for the R462Q variant (QQ) as compared to 16%
of XMRV-negative cases (6). We profiled our 334 cases for the
RNase L R462Q variant. The distribution was similar between cases

with prostate cancer and controls (42.9% RR, 47.2% RQ, and 9.9% -

QQin cancersvs. 52.5% RR, 40.6% RQ, and 6.9% QQ in controls,
Fig. 4E). There was also no difference in allelic distribution between
XMRV PCR-positive (50% RR, 43% RQ, and 7% QQ) and
PCR-negative cases (42.7% RR, 47.4% RQ, and 10% QQ; Fig. 4E).
The 2 XMRV-positive controls had RR alleles. When ITHC was
used to define XMRV-positive and -negative cases, the relative
allelic distributions were also similar. We thus found no association
between the presence of XMRYV and the RNase L R462Q variant.

Discussion

XMRYV is a candidate infectious agent for causing prostate cancer.
On the basis of sequence comparison, XMRV was classified as a
xXenotropic murine gammaretrovirus, We present the first experi-
mental evidence in support of this classification. The morphology
of XMRYV particles was very similar to MoMLYV, a related murine
gammaretrovirus. Protein products of. the 2 viruses had similar
molecular weights, and antisera to most proteins of each virus. The
notable exception to this was the SU portion of Env, which
determines host specificity and sets xenotropic viruses apart from
other related murine viruses. XMRV SU-specific antisera did not
cross-react with MOMLV-SU, and the 2 proteins share only a 54%
similarity (as opposed to 75-96% similarity for other viral proteins).
Our findings thus support the classification of XMRYV as a xeno-
tropic murine gammaretrovirus,

We developed 2 sensitive and specific assays for the detection of
XMRV in tissues. We used these qPCR and IHC assays to
demonstrate the presence of XMRV DNA or proteins in 27% of
cases in the largest series of human prostate cancers analyzed thus
far. We show that XMRYV proteins are expressed almost exclusively
in cancerous epithelial cells. Moreover, the presence of XMRV
correlated with more aggressive, i, higher-grade tumors. These
findings provide support for a possible oncogenic effect of XMRV
and are crucial for designing studies to investigate mechanisms of
transformation,
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Cytoplasmic
Granules

Fig.3.  XMRV proteins are expressed primarlly in malignant epithelial cells and very rarely in stromal celis. (A and 8) IHC of a section from a GPCR-positive prostate

cancer {4) and Its di (8). Nuclei of mali

cells arelarge and contain =1 large nucleoll (8). Multiple acini of malignant epithelial cells (E +)

stain positive. All cells within.these acini show intense staining. The stroma (S) and a few other acini (E-) are unstained. /nsets (A7 and 87) show <orresponding flelds
at higher magnification, with granular cytoplasmic staining pattern in several malignant epithelial ceils, () A different fleld-from the same sample as in A shows the
range of XMRV protein expression In various acini: fewer cells expressing less protein but the same granular staining pattern. (D-F) Three additional representative
samples with different frequencies of malignant epithelial cell clusters and different extents of XMRV protein expression. The intracellular stalning pattern remains
granular in all. (G) Staining limited to part of the cytoplasm of malignant epithelial cells in a subset of samples, as in this sample from which the XMRV clone VP62 was
Isolated, courtesy of R. H. Silverman and C. Magi-Galluzzi, Cleveland Clinic (). (H and /) Scattered rare stromal celis showing cytoplasmic staining were seen close to

malignant cells (H) or within inflammatory infiltrates (9.

The fraction of cases positive for XMRV by qPCR (6%) was
lower than by IHC (23%). This variation can be attributed to
sampling differences in conjunction with very low viral loads. For
the gPCR, detection rates depend on the proportion of XMRV-
infected cells in the tissue. DNA from infected cells gets diluted in
DNA from uninfected cells, thus limiting sensitivity if only a few
cells in the sample harbor XMRV. However, qPCR allows a rapid
survey of large numbers of tissue samples. In contrast, IHC detects
individual XMRV-infected cells, avoiding the dilution effect of

16354 | www.pnas.org/cgi/doi/10.1073/pnas.0906922106

PCR. However, the number of cells analyzed.is much smaller by
IHC (a 5-pm section vs. a 100-m section for DNA extraction) and -
only actively replicating virus can be detected. Because XMRV
produces focal, low-level infections, the 2 assays complement each
other and using both is likely to lead to the most accurate estimate
of prevalence. . )

Two of our findings differ significantly from the initial report on
XMRY (6). First, we found XMRY proteins in malignant epithelial
cells in contrast to initial reports of XMRV proteins in nonmalig-

Schlaberg et al.
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Fig.4. XMRVDNA and protelns were more prevalent in prostate cancer than in controls, and especially frequent in high-grade cancers, and there was no correlation
between presence of XMRV and any particular RNASEL genotype. (4) Number of prostate cancers o controls that were positive or negative for XMRV, either by qPCR
or by IHC. (8-D) XMRV-positive cases {by either IHC or gPCR) correiated with Gleason grades (8), tumor stage (C), or age at diagnosis (D). (£) Presence of XMRV DNA
or protein and the RNASEL genotype. Relative frequencles of RR, RQ, and QQ alleles in RNASEL at residue 462 were compared in prostate cancer cases and controls
(Left), in cancers that tested positive or negative for XMRV DNA by qPCR (Center), and incancers that tested positive or negative for XMRV protetns by IHC {Right). Cases
are shown as percentages of total on the y axis and as number of cases within columns.

nant stromal cells. This can be mostly explained by our use of
XMRV-specific antiserum instead of the monoclonal antibody to
spleen focus-forming virus Gag protein used in the initial report.
We were also able to detect XMRYV in malignant epithelium from
a case in the initial report (Fig. 3G), supporting the notion that
antisera specific to XMRYV offer 2 more sensitive means of viral
detection. Second, we did not see any association of XMRV with
the RNase L R462Q polymorphism as described initially. Meth-
odological differences might account for this discrepancy, We
tested prostate cancers for the presence of XMRV DNA and
protein, whereas Urisman et al, used a nested RT-PCR to amplify
viral RNA. 1t is conceivable that the reduced-activity variant of
RNase L has a more significant effect on the levels of XMRV RNA,
rather than on infection per se. Given low viral loads, the chance of
detecting XMRV RNA may, therefore, be greater in homozygous
individuals. Alternatively, the strength of association may depend
on allelic frequencies and prevalence of XMRV. The distribution
of RNase L R462Q alleles differed significantly between the 2
studies (23% QQ, 16% RQ, 61% RR in the study by Urisman et al.
vs. 10% QQ, 43% RR, and 47% RQ in this study). Consistent with
our findings, a survey in Northern European patients identified 2

individuals with XMRYV; neither was homozygous for R462Q (9)..

The independence of XMRYV infection from the RNase L R462Q
variant indicates that all individuals may be at risk for XMRV
infection, not just the ~10%.of the population that is homozygous
for R462Q. Preventive and antiviral measures will thus benefit a
much larger at risk population,

Our finding that XMRYV is present in cancerous epithelial cells
has important implications for pathogenesis. If XMRV plays a role
in prostate cancer development, but infects only nonmalignant
stromal cells in the tumor as previously reported, new mechanisms
of retroviral oncogenesis would need to be invoked. This finding has
discouraged investigation of a causal role of XMRV in prostate
cancer thus far. While such a new mechanism is possible, our
findings are immediately compatible with classical mechanisms of
cell transformation by retroviruses. Retroviruses follow 3 distinct
pathways when transforming cells, The first is transduction by an
oncogene, where a cell-derived oncogene such as src in the viral
genome causes rapid transformation. The second is via an essential
retrovirus gene transactivating cellular growth-promoting genes, as
in the case of the Tax protein of HTLV-I that induces T cell
leukemia (10, 11}, or the Env protein of Jaagsiekte sheep retrovirus
that induces lung cancer in sheep (12). XMRYV contains no recog-
nizable oncogene, but we do not understand each XMRV protein
cnough 1o rule out any role it might play in transactivation. Finally,
there is the insertiona) activation of a cellular oncogene, a mech-
anism followed by most leukemia-causing murine gammaretrovi-
ruses. Multiple rounds of viral infection are typically needed for the
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activating insertion to occur. Cells containing the activating inser-
tion are selected over others, leading over time to a distinctly clonal
population. While a small number of XMRYV integration sites have
been sequenced from human prostate cancers (13, 14), no evidence
of clonality has emerged yet. Furthermore, the mechanism of
insertional activation requires that each cancer cell contains a
provirus or, at a minimun, the regulatory sequences from 1 LTR,
We estimated that gPCR-positive prostate cancers contained 1~10
copies of XMRV DNA, per 660 diploid cells. Because the number
of malignant cells in any section varies widely between cases and
even between different sections in the same prostate, it is impossible
to estimate how many copies of XMRV DNA are present in each
cancer cell. Our THC data show that not all malignant cells express
XMRYV oproteins, a finding with 2 possible explanations. It is
possible that the malignant cells that lack XMRV protein expres-
sion were never infected by XMRV at all-—a possibility that is
incompatible with any known mechanism of insertional activation
by murine gammaretroviruses. Alternatively, it is possible that some
XMR V-infected cells lose large portions of their proviral DNA over
time, as seen in tumors induced by avian Jeukosis virus (ALV). In
these ALV-induced tumors, an absence of proviral sequences
essential for production of viral RNA in most cells, coupled with the
absence of viral RNA in tumors, indicates that expression of viral
genes is not required for maintenance of the tumor phenotype (15).
More studies are required to determine whether XMRV plays any
causal role in prostate cancer or whether the presence of the virus
in malignant prostatic epithelium is simply a function of its pref-
erential replication in prostate cancer cells.

In line with a slow mechanism for oncogenesis, detection of
XMRYV in 6% of our controls might indicate that XMRV causes
cancer only after a long induction period. Alternatively, these
cases may have cancer in an unsampled area of the prostate:
TURP removes periurethral tissue whereas cancer usually arises
in the periphery of the prostate. It is also possible that XMRV
infection does not always lead to cancer. Because our study
protocol involves de-identified samples, follow-up of these
XMRV-positive controls is not possible.

The finding that XMRV replicates efficiently in a cell line derived
from human prostate cancer but not in other human cell lines
suggests a viral tropism that warrants further investigation. Is the
virus associated with cancers in tissues other than the prostate or in
gynecologic malignancies? How is XMRV transmitted? These are
all intriguing questions that deserve further exploration. There is
growmg evidence that current prostate cancer screening algorithms
result in early detection of cancers but do not effectively reduce
mortality (16, 17). Many cases of prostate cancer are unlikely to
manifest themselves during the patient’s lifetime. There is a clear

need for better markers to detect cancers that pose a significant
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health threat and to specifically target these for therapy. XMRYV,
because of its association with more aggressive cancers, might
provide such a marker. Furthermore, there are often cases where
a screening test is positive, but no tumor is detected on multiple
biopsies, leaving the patient and his physician with no clear guide-
lines. A second XMRV-specific marker might provide further
guidance. Large epidemiologic studies are needed to investigate
correlation of XMRV with prostate cancer prognosis, The recog:
nition that human papilloma viruses most often initiate cervical
carcinomas has focused efforts on viral detection for early diagnosis
and on preventive vaccination. Similarly, a determination that a
retrovirus can cause prostate cancer would focus efforts on pre-
venting transmission, antiviral therapy, and vaccine development.
The pharmacological inhibition of viral replication, as achieved
with HIV-1, could dramatically limit the pathological consequences
of chronic viral infection.

Materials and Methods

Creating an Infectious Clone of XMRV, Overlapping partial clones AM-2-9 and
AO-Hdderived from patient isolate VP62 (6) (gift of Don Ganem, UCSF) were used
to generate pXMRV1, a full-length clone of XMRV with a CMV promoter (details
of construction and sequencing are in S/ Text),

Coll and Virus Production and Assay for Reverse Transtﬂptne Actlvity. 2937
cells were maintained in DMEM and LNCaP cells in RPMI, both I

Acquisition of Human Prostate Samples: Cancer and Control Yissues. Radical

pecil {n = 233) acquired at the Columblia Unlversity.Medical
Center {CUMC) between August 2006 and December 2007 were used to estimate
the prevalence of XMRV in human prostate cancer. Frostate tissues removed by
TURP forbenign prostatic b January 2007 and April 2008 were
used as controls (n = 101). Detnlls of tissue acquisition by banks, specimen
selection, and processing are described In S/ Text. Protected health information
was removed and samples were de-identified by the tissue bank, Information
about age at time of surgery, ethnicity, tumor stage, and tumor grade was
retained (Table $1), Experiments were performed in m:ordanu wlth the Insti-
tutional Review Board of CUMC {IRB-AAAC0089).

DNA Extraction from Human Prostate ﬂuuu DNA was extracted from 10 sections
(10-um thick) of FFPE tissue, ( drop 1000, Thermo Sclentific), and
stored at —80 *C (detalils In §/ Text).

Quantitative PCR Amplificatian of Proviral DNA, BLAST analysis of overlapping
250-bp segments of the XMRV genome (VP35, GenBank ID DQ241301.%)
identifled a region of the Integrase gene of XMRV that Is 100% conserved
between VP35, VP42, and VP62 but shares only 80-85% sequence identity
with the most similar murine retroviruses. A forward primer, a hydrolysis
probe, and 2 reverse primers were selected from this region using Primergx-
press (Applied Blosystems) (details In Table S2 and S/ Tex?).

immunohistochemistry, FFPE cultured XMRV-infected cells and prostate tissues

with 10% FBS, L-glutamine (2.2 mM), peniclilin (100 units/ml), and strepto-
mycin (100 pa/mL). Celis were transfected with plasmid pXMRV1 or control
plasmid pEGFP-CT (Clontech), using Lipofectamine PLUS (invitrogen) follow-
ing manufacturer's directions. Supernatants were harvested at regular inter-
vals; passed through a 0.45-um filter (Whatman), and monitored for virus
production by measuring RT activity ((18), details in S/ Text).

Transmission Electron Microscopy (TEM). Virions were centrifuged through 20%

(wiivol) sucrose, pended in 2.5% gl Id in0.IM s buffer,
and processed for TEM as described (19). Samples were analyzed on a JEOL
JEM-1200 EXIl electron miaroscope and photographed using an ORCA-HR digital
camera (Hamamatsu). Diameters of 100 virions and cores were measured in
Adobe Photoshop.

Anti-XMRV Antisera and Western Blot Analysis, For generation of XMRV whole
virus antiserum (anti-XMRV), supernatant from' cultured, infected cells was
passed through a 0.22-um fiiter (Pallcorp); centrifuged (18, 20); lysed with deter-
gent and inoculated into rabbits (details in S/ Text), The rabbits were bled before
inoculation for preimmune control sera. Western blot analysis of concentrated
virions was performed as previously described for MoMLV (18-20). XMRV pro-
teins were visualized with primary rabbit anti-XMRV, anti-MoMLV CA (NCI 795-
804), anti-MoMLV MA (765-155), anti-MoMLV NC (805008, 1:7,500), and anti-
XMRV-SU (1:500) antisera (MoMLV antisera and XMRV anti-XMRV-SU antisera
were gifts of J, Rodrlguez and S, P, Goff, Columbia Unlvevslty, New York). Data
from atleast2i JentWestern blots XMRV protein
sizes by :ompar:son against molecular weight markers. MoMLV (NC.00150%) was
used for sequence comparisons.
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RNase L Genotyping. The TagMan SNP genotyping assay (assay ID: C...935391.1.),
with the TagMan SNP Genotyping Mix {both from Applied Biosystams), were
used for RNase L. G1385A (R462Q) genotyping (NCBI SNP reference: 15486907).
Nine nanograms of prostatic DNA was used In a reaction volume of 20 xL. A
TagMan 7500Fast instrument was used for amplification, detection, and allelic
discrimination. RNASEL genes from 2 individuals of each genotype were se-
quenced to confirm allelic discrimination results. DNA from 1 individual of each
genotype was used as control In each subsequent expetiment.
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the pathophysiology of chytridiemycosis ap-
pears to be disruption to the osmoregulatory

the epidermis explains how a super-

ﬁciaf skin fungus can be fatal to many species of

functioning of the skin and quent osmotic
imbalance that leads to cardiac standstill.

amphibians; their existence depends on the phys-
iological interactions of the skin with the external

To test whether treating electrol;
ities would reduce the clinical signs of disease,
we administered an oral electrolyte supplement
to L. caerulea in the inal stages of infecti

nvi (16-19). Disease outbreaks capa-
ble of causing population declines require the
alignment of multiple variables, including a life-
ising pathophysiology (/). Resolving

when they lost the righting reflex and could no
longer correct their body positions (26). Frogs
under treatment recovered a normal posture and
became more active; one individual recovered
sufficiently to climb out of the water onto the
container walls, and two individuals were able to
Jjump to avoid capture. These signs of recovery
were not observed in any untreated frogs. In
addition, treated frogs lived >20 hours longer
than untreated frogs [mean time afler treatment &

"SEM: treated frogs (N = 9), 32 ¢ 2.8 hours;

control frogs (V= 6), 10.7 £ 2.2 hours; Student’s ¢
test, P < 0.001]. All treated frogs continued to
shed skin and ultimately died from the infection,
as expected. Itis unlikely that electrolyte treatment
could prevent death unless the epidermal damage
caused by Bd is reversed. Although amphibians
can generally tolerate greater electrolyte fluctua-
tions than other terrestrial vertebrates (18), we
suggest that depletion of electrolytes, especially
potassium, is important in the pathophysiology of
chytridiomycosis. Amphibian p potassi
concentrations are maintained at constant levels
across seasons (27), and even moderate hypoka-
lemia is dangerous in humans (26).

Our results support the epidermal dysfunction
hypothesis, which suggests that Bd disrupts cuta-
neous osmoregulatory function, leading to elec-

- trolyte imbalance and death. The ability of Bd to

Hoalad
P

the p‘;rhogenesis of chytridiomycosis is & key step
in und ding this unp demi
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Detection of an Infectious Retrovirus;_
XMRYV, in Blood Cells of Patients
with Chronic Fatigue Syndrome

Vincent C. Lombardi,** Francis W. Ruscetti,®* Jaydip Das Gupta,® Max A. Pfost,
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Chronic fatigue syndrome (CFS) is a debilitating disease of unknown etiology that is estimated to
affect 17 million people worldwide, Studying' peripheral blood manonuclear cells (PBMCs) from

CFS patients, we identified DNA from a human g

Larmi

trovirus, tr y: murine |

virus—related virus (XMRV), in 68 of 101 patients (67%) as compared to 8 of 218 (3.7%) healthy
controls. Cell cuiture experiments revealed that patient-derived XMRV is infectious and that both
cell-associated and cell-free transmission of the virus are possible. Secondary viral infections

were established in uninfécted primary lymphocytes and indicator cell lines after their exposure to -

activated PBMCs, B cells, T cells, or plasma derived from CFS patients. These findings raise the
possibility that XMRV may be a contributing factor in the pathogenesis of CFS.

hronic fatigue syndrome (CFS) is a dis-
order of unknown etiology that affects rul-
tiple organ systems in the body. Patients
with CFS display abnormalities in immune sys-

www.sciencemag.orgl SCIENCE VOL 326 23 OCTOBER 2009

- tem function, often i

luding chronic

of the innate immune system and a deficiency in
natural killer cell activity (/, 2). A humber of
viruses,. including ubiquitous herpesviruses and

enteroviruses, have been implicated as possible
environmental triggers of CFS (/). Patients with
CFS often have active B herpesvirus infections,
suggesting an underlying immune deficiency. _
The recent di yofa irus,

“xenotropic murine leukemia virus-related virus

‘Downloaded from www.sciencemag.org on May 6, 2010

(XMRYV), in the tumor tissue of a subset of pros-
tate cancer patients prompted us to test whether |

XMRYV might be associated with CFS. Both of
these disorders, XMRV-positive prostate cancer
and CFS, have been linked to alterations in the
antiviral enzyme RNase L (3-5). Using the
Whittemore Peterson Institute’s (WPI’s) fitional

“Whittemore Peterson Institute, Reno, NV 89557, USA,
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tissue repository, which i ples from ‘
well-characterized cohorts of CFS patients, we A CFS Patients B ] Normal Controls .
isolated nucleic acids from PBMCs and assayed g greg83ee Eg L N g
the samples for XMRV gag sequences by nested § § g é g § g é é § g § g E g § g § § g g § § H

polymerase chain reaction (PCR) (3, 6). Of the
101 CFS samples analyzed, 68 (67%) contained
XMRYV gag sequence. Detection of XMRV was
confirmed in 7 of 11 WPI CFS samples at the
Cleveland Clinic by PCR-amplifying and sequenc-
ing segments of XMRV env [352 nucleotides (nt)]
and gag (736 nt) in CFS PBMC DNA (Fig. 1A)
(6). In contrast, XMRV gag sequences were de-
tected in 8 of 218 (3.7%) PBMC DNA specimens
from healthy individuals. Of the 11 healthy con-
trol DNA samples analyzed by PCR for both env
and gag, only one sample was positive for gag
and none for env (Fig. 1B). In all positive cases,
the XMRV gag and env sequences were more
than 99% similar to those previously reported for
prostate tumor-associated strains of XMRV (VP62,
VP35, and VP42) (fig. S1) (3).

A
WPI-1118 ' Normat PBMC
7 5670000 1 T00 1000 10000
WPI-1230 WPI-1237
0 10000 il
WPI-1231 WpI-1238
1 1000
© bl
WB 76w .
a-SFFV ”
Ewv 52—
38~
1t 2 3 4
we, 2T
a-MLV 38—
p30 Gag 31—
24—

Fig. 2. Expression of XMRV proteins in PBMCs from CFS patients. (A) PBMCs

were activated with phytchemagglutinin and interleukin-2, reacted with a
mAb to MLV p30 Gag, and analyzed by IFC. (B) Lysates of activated PBMCs
from CFS patients (lanes 1 to 5) were analyzed by Western blots with rat mAb
to SFFV Env (top panel), goat antiserum to xenotropic MLV (middle panel, or
goat antiserum to MLV p30 Gag (bottom panel. Lane 7, lysate from SFFV-
infected HCD-57 cells, Molecular weight markers in kilodaltons are at left. (C)

23 OCTOBER 2009 VOL 326

— gapdh —

Fig. 1. XMRV sequences in PBMC DNA from CFS patients. Single-round PCR results for gag, env, and gapdh
sequences in PBMCs of (A) CFS patients-and (B) healthy controls are shown. The positions of the amplicons are
indicated and DNA markers (adder} are shown. These are representative results from one group of 20 patients,

B

w8:
a-SFFV
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MLV

Gag
Precursors

wB:
‘a-MLV
p30 Gag
3
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Lysates of activated PBMCs from healthy donors (lanes 1, 2, 4, 5, and 7) or
from CFS patients (lanes 3 and 6) were analyzed by Western blots using rat
mAb to SFFV Env (top panel) or goat antiserum to MLV p30 Gag (bottom
panel). Lane 8, SFFV-infected HCD-57 cells. Molecular weight (MW) markers
in kilodaltons are at left. (D) CD4” T cells (eft) or CD19* B cells {right) were
purified, activated, and examined by flow cytometry for XMRV Gag with a
mAb to MLV p30 Gag.
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.two CFS patients and a partial genome from a third

Sequences of full-length XMRV genomes from

patient were generated (table S1). CFS XMRV
strains 1106 and 1178 each differed by 6 nt from

A _
: 3z ¢
23 8

LNCaP
HCD/S

Normal

WwB: g
a-SFFV 76— <—9P70 Env

Env

Fig. 3. Infectious XMRV-in PBMCs from CFS patients, {A) Lysates of LNCaP cells
cocultured with PBMCs from CFS patients (lanes 1, 3, and 5) or healthy donors (lanes
2 and 4) were analyzed by Wester blots with rat mAb to SFFV Env (top panel) or
goat antiserum to xenotropic MLV (bottom panel). Lane 6, uninfected {NCaP; lane 7,

D

the reference prostate cancer strain XMRV VP62
(EF185282), and with the exception of 1 nt, the
variant nucleotides mapped to different locations
within the XMRV genome, suggesting ind !

REPORTS l

dent infections. In comparison, prostate cancer—
derived XMRY strains VP35 and VP42 differed
from VP62 by 13 and 10 nt, respectively. Thus, the
XMRV. g in these CFS patients

P g

are atleft. (8) Tra

electron micrograph of a budding viral partide from LNCaP cells infected by
incubation with an activated T cell culture from a CFS patient. {€). Transmission
electron micrograph of virus particles released by infected LNCaP cells,

SFFV-infected HCD-57 cells. MW markers in kilodalt

Antibody

o BaF3ER

up-T1/1220
up-T1/1141
up-T1/1199
up-T1/1169

Sup-T1/Raji
ISup-T1/1199
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Fig. 4. Infectious. XMRV and antibodies.to XMRV in CFS patient plasma. (A)
Plasma from CFS patients (lanes 1 to 6) were incubated with LNCaP cells and
lysates were prepared.after six passages. Viral protein expression was detected

by Westem blots with rat mAb to SFFV Env (top panel) or goat antiserum to MLV

p30 Gag (bottom panel), Lane 7, uninfected LNCaP; lane 8, SFFV-infected HCD-
57 cells. MW markers in kilodaltons are at left. (B} Cell-free transmission of
XMRY to the SupT1 cell line was demonstrated using transwell coculture with
patient PBMCs, followed by nested gag PCR. Lane 1, MW marker. Lane 2, SupT1
cocultured with Raji. Lanes 3 to 7, SupT1 cocultured with CFS patient PBMCs.

Lane 8, no template controt (NTC). (C) Normal T cells were exposed to cell-free supernatants obtained from T cells (lanes 1, 5, and 6) or B cells (lane 4) from CFS
patients. Lanes 7 and 8 are secondary infections of normal activated T cells. Initially, uninfected primary T cells were exposed to supematants from PBMCs of
patients WPI-1220 {lane 7) and WP1-1221 (lane 8). Lanes 2 and 3, uninfected T cells; lane 9, SFFV-infected HCD-57 cells, Viral protein expression was detected -
by Western blat with a rat mAb to SFFV Env. MW markers in kilodaltons are at left, (D) Plasma samples from a CFS pahent or from a healthy control as well as

SFFV Env mAb or control were reacted with BaF3ER cells (top) or BaF3ER cells
xmmunoglobulln G.
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were >99% identical in sequence to those detected
in patients with prostate cancer. To exclude the pos-
sibility that we were detecting a murine leukemia
virus (MLV) laboratory contaminant, we deter-
mined the phylogenetic relationship among endog-
enous (non-ecotropic) MLV sequences, XMRV
sequences, and sequences from CFS patients
1104, 1106, and 1178 (fig. S2). XMRV sequences
from the CFS patients clustered with the XMRV
sequences from prostate cancer cases and formed
a branch distinct from non-ecotropic MLVs com-
mon in inbred mouse strains. Thus, the virus de-
tected in the CFS patients’ blood samples is
unlikely to be a contaminant.

To determine whether XMRV proteins were
expressed in PBMCs from CFS patients, we de-
veloped intracellular flow cytometry (IFC) and
Westem blot assays, using antibodies (Abs) wnh
novel viral specificities, These antibodi

ously shown to be permissive for XMRV infec-
tion (/2). After coculture with activated PBMCs
from CFS patients, LNCaP cells expressed XMRV
Env and multiple XMRV Gag proteins when
analyzed by Westem blot (Fig. 3A) and IFC (fig.

We have discovered a highly significant asso-
ciation between the XMRYV retrovirus and CFS,
This observation raises several important ques-
tions. Is XMRV infection a causal factor in the
pathogenesis of CFS or a passenger virus in the

SS5A). Tr: electron py (EM) of
the infected LNCaP cells (Fig. 3B), as well as virus
preparations from these cells (Fig. 3C), revealed
90- to 100-nm-diameter budding particles con-
sistent with a gamuma (type C) retrovirus (J3),
We also found that XMRV could be trans-
mitted from CFS patient plasma to LNCaP cells
when we applied a virus centrifugation protocol
to enhance infectivity (6, /4, 15). Both XMRV
gp70 Env and p30 Gag were abundantly ex-
pressed in LNCaP cells incubated with plasma
samples from 10 of 12 CFS patients, whereas no
viral protein expression was detected in LNCaP
cells incubated with plasma samples from 12

among others, (i) rat monoclonal antibody (mAb)
to the spleen focus-forming virus (SFFV) envelope
(Env), which reacts with all polytropic and
xenotropic MLVs (7); (ii) goat antisera to whole
mouse NZB xenotropic MLV, and (jii) arat mAb
to MLV p30 Gag (8). All of these Abs detected
the human VP62 XMRYV strain grown in human
Raji, LNCaP, and Sup-T! cells (fig. $3) (5). IFC
of activated lymphocytes (6, 9) revealed that 19
of 30 PBMC samples from CFS patients reacted
with the mAb to MLV p30 Gag (Fig. 2A). The
majority of the 19 positive samples also reacted
with antisera to other purified MLV proteins (fig.
S4A). In contrast, 16 healthy control PBMC cul-
tures tested negative (Fig. 2A and fig. S4A). These
Tesults were confirmed by Western blots (Fig, 2,
B and C) (6) using Abs to SFFV Env, mouse
xenotropic MLV, and MLV p30 Gag. Samplcs
from five healthy donors exhibited ho

healthy donors (Fig. 4A). Likewise, LNCaP cells
incubated with patient plasma tested positive for
XMRYV p30 Gag in IFC assays (fig. S5B). We
also observed cell-free transmission of XMRV
from the PBMCs of CFS patients to the Tcell line
SupT] (Fig. 4B) and both primary and secondary
transmission of cell-free virus from the activated
T cells of CFS patients to normal T cell cultures
(Fig. 4C). Together, these results suggest that
both cell ciated and cell-fr ion of
CFS-associated XMRV are possible.

We next investigated whether XMRV stim-
ulates an immune response in CFS patients. For
this purpose, we developed a flow cytometry as-
say that allowed us to detect Abs to XMRV Env
by exploiting its close homology to SFFV Env
(16). Plasma from 9 out of 18 CFS patients in-
fected with XMRV reacted with a mouse B cell
line bi SFFV Env (BaF3ER-

of XMRYV proteins (Fig. 2C). The frequencies of
CFS cases versus healthy controls that were pos-
itive and negative for XMRV sequences were
used to calculate a Pearson §’ value of 154 (two-
tailed P value of 8.1 x 107%), These data yield
an odds ratio of 54.1 (a 95% confidence interval
of 23.8 to 122), suggesting a nonrandom asso-
ciation with XMRV and CFS patients.

To determine which types of lymphocytes in
blood express XMRV, we isolated B and T cells
from one patient’s PBMCs (6). Using mAb to
MLV p30 Gag and IFC, we found that both ac-
tivated T and B cells were infected with XMRV
(Fig. 2D and fig. S4A). Furthermore, using mAb
to SFFV Env, we found that >95% of the cells in
a B cell line developed from another patient were
positive for XMRV Env (fig. S4B). XMRV pro-
tein expression in CFS patient-derived activated
Tand B cells grown for 42 days in culture was
confirmed by Western blots (fig. S4C) using Abs
to SFFV Env and xenotropic MLV.

We next investigated whether the viral pro-
teins detected in PBMCs from CFS patients rep-
resent infectious XMRYV. Activated lymphocytes
(6) were cocultured with LNCaP, a prostate can-
cer cell line with defects in both the JAK-STAT
and RNase L pathways (10, JJ) that was previ-

SFFV-] Env) but not to SFFV Env negative con-
trol cells (BaF3ER), analogous to the binding of
the SFFV Env mAb to these cells (Fig. 4D and
S6A). In contrast, plasma from seven healthy
donors did not react (Fig. 4D and fig. S6A).
Furthermore, all nine positive plasma samples
from CFS patients but none of the plasma sam-
ples fram healthy donors blocked the binding of
the SFFV Env mAb to SFFV Env on the cell
surface (fig. S6B). These results are consistent
with the hypothesis that CFS patients mount a
specific immune response to XMRV.

Neurological maladies and immune dysfunc-
tion with inflammatory cytokine and chemokine
up-regulation are some of the most commonly
reported features associated with CFS. Several
retroviruses, including the MLVs and the pri-
mate retroviruses HIV and HTLV-I, are associ-
ated with neurological diseases as well as cancer
(17). Studies of retrovirus-induced neurodegener-
ation in rodent models have indicated that vascular
and infl 'y changes mediated by cytokines
and chemokines precede the neurological pathol-
ogy (18, 19). The presence of infectious XMRV
in lymphocytes may account for some of these
observations of altered immune’ responsiveness
and neurological function in CFS patients.

-immunosuppressed CFS patient population?

What is the relationship between XMRV. infec-
tion status and the presence or absence of other
viruses that are often associated with CFS (e.g.,
herpesviruses)? Conceivably these viruses could
be cofactors in pathogenesis, as is the case for
HIV-mediated discase, in which co-infecting path-
ogens play an important role (20). Patients with
CFS have an elevated incidence of cancer (27).
Does XMRV infection alter the risk of cancer
development in CFS? As noted above, XMRV
has: been detected in prostate tumors from pa-
tients expressing a specific genetic variant of the
RNASEL gene (5). In contrast, in our study of this
CFS cohort, we found that XMRYV infection sta-
tus does not correlate with the RNASEL genotype
(6) (table S2).

Finally, it is worth noting that 3.7% of the
healthy donors in our study tested positive for
XMRYV sequences. This suggests that several
million Americans may be infected with a retro-
virus of as yet unknown pathogenic potential.
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pamedmnyl(ppmt)mﬂmseguwwul),was
the expression host-A C i
tagged LovB was placed under the control of

episomal plasmid (YEpLovB-6His). Abundant
amounts of the intact LovB could be purified
from the soluble fraction to near homogeneity
with 2 final yield of ~4.5 mg/L (fig. S1). We used
mass analysis of tryptic digest fragments to verify

Highly reducing iterative polyketide synthases are large, multifunctional enzymes that make the i damty of the bi ant LovB. The ACP

important metabolites in fungi, such as lovastatin, a cholesterol lowenng drug from Aspergrllus , i Iy
terreus. We report efficient exp of the { i ynthase (LovB} from an’ do Of MVB was A wb;eusmg{
engineered strain of Saccharomyces cerevisiae, as well as complete reconstitution of its catalytic

ppant ejecuon assxy with Mgh-msoluuon quadru-
function in the presence and absence of cofactors (the reduced form of hicotinamide adenine pole orthogonal acceleration—time-of-flight

dinucleotide phosphate and' S Imethionine) and its partner enzyr:lel,lme e‘ngyl rz(fiuctase spectrometry (fig, §2). To ascértain activity of the
un v resulting LovB and to examine the necessity for

LovC. Our results demonstrate that lovB retains- comect inter
synthesis of dihydromonacolin L, but off-loads incotrectly processed compounds as pyrones or cofactors, malonyl-CoA alone was first added to
the purified enzyme in buffer. Whole-cell feed-

hydrolytic products, Experiments reptacing LovC with analogous MIcG from compactin biosynthesis

demonstrate a gate-keeping function for this partner enzyme. This study represents a key step in =, " 13, .

the understanding of the functions and structures 91 thisr family of enzymes. :;gms”m: :?Zf?ebly [shg’weﬁ;]’t}]?;e lﬁldt:i:e tat;:
tate hydrogens were incorporated into the acetate-

dexived starter units for both the nonaketide and
diketide moieties in lovastatin (/5). The purified
LovB can use malonyl-CoA for both chain prim-

ature uses an g array of k (KS), malonyl-coenzyme A (CoA)
to make natural pmducis (1). Among these yltransfe (MAT), dehyd (DH), methyl-
metabolites, polyketides rep aclass f MT), | d (KR), and acyl- -
of over 7000 known structures of which more than'  carrier protein (ACP) domains, as well as a section
20 are commercial drugs (2). Among the most  that is homologous to the condensation (CON)
interesting but Jeast understood enzymes making  domain found in nonribosomal peptide synthe-
these unds are the highly ing iterafive  tases (NRPSs) (9). It also contains a domain that
polyketide synthases (HR-IPKSs) found in fila- resembles an enoyl reductase (ER) but lacks that malonyl -CoA, in the abseme of the reduced farm
mentous fiingi (3). In contrast to the well-studied  activity. LovB must catalyze ~35 ions and  of ni ide adenine dinucl
bacterial type I PK.Ss that operate in an assembly  use different p of tailoring d (NADPH), no ketoreduction occurs. The domi-
line fashion (4), HR-IPKSs are megasynthases  after cach of the eight chain-extension steps to * nant product is lactone 3 (Fig. 2A, trace i), which
that functuon iteratively by using a set of catalytic  yield the nonaketide, dlhydromomcolm L (2).
peatedly in different binations o This enzyme also lyzes a biological Diels-
produce structurally diverse fungal metabolites (). Alder reaction during the assembly process to . NADPH to this system enables function of the
One such metabolite is lovastatin, a cholesterol  form the decalin ring system (70), In vitro studies ‘KR domam In this and aubwqmt expenmems,
lowering dmg from A.tpergxllu: terreus (6). This  of LovB (J7) have been hampered by an inability  the yl-CoA could be ly synthe-
pound is a p (Zocor,  to obtain sufficient amounts of the functional pu- - sized in situ by malonyl-CoA synthase (MatB)
Merck, Whitehouse Sranon, NJ), a semi-synthetic ~ rified megasynthase from either A. terreus or  from Rhizobium trifolil using free malonate and
drug that had annual sales of more than $4 billion  heterologous Aspergillus hosts. As a result, the CoA (/6), With KR enab]ed, LovB makes penta-,
before loss of patent protection in 2006 (7). programming that govemns metabolite bly  hexa-, and heptaketide pyrones 4 to 6, as well as
Biosynthesis of lovastatin proceeds via dihy- = by LovB or other HR-IPKSs is not understood.  ketanes 7 and 8 (Fi 1g ZA, trace if). The structures
dromonacelin L (acid form 1, lactone form 2), 2 Key aspects that remain to be elucidated include  were d by ch | synthesis of authen-
product made by the HR-IPKS lovastatin non- (i) the catalytic and structural roles of cach do- tic standards, except for heptaketide 6, which
aketide synthase (LovB), with the assistance of 8 main in the megasynthase, (ii) substrate specific-  proved very unstable. However, the mass increase
separate enoyl reductase, LovC (8) (Fig. 1) LovB  ities of the catalytic domains and their tolerance
is a 335-kD protein that contains single copies of  to perturbation in megasynthase functions, and
(ii) factors goveming the choice of different
combinations of domains during each iteration of
catalysis. To initiate such studies, we engineered
an expression system in yeast to produce large
amounts of LovB and examined the influence
of cofactors and the ER partner (e.g., LovC) on
product formation.
The engineered Saccharomyces cerevisiae
strain BJ5464-NpgA, which contains a chromo-

decarboxylation to make the acetyl starter unit.
Although LovB is able to prime with and elongate
the chain by two further condensations with

loading of the unreduced triketide. Addition of

the ultraviolet spectrum whcn oompared to § are
i with its proposed ide pyrone
(table 83). Comp ds 7 and 8 result

from thioester: hydrolysis of penta- and hexaketides
stalling on the ACP at the B-keto stage. The re-
sulting -keto acids spontaneously decarboxylate
to afford 7 and 8, Formation of compounds 4 to 8
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Abstract

Background:n October 2009 it was reported that 68 of 101 patients with chronic fatigue syndrome (CFS) in the US were infected
with a novel gamma retrovirus, xenotropic murine leukaemia virus-related virus (XMRV), a virus previcusly finked to prostate
cancer, This finding, if confirmed, would have a profound effect on the understanding and treatment of an incapacitating disease
affecting millions worldwide. We have investigated CFS sufferers in the UK to determine if they are carriers of XMRV.

Methodology: Patients in our CFS cohort had undergone medical screening to exclude detectable organic illness and met
the COC criteria for CFS. DNA extracted from blood samples of 186 CFS patients were screened for XMRV provirus and for
the closely related murine leukaemia virus by nested PCR using specific oligonucleotide primers. To control for the integrity
of the DNA, the cellular beta-globin gene was amplified. Negative controls (water) and a positive contro! (XMRV Infectious
molecular clone DNA) were included. While the beta-globin gene was amplified in all 186 samples, neither XMRV nor MLV
sequences were detected. .

Conclusion: XMRV or MLV sequences were not amplified. from DNA originating from CFS patlents in the UK. Although we
found no evidence that XMRV is associated with CFS in the UK, this may be a result of population differences between North
America and Europe regarding the generaf prevalence of XMRV infection, and might also explain the fact that two US

8519, doi:10,1371/journalpone.0008519

groups found XMRV In prostate cancer tissue, while two European studies did not.
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Introduction

A recerit study by Lombardi et ol [1] describing 2 gamma-
retrovirus infection in 68 of 101 chronic fatigue syndrome (CFS)
patients was notable not only for its claim of a new viral actiology of
a hitherto controversial disease, but also for the fact that proviral
DNA could be amplified from the peripheral blood mononuclear
cells (PBMC) of 3.75% (8/218) of the healthy controls. Thiis follows
an earlier claim that 1.7% (5/300) of healthy Japanese blood donors
carried antibodies to the same virus [2]. The virus in question is a
recently discovered retrovirus, Xenotropic Murine Leukaemia
Virus (MLV)-Related Virus (XMRV).

In the original identification of XMRV in prostate cancer
stromal cells, Urisman ¢t ol 3] confirmed by sequence analysis
that XMRV is not a laboratory contaminant, as is often the case
with claims of new retrdviral associations with disease. It shares
>90% sequence identity in gog and ew (two of the three viral
structural genes) with other xenotropic MLVs.

An association between XMRV and prostate cancer was
strengthened with the d ation of XMRYV protein expres-
sion in malignant epithelial cells [4]. H , these results have

'@ PLOS ONE | www.plosone.org

not been duplicated in studies conducted in Europe [5-7]. Both
prostate cancer. and CFS have been linked to an Arg to Gln

mutanon at codon 462 (R462Q)) in the RNasel, gene, an .

interferon-induced ribonuclease [8]. On ' activation, RNaseL
destroys single stranded cellular and viral RNA, thereby
preventing viral replication, blocking protein synthesis, triggering
cellular apoptosis and providing an innate anti-viral résponse.
The two US studies are of interest, not only because this would be
a further example of a virus association with cancer, but because
they represent the first demonstration of a gamma-retrovirus able

to infect human cells, over-riding the intrinsic immune_

mechanisms that were believed to protect humans from MLV
infection.

The XMRYV seq derived from p cancer tissue are
identical to those from CFS patients, but differ from xenotropic
MLV sequences, endorsing a genuine cross-species transmission.
However, the claim that XMRYV is preferentially found in prostate
tumours from-patients homozygous for the R462Q variant. [3] is
not borne out by the second prostate cancer study to find XMRV
in patients [4], nor was the genctic variant detected in CFS
patients carrying XMRV [5]. 7

January 2010 | Volume 5 | lssue 1 | 8519

The finding of Lombardi ¢f /. of a 67% XMRYV infection rate
among CFS patients, if confirmed; would have a serious impact on
understanding the pathogenesis of this complex and debilitating
disease and its treatment. Therefore, it was important to determine
if CFS sufferers in the UK were carriers of XMRV. We have
screened DNA extracts from the blood of CFS sufferers by PCRs
targeted at an XMRV-specific seq and at a seq
conserved amongst most murine retroviruses (MRV),

Methods

Patients .

All patients gave written informed consent for the use of their
DNA to test actiological theories of CFS, and the study was
approved by the South London and Maudsley NHS Trust Ethics
Committee. The study recruited 186 patients (62% female, age
range 19-70, mean 39.6+11.3years) from consecutive referrals to
the CFS -clinic at King's College Hospital, London. All patients
had undergone medical screening to exclude detectable organic
illness, including a minimum of physical examination, urinalysis,
full blood count, urea and electrolytes, thyroid function tests, liver
function tests, 9 a.m. cortisol and ESR. Patients were interviewed
using a semi-structured interview for CFS [9] to determine
whether they met international consensus criteria for CFS. All
subjects met the CDC criteria [10]; patients with the Fukuda-
specified exclusionary - psychiatric disorders, or somatisation
disorder (as per DSM-IV), were not included. The patient set
studied is a well-characterised and representative sample of CFS
patients who have been described previously: all were routine
clinic attendees, referred within the UK National Health Service,
who had taken part in prior studies of neuroendocrine functioning
[11] and/or of cognitive behaviour therapy [12]. As is typical of
the patients seen in this tertiary care centre, they were markedly
unwell. Few were working, and 19% were members of pati¢nt
support groups for CFS/ME {12-14]. The levels of fatigue in this
sample were high (mean Chalder Fatigue Scale, 26.3%5.4) [15], as
were levels of disability (mean Work and Social Adjustment Scale,
total score 28.2%7.2) [16). The mean GHQ-12 score {17] was
19.7#8.1. Patients had been unwell for a median of 4.0 y (range
1-28 y). Of note was that 45% said their illness dcfinitely related

" to a viral illness and 45% said it might relate to a viral illness,

Overall, we conclude that this sample is typical of CFS patients
seen in specialist clinical services in the UK. We also know from
collaborative studies that our patients resemble those seen in-other
specialist CFS services in the United States and Australia (18], -

" PCR detection of XMRV and MLV sequences. DNA was
extracted from EDTA whole blood using a standard phenol-based
organic deproteinisation procedure [19). DNA concentrations
were determined by absorbance at 260 nm (Agg). Each sample
was amplified in three nested PCRs using primers targeted to an
XMR V-specific sequence, to a sequence conserved amongst most
MLYV and, as a control for sample addition and PCR-inhibition, to
a human beta-globin (hBG) sequence (Table 1). Each first-round
reaction was performed in a 25 pl volume containing 0.5 units
TaqGold (Applied BioSystems, Warrington, UK), | x TaqGold
reaction buffer (Applied BioSystems), 1.5 mM Mg®*, 200 mM
each dNTP, 2.5 pmol each primer to which 5 ul DNA extract or
control was added. Reaction conditions were one cycle of 94°C, 8
minutes, 35 cycles of 94°C 30 seconds, 55°C 30 seconds, 72°C 30
seconds and one cycle 0f 72°C, 7 minutes. Second round reaction
mixes were identical to the first round and the sample was a 1 pl
transfer from the first round reactions, Second round reaction
conditions were as for the first round over 30 cycles. PCR
amplicons were visualised on a 1% agarose gel stained with

.® PL0OS ONE | www.plosone.org
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Table 1. Oligonucleotide Primers.

Target Sequence " Loeation

Reverse outer 5' CATCAAACAGGGTGGGACTG 3’ 3179-3160"

3062-3043"

Reverse outer 5 GAGG'ITGTCCAGGTGAGCCA 3 296-2772
Forward lnner 5 GAGGTTv C
Reverse inner 5’ CATCACTAAAGGCACCGAGCA 3’ 273-253*

Locations In GenBank accesslons 'EF185282, *NM000518,4,
doi:10,1371/Journal.pone.0008519.1001 .

ethidium bromide, Each PCR run consisted of test samples, six
negative (water) and two positive -controls. The positive control
was a dilution of a plasmid with a full-length XMRV (isolate -
VP62) insert, generously gifted by Dr R. Silverman. To validate
the sensitivity of the PCR, an end-point dilution of the plastnid was
performed. To determine specificity of the PCR, a sample of
human DNA from the LNCaP prostate cancer cell line (American
Type Culture Collection, code CRL-1740) was amplified with the
XMRYV and MLV primer scts. To ensure integrity of the DNA
extracts, three randomly sclected samples were titrated to end-
point using the hBG PCR to determine if the PCR copy number
equated with the Aggo. To-determine if the DNA extricts exhibited
low level non-specific inhibition of PCR, 10 samples were
subjected to 30 cycles of the first round hBG PCR {reaction mix
and conditions as abave) followed by 40 cycles of a nested real-
time SYBR-green PCR using the SYBR-green Fast -PCR kit
(Roche, Lewes UK) ling to the facturer’s instructions,

Results

Nested PCR Validation

Based on Ao of the purified plasmid; both primer sets
(XMRV, MLV) were able to amplify a single target copy added to
the reaction. Amplification of 600 ng of LNCaP cellular DNA
added to XMRV and MLV PCRs y:elded no non specific bands
when viewed on an ethidi - gel.
Quantification of DNA samples from threc randomly selected
test samples by end-point dilution PCR with the hBG primer set
showed concurrence of the PCR-determined copy number with
Ao, thus indicating integrity of the DNA preparations. Nested
real-time amplification of 10 samples showed no evidence of non-
specific inhibition as determined by the slope of the unphﬁcanon
curves and the height of the signal plateau.

PCR Analysis of Test Samples

Input DNA ranged from 10 to 600 ng'(1.6%10% to 1:1x10° cell
equivalents} as determined by Aggo of which 148 samples had an
input of >100 ng and 106 samples >200 ng, None of the 186 test
samples analysed yielded a specific PCR product with either the
XMRYV or MLV primer sets and no non-specific PFCR products were
observed. A specific hBG product was ampllﬁed from all 186 test
samples. The positive control was amplified in each run by the

Janwary 2010 | Volume 5 | Issue 1 | 68519



Figure 1. PCR products of the XMRV VP62 clone. Primers.are
generic to MLV (lanes 1 and 2) or specific to XMRV (lanes 4 and 5). The
sizes of the respective fragments are shown. Lane 3-200 bp molecular
size ladder.

doi:10.1371/journal.pone.0008519.g001

XMRYV and MLV primer sets. A stained gel of the XMRV and MLV
PCR products is shown in figure 1 and a representative sample of our
results with CFS DNA and MLV primers is shown in Sgure 2.

Discussion

Unlike the study of Lombardi et al, we have failed to detect
XMRYV or closely related MRV proviral DNA sequences in any
sample from CFS cases. There have been numerous claims for an
infective aetiology to CFS over the years, not least because, as in this
sample, many patient report that their symptoms were triggered by
an infective episode. Prospective epidemiological studies -have
confirmed that cenam infective agcms for example Epstein Barr
virus, are uneq ally iated with qr CFS [20], even
if the mechanisms are unclear and almost certainly multi factorial.
Nearly two decades ago, sequences from another retrovirus, the
human T-lymphotropic virus type 1l, were amplified from the
PBMC:s of 10/12 (83%) adult and 13/18 paediatric CFS paticnts,
but not from healthy control subjects {21). However, subsequent
studies carried out on small rumbers (20-30) of CFS patients, failed
to confirm evidence for HTLV (type | or 11) [22-25] or other
retroviruses, including the closely-related simian T lymphotropic
virus type |, the prototype foamy virus, simian retrovirus, bovine and
feline leukaemia viruses [26) and HIV-] [23).

The Lombardi paper is the first to study a significantly larger
number of peaple than that in any previous study and to detect.a
virus only recently discovered. Our study resembles that of
Lombardi et al in certain respects. Both studies use the widely
accepted 1994 clinical case definition of CFS'®. Lombardi f dl.
reported that their cases “presented with severe disability” and we
provide quantifiable evidence confirming high levels of disability in
our subjects. Our subjects were also typical of those seen in
secondary and tertiary care in other centres.
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Figure 2. Nested PCR from the DNA of 8 CFS patients. Products
of generic MLV pnmers {including XMRV) are shown, Lanes 1-8, CFS
patient DNA (2" round); lanes 9 and 16, XMRV 2™ round and 1* round
positive controls; lanes 11 and 12, DNA of uninfected cell line LNCap;
lanes13-18, water controls.
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Our own study also differs from that of Lombardi in other
respects. Firstly, the PCR operator was blinded to the provenance
of the DNA samples. In fact, with the exception of the PCR
controls, all 186 DNA test samples originated from CFS patients.
Care was taken to grow the XMRV plasmid in a laboratory in
which no MLV had been cultured and no MLV vectors used and
the PCR was carried out in a CPA-accredited Molecular
Diagnostics Unit which processes only human tissue. Multiple
(six) water (negative) controls were included in every run to detect
low level contamination and a PCR to amplify a sequence that is
conserved in most murine leukaemia viruses was included in order
to expose any circulating MLV contamination and to detect any
variant of XMRV that might be circulating in the UK CFS
population.

Based on our molecular data, we do not share the conviction
that XMRV may be a contributory factor in the pathogenesis of
CFS, at least in the UK.
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Background: Detection of a retrovirus, xenotropic murine leukaemia virus-related virus (XMRV), has recently beén
reported in 67% of patients with chronic fatigue syndrome. We have studied a total of 170 samples from chronic
fatigue syndrome patients from two UK cohorts and 395 controls for evidence of XMRV infection by looking either

specific for XMRV.

for the presence of viral nucleic acids using quantitative PCR (limit of detection <16 viral copies) or-for the
presence of serological responses using a virus neutralisation assay.

Results: We have not identified XMRV DNA in any samples by PCR (0/299). Some serurn samples showed XMRV
neutralising activity (26/565) but only one of these positive sera came from a CFS patient. Most of the positive sera
were also able to neutralise MLV particles pseudotyped with envelope proteins from other viruses, including
vesicular stomatitis virus, indicating significant cross-reactivity in serological respanses. Four positive samplés were

Conclusions: No association between XMRV infection and CFS was observed in the samples tested, either by PCR
or serological methodologies. The non-specific neutralisation observed in multiple serum samples suggests that it
is unlikely that these responses were elicited by XMRV and highlights the danger of over-estimating XMRV .
frequency based on serological assays. In spite of this, we believe that the detection of neutralising activity that did
not inhibit VSV-G pseudotyped MLV in at least four human serum samples indicates that XMRV infection may

| occur in the general population, although with currently uncertain outcomes. '

-

Background :

In 2006, pursuing a link between prostate cancer and an
inherited mutation in the RNASEL gene, Urisman and
colleagues identified a novel gammaretrovirus [1}. Using
PCR methodology, this virus was shown to be present in
9/86 (10%) prostate tumours éxamined. It showed close
sequence similarity to xenotropic murine endogenous
retrovirus elements and was thus named xenotropic
murine leukaemia virus related virus (XMRV). A subse-
quent study demonstrated receptor usage typical of
murine xenotropic virus [2]. Phylogenetic analyses place
XMRY firmly within the murine endogenous retro-
viruses [3] even though no identical element has so far

* Correspondence: kbishop@nimr.mrc.ac.uk
'Division of Virology, MRC National Institute for Medical Research, The
Ridgeway, Mill Hill, London NW7 1AA, UK

been identified within the mouse genome [4]. More
recently, additional groups of samples from patients
with prostate cancer have been examined for the pre-
sence of XMRYV with both positive [5] and negative [6,7)
results,

Very recently, a paper reporting the PCR detection of
XMRYV in PBMC from 68/101 patients with chronic fati-
gue syndrome (CES) has been published [8]. Replicating
virus could be isolated from stimulated PBMC with
sequences almost, but not quite identical to the viruses
isolated from prostate cancer patients. Providing appar-
ently compelling evidence against the possibility of
laboratory contamination, a number of the patients were
shown to have mounted an immune response against
XMRYV. Interestingly, around 4% of control patients
appeared to harbour the virus [8]. '
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Replication of these resilts and the possible identifica-
tion of roles for XMRYV in the aetiology of prostate can-
cer and/or CFS would be of great medical significance.
Detection of XMRV might provide potentially- useful
diagnostic tools and might also suggest therapeutic ave-
nues for treatment. Further, widespread distribution of a
potentially pathogenic virus would have important
implications concerning its role as a co-factor in other
conditions and in the safety of the blood supply. We
therefore set out to investigate the distribution of
XMRYV in UK CFS patients, using PCR to search for the
presence of XMRV DNA and neutralisation assays to
detect an anti-XMRV immune response. In this study
we did not find any association between XMRYV infec-
tion and CFS.

Methods
Sample collection
Samples from the following three centres were tested; St
George's University of London (SGUL), Barts and the
London Hospital Trust (BLT) and Glasgow Caledonian
University (GC). - .

The SGUL cohort comprised 142 adult CFS patients
and 157 healthy blood donors. Both groups were aged

- between 18 and 65, and the male to female ratios were

45:97 (CFS) and 43:114 (blood donors). At the time of

sampling, 2003-2008, blood was collected into three .

tubes (an EDTA blood tube for DNA preparation; a
Paxgene tube for RNA preparation and a plain tube for
serum preparation from clotted blood). CFS patients
were recruited from clinics in Bristol, Dorset, London,
Birmingham, Norfolk and Epsom, and all patients ful-
filled diagnostic criteria of Fukuda et 4l. [9]. Blood sam-
ples were taken between 1.5 and 4 years following
diagnosis. Healthy normal blood donors were enrolled
from the National Blood Service (NBS), in Dorset, UK.
All subjects provided informed ‘consent, and these stu-
dies were approved by Wandsworth Research Ethics
Committee, St George's Hospital, Cranmer Terrace,
London SW17 ORE.

The BLT cohort comprised 226 anonymised serum
samples taken in 2008-2009 (57 from the antenatal
clinic; 58 with haematological disorders; 55 liver patients
and 56 from the renal clinic), Clotted blood was sepa-
rated by centl"ifugation, and the serium supernatant was
removed, stored at -20°C and defrosted once. Ethical
approval for the use of these samples for assay develop-
ment was issued by UCLH NHS trust and adopted by
chairman’s action at BLT,

- The GC cohort comprised 28 CFS$ patients (20 sera
and 8 plasma samples) and 12 controls (8 sera and 4

- plasma samples) from the West of Scotland catchment

area. CFS patients were aged between 28 and 79, with a
male to female ratio of 16:12. Samples were collected
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between 1995 and 2003. Controls were aged between 23
and 63, with a male to female ratio of 7:5. Samples were
collected between 2002 and 2004, Some controls were
relatives of the patients, and some were hospital staff
volunteers. All patients met the Fukuda criteria (9).
Ethical permission for blood samples to be analysed for
the presence of viruses was granted by Southern General
Hospital NHS Trust Local Ethics Committee.

PCR

Genomic (g)DNA was prepared from PBMC from SGUL
patients and controls using the QlAamp DNA mini kit
(Qiagen) and amplified using the RepliG Ultrafast Mini
Kit (Qiagen), which provides highly uniform amplification
of all sequences, with negligible sequence bias. The con-
centrations after amplification ranged from 108 - 586 ng/
ul. Initially, 48 CFS patient gDNA samples were screened
by single-round PCR for gag and env genes, as well as
GAPDH, as outlined by Lombardi et al. [8] (Table 1), This
PCR was performed in a 50 pl reaction volume consisting
of 25 pl amplitaq gold PCR mastermix and a final DNA
concentration of 2-5 ng/pl. Cycling was modified a
appropriate to our mastermix; 95°C for 5 min, (95°C for
30 sec, 57°C for 30 sec, and 72°C for 60 sec) for 45 cycles,
hold at 72°C for 7 min, store at 4°C. Products were visua-
lized on 3% agarose gels by ethidium bromide staining, As
we did not amplify any products using this PCR, we devel-
oped two more sensitive real-time qPCR assays which tar-
geted 2 regions of the env gene, beginning at nt 6173 and

Tabl-‘1 Primer sequences used in XMRV-sbedﬂ: PCRs

Primer . Sequence Referénce
419F gag ATCAGTTAACCTACCCGAGTCGGAC Lombardi
et al, 2009
1154R gag GCCGCCTCTTCTTCATTGTTCT Lombardi -
. et al, 2009
5922F env GCTAATGCTACCTCCCTCCTGG : Lombardi .
. et al, 2009
6273R env GGAGCCCACTGAGGAATCAAAACAGG  “Lombardi
et al, 2009
hGAPDH-66F GAAGGTGAAGGTCGGAGTC Lombardi
et al, 2009
hGAPDH-291R GAAGATGGTGATGGGATTIC " Lombardi
et al, 2009
Real-time PCR
6173 env F GGCATACTGGAAGCCATCATCATC
6173 env R CCTGACCCTTAGGAGTGTTTCC

6173 env probe  ATGGGACCTAATTTCC

6682 env F GTGCTGGCTGTGTCTAGTATCG
6682 env R GCAGAGGTATGGTTGGAGTAAGTAC *
6682 env probe  ACGGCCACCCCTTCGT
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6682, respectively (Table 1). These were used to screen
samples of gDNA (prepared from PBMC) or ¢cDNA (pre-
pared from total RNA extracted using the Paxgene system
from Preanalytix, UK) from CFS and normal blood
donors. In total, 136 CFS gDNA and 140 CFS ¢cDNA sam-
ples and 95 control gDNA and 141 control cDNA samples
were analysed, such that all 142 CFS patients and 157
blood donors were screened for XMRYV using these assays
in either genomic DNA, cDNA or both. GAPDH was also
amplified as a control using.a commercial primer and
probe set (Hs_99999905_m1 from Applied Biosystems).
Real-time qPCR reactions were performed in 10 pl total
volume, consisting of 5 ul PCR mastermix, 0.5 ul (20x)
Taqman primers/probe mix, 4.5 ul sample (for gDNA, 1 ul
gDNA (100-590 ng) and 3.5 ul DEPC-treated water
(Ambion); for cDNA, 4.5 pl cDNA). Cycling times and
temperatures were as follows. Initial denaturation
occurred for 10 min-at 95°C, followed by 40 cycles of
denaturation at 95°C for 15 sec and combined primer
annealing/extension at 60°C for 1 min. Data were dis-
played using SDS 1.3.1 software (ABI).

Plasmids

VP62 XMRYV clone was a gift of Robert Silverman [2].
HGI1 is a replication-incompetent XMRV clone con-
structed by site-directed mutagenesis of VP62 {the packa-
ging signal was removed by deleting nucleotides 293-388,
as numbered in GenBank EF185282; and nucleotides
7720-8108 were replaced by a BsrG1 site to remove the
U3 region). Moloney-MLV Gag-Pol was expressed from
KB4, a vector synthesized by cloning the gag-pol region
from pMD-MLV GagPol [10] into pcDNA3.1. Viral
genomic RNA was expressed from an MLV-based retro-
viral vector encoding B-galactosidase (LTR-LacZ [10]),
and envelope proteins were encoded by constructs for
either NZB xenotropic envelope, MLV(X) (a gift of Mas-
simo Pizzato), Moloney-MLV env (MOSATF, a gift of
Yasu Takeuchi), Friend-MLV env [10], or the G-protein
from vesicular stomatitis virus (VSV-G) [11].

Virus production

Replication defective XMRV virus was prepared for neu-
tralisation assays by co-transfecting 293T cells with
HG1 and LTR-LacZ. Pseudotyped MLV was prepared
by co-transfecting 293T cells with KB4, LTR-LacZ and
an envelope-encoding plasmid (either MLV(X), MOSAF,
Friend or VSV-G). After ~18 hours, cells were washed,
and fresh media was added for a further ~24 hours,
before viral supernatants were harvested, filtered, and
the viral titre was measured by ELISA for RT activity
(Cavidi tech). Viral stocks were titrated on D17 cells, an
established, easily infectable dog cell line, or NIH-3T3
cells for Friend- and Moloney- pseudotyped MLV. After
48 hours, the cells were assayed for B-galactosidase

\
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activity using the Galacto-Star system (Applied Biosys-
tems), The amount of virus to be used in the neutralisa-
tion assays was determined as the volume of
supernatant added to 3.5 x 10 cells that resulted in ~4
x 10* counts per second of chemiluminescence.

Neutralisation assays

Neutralisation assays were performed as reported in
[12]. Monoclonal antibodies to MLV Eav proteins
(shown in Table 2) were gifts from Leonard Evans and
have been previously described [13,14). They were pro-
vided and used as untreated hybridoma cell superna-
tants that were serially diluted two-fold before adding to
virus to assess neutralisation activity as for serum,
detailed below. Serum samples were heat inactivated at
56°C for 30 min. 5 ul serum were then added to 95 pl
media in a 96-well tissue culture plate, and samples
were serially diluted two-fold, leaving 50 yl at each dilu-
tion, 50 ul virus-containing supernatant were then
added to each well, and the plate was incubated at 37°C
for 1 hour. Following incubation, 100 yl containing 3.5
x 10® D17 cells (or NIH-3T3 cells for Friend or Molo-
ney-MLYV neutralisation) were added to each well, and
the plate was incubated at 37°C. After 48 hours the cells
were lysed, and B-galactosidase activity was measured.
Infectivity corresponded to counts per second of
chemiluminescence.

Results
PCR screening

Lombardi et a/. have recently detected XMRV DNA in"

67% of CFS patients by PCR [8]. To confirm an associa-
tion of XMRV with this disease, we performed PCR for
gag, env and GAPDH on 48 (of 142) CES patient gDNA
samples from SGUL using the previously published

Table 2 Neutralisation properties of different monocional
antibodies against XMRV and MLV pseudotyped with
three different envelopes,

Neutralisation of
Hybridoma'' Raised in lsotype XMRV MLV(X) Friend Moloney

83A25 Rat IgG2A Y (88) Y89 . ND ND
24-7 Mouse IgMK N N ND ND

48 Mouse IgG2A N N Y@ Y@ .
538 Mouse Igh N ‘N N ¥ (63)
603 Mouse IgM N Y (96) N ND
609 Mouse IgM Y {7) N ND ND
610 Mouse IgM N Y {64) ND ND
613 Mouse IgM N Y 91 ND ND
615 Mouse IgM N N ND ND

Y indicates neutralisation; N indicates no ND s not d

The number in brackets refers to the percentage neutralisation at the least
diluted antibody concentration.
' See references [13] and [14] for description of hybridoma cell fines
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single-round PCR methodology (Table 1 and (8]. How-
ever, although all samples were positive for GAPDH, we
found no evidence of XMRV DNA in any of the samples
(data not shown). In case we were missing low levels of
viral DNA, we devised a more sensitive qPCR-based
approach. To test the sensitivity of this method, tripli-
cate, serial 1:10 dilutions of VP62 plasmid encoding the
full length XMRV genome were added to PBMC DNA
from a healthy donor and tested by Taqman PCR with
either env 6173 or env 6682 primers (Table 1). All repli-
cates calculated to contain 16 copies of XMRV routinely
yielded a product within 37 cycles whereas only one of
three replicates of the next dilution scored positive (Fig-
ure 1). We concluded that our assay was capable of reli-
ably detecting as little as 16 copies of proviral DNA and
was therefore likely to be as sensitive, if not more so,
than the assays previously used {8]. We then tested the
entire SGUL panel of 142 CFS samples and 157 of the
control samples (either gDNA, cDNA or both) with
both env 6173 and env 6682 primers. Although positive
for GAPDH, all samples were negative for XMRYV, To
exclude the possibility of specific sample-mediated PCR
inhibition, we spiked 3 normal control cDNAs, which
had previously tested negative for XMRV nucleic acid,
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with XMRV VP62 DNA, to a final concentration of 2.3
x 10°% ng/ul and repeated the qPCR using both env.
6173 and env 6682 primer sets, We successfully ampli-
fied the VP62 in these reactions, proving that the PCR
should have amplified XMRYV from the patient samples
if it was present. : .
Neutralisation assays

In light of the negative data obtained using PCR assays,
we set out to search for evidence of XMRYV infection
using a second method. Viral infection can elicit a neu-.
tralising antibody response [12]. Demonstration of such
a neutralising activity can be taken as evidence for a
viral infection, perhaps in cell types that were not
sampled in blood. Defining neutralisation is difficult in
‘the absence of known positive and negative sera, How-
ever, a number of neutralising monoclonal antibodies
directed against the Env protein of murine retroviruses
have been described [13,14]. We therefore obtained sev-
eral of these (gifts of Leonard Evans) and tested them
for neutralisation of XMRV and NZB xenotropic MLV
(X) as well as ecotropic Friend and Moloney MLV
(Table 2) by assaying for a reduction in virus infectivity
following incubation of virus-containing supernatant
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Figure 1 Sensitivity of PCR screening for XMRV in PBMC DNA. VP62 plasmid was serially diluted 1:10 Into PBMC DNA-from a healthy donor
and tested by Tagman PCR with env 6173 primers and probe. The final amount of VP62 DNA in the reaction was A, 23 x 10? ng, 8, 23 x 107
ng, C, 23 X'10% ng, D, 23 x 10°* ng, E, 23 x 10 ng, F, 23 X 107 ng or G, 23 x 10 ng. The limit of sensitivity was 2.3 x 107 Rg (shown by
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with the monoclonal antibody. As anticipated, some
monoclonal antibodies were able to neutralise XMRV
(83A25" and 609) whilst others had no effect.on XMRV
infectivity. Interestingly, we identified three monoclonal
antibodies that neutralised MLV(X) but not XMRV
(603, 610 and 613) and one that neutralised XMRV but
not MLV(X) (609). These reagents may therefore be
useful tools with which to distinguish XMRV from
other xenotropic MLVs in future investigations. From
these experiments we defined two negative (603 and
613) and one positive (83A25") antibody controls for
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further experiments. To validate the neutralisation assay
and examine the possible range of responses to “normal
serum”, we tested neutralisation using a panel of 226
serum samples from BLT. Previous investigations have
detected XMRV DNA in ~1-6% of control samples
[5,6,8]. Of our panel only a handful showed possible
neutralisation activity, giving curves similar to that

shown in Figure 2A, with reductions in viral infectivity -

similar or greater than that seen with the positive con-
trol, monoclonal 83A25’. Over 90% of the samples
tested had less than a 2-fold effect on infectivity (Figure

A

_.
=)
S
1<}
<3
g

& 100003
] - Q488
: -a- 83A25'
- 603
1000

10 160 10'00 10600
reciprocal dilution

1000007
g 100003
3 - Q610
: -a- B3A25'
1 - 503
1000

10 1(')0 10IOO 10(')00
reciprocal dilution

B )

1000

£ 10

£ ~e~ XMRV

® 1 - MLV(X)
= Fr-MLV
-+ VSVG-MLV

10 100 1000 10000
reciprocal dilution 1

100

§' 1

% = XMRV

2 1 = MLV(X)

' - Fr-MLV
- VSVG-MLV

“ | S L LJ L]
10 100 1000 10000
reciprocal ditution

Figure 2 Examples of BLT positive serum neutralisation activity, A, Infectivity of XMRV (measured as counts per second of
chemiluminescence produced from B-galactosidase activity) after incubation with’patient serum or hybridoma cell supernatant, Infectivity Is
plotted against the reciprocal dilution of the BLT serum (black circles, top panel, sample Q488, bottom panel, sample Q610; triangles, negative
control, monoclonal 603; squares, positive control, monoclonal 83A25). The dashed line indicates viral infectivity in the absence of sera. 8,
Infectivity data for viruses with four different envelopes (circles, XMRV; squares, MLV(X); triangles, Friend-MLV: crosses, VSV-G) after Incubation with
patient serum. Data were normalised by setting the infectivity for each virus in the absence of patient serum at 100%, and ploﬂed against the
reciprocal of serum dilution for two positive sera, top panel sample Q488 and bottom panel sample Q610.
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3A), From these data, we have defined a positive as a
sample that reduces viral infectivity by at least 70% at a
dilution of 1/40 and gives a reduction of 50% at a 1/80
dilution. According to.this definition, the BLT sample
set contains 3 neutralising sera, identifying 1.3% of sam-
ples as positive,

To confirm that the neutralisation activity demon-
strated was specific for XMRYV, we tested a subset of sera
for neutralisation of XMRYV alongside MLV particles
pseudotyped with different envelope proteins from MLV
(X), Friend-MLV or VSV. As shown in Figure 2B, of
these four virus preparations, only XMRYV infectivity was
inhibited by any of the sera tested. Even the infectivity. of
particles expressing the closely related MLV(X) envelope
that is 94% identical to XMRYV was unaffected by sera
that inhibited XMRV (Figure 2B, squares). Thus, it seems
that the neutralising activity is specific for XMRV.

We therefore felt this assay was sensitive and specific
enough to examine the neutralising ability of the SGUL
cohort of blinded patient serum samples. After unblind-
ing the samples; it emerged that of the 142 CFS patient
sera tested none was positive as defined by the criteria
above (Figure 3B). These results suggested that there
was no link between XMRV and CFS. By contrast, the
control group of 157 blood donors contained 22
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positives, a frequency of 14%, considerably higher than
that seen in the BLT group (Figure 3C). It was also
noticeable that the neutralising activity of all but one of
the SGUL positive samples was much stronger than the
BLT positive samples (compare Figure 2A with Figure
4A). In fact, most of the SGUL positive sera reduced

. XMRYV infectivity by 100 fold at both 1/40 and 1/80

dilutions. Intriguingly, many of these serum samples
were collected from a single blood donation session,
Some samples from this session, however, were negative.
Surprisingly, PCR analyses of DNA samples correspond-
ing to the positive sera from the SGUL controls were
uniformly negative. We therefore investigated the speci-
ficity of this response by testing 21 of the positive sera
for neutralisation of MLV pseudotyped with the envel-
ope proteins from MLV(X), Friend-MLV or VSV. In
every case, the serum was able to neutralise additional
viruses to XMRYV, including particles pseudotyped with
the non-retroviral envelope from VSV (Figure 4B and
Table 3). This implied that the strong positive neutralis-
ing activity demonstrated by the SGUL blood donor
controls was not specific to XMRYV, and in all likeliness
was not elicited by this virus. )
To test whether the SGUL cohort of CES patients was
unique, we also tested 40 samples (including some

.
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Figure 3 Distribution of neutralisation activity in three samples sets. Numbers of patients showing different degrees (>70% , 50-70% and
<50%) of neutralisation of XMRV infectivity are shown for the 1/40 and 1/80 serum dilutions. A. Total BLT cohort (n = 226); B, SGUL CFS cohort
(n=142); C, SGUL control blood donor cohort (n = 157).
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Figure 4 Examples of SGUL positive serum neutralisation activity. A, Infectivity of XMRV (measured as counts per second of
chemlluminescence produced from §-galactosidase activity) after incubation with patient serum or hybridoma cell supernatant. infectivity is
plotted against the reciprocal dilution of the SGUL serum (black circles, top panel, sample Q321, battom panel, sample Q323; triangles, negative
control, monoclonal 613; squares, positive contro!, monoclonal 83A25). The dashed line indicates viral Infectivity in the absence of sera. B,
Infectivity data for viruses with four different envelopes (circles, XMRV; squares, MLV(X); triangles, Friend-MLV; crosses, VSV-G) after incubation with
patient serum. Data were normalised by setting the infectivity for each virus In the absence of patient serum at 100%, and plotted against the
L reciprocal of serum dilution for two positive sera, top pane! sample Q321 and bottomn panel sample Q323,

plasma samples as well as sera) from a separate CFS
cohort in our neutralisation assay, This GC cohort
revealed a solitary positive out of 28 CFS samples
(3.6%), and no positives out of 12 control samples. The
positive CFS patient serum was also able to neutralise
MLYV pseudotyped with either MLV(X) or Friend envel-
opes, although interestingly, it was not able to neutralise
VSV-G pseudotyped MLV (Table 3). Neutralisation data
from the different cohorts are summarized in Table 4.
Thus, in summary, we found no association of XMRV
with either CFS cohort.

Discussion

We set out with the intention of confirming the results of
Lombardi et al. [8] concerning the association of XMRV
with CFS. In total, we tested 142 CFS samples for both
the presence of XMRV DNA in PBMCs by PCR and for
the presence of neutralising antibodies against XMRV in
our viral neutralisation assay, and a further 28 CFS sam-
ples for neutralising antibodies only. However, in con-
trast to Lombardi et al,, we found no evidence of XMRV
DNA in any patient samples tested, and only a single
neutralisation-positive patient serum. Our findings
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Table 3 Neutralisation properties of different human sera against XMRV and MLV pseudotyped with three different

envelopes.,
Neutralisation of
sample ID XMRV MLV(X) Friend VsV XMRV detected by PCR

Barts and the London ’ )
Q488 + - - - ND
Q610 B - . ’ - ND
Q663 + ND ND ND ) ND

St George's University of London .

. Q302 . ++ ++ +4 ++ no
0304v ++ ++, ++ ++ no
Q305 ++ ++ ++ ++ ' no -
Q306 - ++ ++ ++ ++ . no
Q307 St + + - no'
Q308 ++ 4 o + no
Q309 ++ 4 ++ ++ no
Q310 ++ . ++ ++ -+ : fo
Qan ++ o+ o+ . + no
Q12 T4 LA ++ 4 . no
Q13 Lo+ ++ ++ ++ no
Q314 ++ ND © ND ++ : -no
Q315 ++ ++ 4 ++ no
Q316 ++ =+ ++ ++ . no
Q317 ' ++ 4+ ++ ++ no
@19 . -+ ND ND -+ i no
Q320 L+ ++ 4 ++ . no -
Q32 ++ ++ ++ Rai no
@323 + -+ ++ e no
Q324 . ++ ++ ++ ++ no
Q326 + ND NO NO no
Q72 p + - - + no,

Glasgow Calendonian University .

Q125 + Tt - - : ND

therefore appear inconsistent with the previous report

that isolated XMRYV from PBMCs of CFS patients. We-

are confident that, although we are unable to replicate
the PCR detection of XMRV in PBMC DNA from CFS_
patients, our PCR assay is more sensitive than the pub-
lished single round PCR method and should have pos-
sessed the necessary sensitivity to detect XMRYV if it was
indeed present (Figure 1). Furthermore, we were able to
detect neutralising activity in one patient and in several
control serum samples (Table 4 and Figure 3), implying
that our neutralisation assay also has the required sensi-
tivity. The Jack of neutralising activity in CFS samples
compared to controls could reflect an inability to mount
an immune response in these patients. However, in that
case, the virus would be expected to replicate to higher
levels in CFS patients making it easier to detect by PCR.
As we could not detect any evidence of XMRYV infection
by our PCR assays, we think this is an unlikely

+ Indlcates neutralising activity; ++ indicates strong neutralising activity; - indicates. no neutralising ictMty, ND:Is no determined.

explanation. Thus, in our cohorts, we found no associa-
tion of XMRYV with CFS. This is in stark contrast to the
result of Lombardi et al. {8]. However, it is thought likely
that the term CFS defines multiple diseases [15-17], and
it remains formally possible that a fraction of these are
associated with XMRV. During the submission of this
manuscript another report was published by Erlwein et
al. that also failed to detect XMRV in CFS patients by
PCR [18]. The publication of these results has promoted
much discussion and controversy amongst CES research-
ers and patients alike, and has highlighted the need for
additional investigations in this area. Following the find-
ings reported here, it would seem a prudent next step for
subsequent studies to compare samples and protocols
between different laboratories around the world.

There have also been conflicting reports describing
the association of XMRV with prostaté cancer. Two stu-
dies from the USA [1,5] have found an.increased
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Table 4 S y of ber of p sera with XMRV
neutralisation properties
Sample cohort Positive Total number
Barts and the London
Control . 3 226
St Georges University of London
CFs ' 0 142
Control 22 157
Glasgow Caledonian University
CFS [ 28
Control 0 12

prevalence of the virus in prostate cancer patients,
although they differed as to whether this was dependent
on the RNASEL genotype of the patient. Conversely,
two German studies failed to establish a link between
- the virus and disease [6,7]. Nevertheless, XMRV has
been detected in the control groups in multiple investi-
gations [5,6,8], with the incidence varying between 1
and 6%. In our serological studies we have also-identi-
fied neutralising activity against XMRYV in around 4% of
all the samples examined. Remarkably many (but not
all) of the seropositive samples were identified in a rela-
tively small group of blood donors within the SGUL
cohort, possibly suggesting a local outbreak of infection.
There is no evidence that this group are related or that
they have a particularly high risk of acquiring a retro-
viral infection. Therefore, an outbreak of this kind
seems unlikely. Moreover, all but one of the positive
samples from the SGUL set we tested were also able to
neutralise MLV pseudotyped with the envelope protein
from VSV (Table 3). The one serum that failed to neu-
tralise VSV-G pseudotyped MLV was, however, able to
neutralise MLV particles pseudotyped with other retro-
viral envelopes. We therefore consider these positives
from healthy blood donors to bé non-specific cross
reacting responses. The remaining four positive samples
from the BLT and GC cohorts had much weaker neu-
tralisation activities and did not neutralise VSV-G pseu-
dotyped MLV, although, again, the positive serum from
GC did neutralise particles expressing other retroviral
envelopes (Table 3). Although we cannot rule out the
possibility that the activity of these samples against
XMRY is also non-specific, one possible explanation for
these serological findings remains that XMRV infection
has occurred in around one percent of the population.
This figure is consistent with the general prevalence in
control samples previously reported. Given the common
oncogenic properties of gammaretroviruses [19] and the
reported link between XMRV and prostate cancer [1,5),
such an observation might be of considerable signifi-
cance, particularly for the blood transfusion services. it
should, however, be noted that we have so far been
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unable to reliably detect bacterially expressed XMRV
Gag proteins by using these sera in immunoblotting
experiments. It is therefore conceivable that these neu-
tralising activities were not elicited by XMRV. Further
investigations are required to determine the nature of
these antiviral activities.

Conclusions )

In summary, we have studied 299 DNA samples and
565 serum samples for evidence of XMRYV infection. We
have not identified XMRV DNA in any samples by PCR,
however, some serum samples were able to neutralise
XMRYV infectivity in our assay. Only one of these posi-
tive sera came'from a CFS patient, implying that there
is no association between XMRYV infection and CFS.
Furthermore, most of the positive sera were also able to
neutralise MLV particles pseudotyped with other envel-
ope proteins, indicating there may be cross reactivity
with other retroviruses and even other enveloped
viruses. It therefore seems unlikely that these responses
were elicited by XMRV. However, the detection of neu-
tralising activity that did not neutralise VSV-G pseudo-
typed MLV in at least four human sera may indicate
that XMRYV ‘infection does occur at in the general popu-
lation, although the outcome of such infections is cur-
rently uncertain.
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ABSTRACT

Objective The presence of the retrovirus xenotropic
murine leukaemia virus-related virus (XMRV) has been
reported in peripheral blood mononuclear cells of
patients with chronic fatigue syndrome. Considering the
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p ially great medical and social relevance of such a
discovery, we investigated whether this finding could be
confirmed in an independent European cohort of patients
with chronic fatigue syndrome,

Design Analysis of a well defined cohort of patients and
matched neighbourhood controls by polymerase chain
reaction.’ :

Setting Certified (SO 15189) laboratory of clinical
virology in a university hospital in the Netherlands.
Population Between December 1991 and Apri! 1992,
peripheral blood mononuclear cells were isolated from 76
patients and 69 matched neighbourhood contrals, In this
study we tested cells from 32 patients and 43 controls
from whom original cryopreserved phiats were still
available,

Main outcome measures Detection of XMRV in peripheral
blood mononuclear cells by real time polymerase chain
reaction assay targeting the XMRV integrase gene and/or
a nested polymerase chain reaction assay targeting the
XMRV gag gene.

Results We detected no XMRV sequences in any of the
patients or controls in either of the assays, in which
relevant positive and negative isolation controls and
polymerase chain reaction controls were included.
Spiking experiments showed that we were able to detect
at least 10 copies of XMRV sequences per 10° peripheral
blood mononuclear cells by real time as well as by nested
polymerase chain reaction, demonstrating high
sensitivity of both assays.

Conclusions This study failed to show the presence of
XMRV in peripheral blood mononuclear cells of patients
with chronic fatlgue syndrome from a Dutch cohort, These

data cast doubton the claim that XMRV is assoclated with
chronic fatigue syndrome in the majority of patients.

INTRODUCTION

Chronic fatigue syndrome, also named myalgic ence-
phalitis, is characterised by disabling physical and
mental fatigue, lasting for at least six months, without
an apparent physical cause."® The hallmark of the ill-
ness is debilitating fatigue, but symptoms like myalgia,
disrupted sleep, difficulty with concentration, sore
throat, and lymphadenopathy may also be present,
albeit more variably, More than two thirds of patients
are women. Although the cause is unknown and the
illness may cover more than one entity, many have
suggested that infectious agents have a role.* Indeed,

-the onset of chronic fatigue syndrome is often preceded

by an acute flu-like illness or infectious mononucleosis
with seemingly impaired recovery.® A role of chronic
infection and changed immunity has been postulated.
Most cases of the illness are sporadic, but some clus-
tered cases have been described, particularly suggest:
ing an infectious cause. However, despite extensive
studies, no causative infectious agent has been conclu-
sively identified, neither has an immune defect been
established to explain the symptoms.®

In a recent publication in Saemcg Lombardi et al’
reported the detection of xenotropic murine leukaemia
virus-related virus (XMRV)—a human gamma retro-
virus that was first identified in tumour tissue of patients
with prostate cancer®—in peripheral blood mononuc-
lear cells of patients with chronic fatigue syndrome. In
that study, XMRV was detected by polymerase chain
reaction in 67% of patients (68 of 101 samples) and in
4% of healthy individuals (eight of 213 samples).
Furthermore, antibodies to XMRV were identified in
the blood of patients but not in controls. Lombardi et
al showed that XMRV was infectious and transmittable
from clinical material of patients to T cell cultures and a
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permissive cell line. The genetic sequence of XMRV in
patients was nearly identical to that in patients with pros-

" tate cancer, indicating that the identified retrovirusis a

genuine human virus rather than a mouse leukaemia
virus contamnination. T
This report was considered a major scientific break-
through and attracted a lot of attention. However, the
paper fell short in the description of the patients: what

‘was the nature of the cohort, what was the age and sex

distribution, how well were the controls matched?
Investigation of an independent cohort is therefore

fernale ratio of the patient group that was tested in this
study was 1:2, Average age of the male patients was 40.
7 years (range 25-61) and of female patients was 40,
5 years (25-67).

Nucteic acid isolation and copy DNA synthesis

Nucleic acid was isolated from 100 pl of peripheral -
blood mononuclear cells (about 0.5 to 2x10¢ cells)

using the MagNA-Pure LC and the MagNA-Pure LC

Total Nucleic Acid Isolation Kit (Roche Diagnostics,

- Almere, Netherlands) according to the instructions of

necessary before a causal association between
XMRYV infection and the development of chronic fati-
gue syndrome can be ascertained. We investigated the
presence of XMRV in a well established Dutch cohort

- of patients with chronic fatigue syndrome using pre-

viously described real time and nested polymerase
chain reaction assays on two different target genes.”®

METHODS

" Patient cohort

All patients and controls examined in this study were
partof a Dutch cohort of 298 patients, which has been
described in detail.’®!! All patients of this cohort ful-
filled the Oxford criteria and reported severe, unex-
plained, debilitating fatigue of: at least one year in
duration.? The median duration of their symptoms
was seven Yyears (range 2-45 years). The enrolled
patients came to our outpatient clinic twice in a three
month period. On the second visit, each patient was
accompanied by a neighbourhood control (who was
selected by the patient) of the same sex and within
two years of the same age. Patients and controls visited
our clinic between December 1991 and April 1992. All
patients underwent a physical examination and an
extensive laboratory work-up and completed a set of
questionnaires.'® Blood samples were obtained from
76 patients (randomly chosen using a table of random
numbers' from the 298 patients described above) and
69 matched neighbourhoed controls. Blood samples
were sent to the central laboratory of the blood transfu-
sion service in Amsterdam, where peripheral blood
mononuclear cells wereisolated for a study of tympho-
cyte subsets and apoptosis.!’ After isolation, a fraction
of the peripheral blood mononuclear cells was directly
eryopreserved according to a standard protocol in a
computerised device. Cells were aliquoted in phials
and stored with 10% dimethy] sulfoxide at ~196°C
(liquid nitrogen) in a density of about 107 cells per ml.
The quality of the storage conditions at the central
laboratory of the blood transfusion service has been
amply demonstrated by Jansen et al, who showed
that peripheral blood mononuclear cells stored for
12 years remained fully viable and immunologically
competent.'

In this study, we examined peripheral blood mono-
nuclear cells of all patients (n=32) and controls (n=43)
from whom original cryopreserved vials were still
available, This group included 25 patients and their
matched controls, as well as seven patients and 18 con-
trols that were not matched to each other. The male to

the manuf: and eluted in 50 pl of elution buffer.
A fixed amounit of phocine distemper virus, a para:
myxovirus ‘that was used as internal control, was
added to the samples before nucleic acid isolation so
that we could monitor RNA quality and possible inhi-
bition of amplification of the samples.* RNA in the
total nucleic-acid isolates was reverse transcribed to
copy DNA using the TagMan Reverse Transcription
Reagents kit (Applied Biosystems, Nieuwerkerk aan
den IJssel, Netherlands) in a 50 Wl reaction mix con-

taining 20 pl of nucleic acid isolate ( ration 25~
150 ng per pl) and random hexamers as primiers,
according to the f: 'y instructi

Real time polymerase chain reaction assay

A duplex real time polymerase chain reaction assay
was developed, adapted from the XMRV intsgrase
real time polymerase chain reaction assay described
by Schlaberg et al,” to detect XMRV and phocine dis-
temper virus simultancously. The reaction mixture
contained 12.5 p! of 2X LightCycler 480 Probes Mas-
ter (Roche Diagnostics), 1 pM of each primer and
400 nM of each probe, and 5 pl of copy DNA in a
reaction volume of 25 pl. The XMRYV and phocine
distemper virus primers were as described.’™* The
XMRYV probe was used as a 5°-(6-carboxyfluores:
cein)-labelled, locked nucleic acid hydrolysis probe
and the phocine distemper virus probe was used as a
5”-yakima yellow-labelled, locked nucleic acid hydro-
lysis probe. All primers and probes used in this study
are shown in the table. Cycling conditions were 95°C
for five minutes, followed by 50 cycles of 95°C for -
15 seconds and 60°C for 45 seconds using the Light- -
Cycler 480 instrument (Roche Diagnostics). The result -
of the sample was considered a valid result only if the
crossing point value for the spiked phocine distemper

" virus was within two cycles of the average of uninhib- -

ited samples.

Positive and negative controls for isolation, reverse
transcription, and polymerase chain reaction were
included in each run. B-globin real time polymerase -
chain reaction was performed using primers and hybri- -
disation probes as described.'s Mean crossing point
value of B-globin real time polymerase chain reaction .
assay was 23.84, standard deviation 0.95. As a positive
control for the ‘polymerase chain reaction assay, we
used nucleic acid isolateéd from 22Rvl, a prostate car-
cinoma cell line (American Type Culture Collection
number CRL-2505) that was recently shown to contain
multiple integrated copies of XMRV and to produce
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high levels of infectious virus.'® Total nucleic acid iso-
lation and sample preparation from this cell line was as
described above for peripheral blood mononuclear
cells.

To determine the sensitivity of the XMRV real time .

polymerase chain reaction assay, we generated a 192
base pairs XMRV integrase polymerase chain reaction
product using primers XMRV-F2 (which is located
upstreamn of XMRV-F1) and XMRV-R3 (which is
located downstream of XMRV-R2), and 22Rv1 copy
DNA as a template. The polymerase chain reaction

product was purified using the Wizard PCR preps’

DNA purification system (Promega Benelux, Leiden,
Netherlands). The concentration was determined
using a NanoDrop 1000 (Thermo Scientific/Isogen,
De Meern, Netherlands) and the number of copies
per pul was calculated. A dilution series was made in
which 10 to 107 copies of the calibrator were added
to 10° peripheral blood mononuclear cells before
nucleic acid isolation. This corresponds to 1 to 10°
copies per reaction, since a tenth of the isolated nucleic
acid was used as input for the polymerase chain reac-
tion, which was performed as described above.

Nested polymerase chain reaction assay

The XMRV gag nested polymerase chain reaction
assay was adapted from Urismian et al.® The reaction
mixtures contained 25 ul of 2X PCR Master (Roche
Diagnostics), and 200 nM of each primer in a reaction
volume of 50 pl. In the first reaction, 5 pl of copy DNA
was used. Subsequently, 5 ul of the first reaction was
used as input for the nested reaction. Primers were as

Sequences of primers and probes used in this study

described, except for the reverse primer of the nested
reaction (GAG-I-R), which was replaced by GAG-1-R2
to yield a 92 base pairs reaction product (we used pri-
mer GAG-I-R2 because it produced less background
in the nested reverse transcription polymerase chain
reaction). The target sequence of GAG-I-R2 is 100%
conserved among all XMRV isolates published to
date (data not shown). Cycling conditions were as pre-
viously described.® Polymerase chain reaction pro-
ducts (20 p1) were analysed on a 2.5% agarose gel.

To determine the sensitivity of our XMRYV nested
polymerase chajn reaction assay, a 708 base pairs
XMRV gag polymerase chain reaction product was

Fluorescence (483-533)

CFS patients

5
Cp (cONA) = 23.59
o Cp (CONA) = 27,10

fluorescence (483-533)

Sequence . Reference C
XMRV integrase gene — X108 emeee 1x104 =~ = 1x107 ---- 1x10°
T -~ 1X10° w-= 1X10? ~— 1x10%
XMRV-F1 5-CGAGAGGCAGCCATGAAGG-3 i = 25 .
XMRV-F2 SMCCTOATOCLAGRICMGEY  Trissudy & % 0 ===
XMRV-R1 5" GAGATCTGTTTCGGTGTAATGGAM 3' 9 g 03¢ -
XMRV-R2 5'-CCCAGTTCCCGTAGTCTTTTGAG-3 9 $ -4
XMRV-R3 5" TTTGCCTTGTAGGACCCAAT-3' This study : i
XMRV-Probe 5AGTTCTAGAAACCTCTACACTC- 3' 9 10 23 4586
Callbrator
XMRV gag gene (Mog coples/100 000 PBMO)
GAG-OF §'-CGCGTCTGATITGTTTTGTT-3 8 5
GAG-O-R 5-CCGCCTCYTCTTCATIGITC-3 8
GAG-I-F 5"-TCTCGAGATCATGGGACAGA-3 8 °
GAG--R 5'-AGAG GGTAAGGGCAGGGTAA-3 3
GAG--R2 5'-CAGACTGGTTGGATGCAATG-3' This study -
GAG-UNIQ-F 5".GACTTTTTGGAGTGGCTTTGT-3' 17 Fig 1| Results of XMRV /ntegrase real time polymerase chain
reaction assay. (A) All 32 patients with chronic fatigue
:';/":“'"'“'“""'S",_Z?T'GGGTGCWM e ” yndrome (CFS) compared with positive 22Rv1 contral, which
yielded a crossing point value of about 23, Results for
POV-R S*ATCTICTTTCCTCAACCTEGTCC 3 14 nelghbourhood controts not shown, (B) 22Rv1 total nucleic
PDV-probe 5-ATGCAAGGGCCAATT-3' 14 acid {DNA, solid), reverse transcribed total nucleic acid (CONA,
Human B-globin gene dashed). The additional reverse transcription step Increased
bGLO-for 5'-GAGCCATCTATTIGCTTACATTVGE-3' 15 the sensitivity of the polymerase chain reaction, decreasing
B6LOev 5 TTGGTCTCCTTAMCCTGTCTTGT.S 15 the crossing point (Cp) value by'3'.5‘. One of three independent
BGLO-RL S-CCAGGOCCTCACCACCAACTTCY 15 P is shown, (@ y of the assay. The infay
shows linear relation between number of spiked molecules
bGLO-LC640 5"-CCACGTTCACCTTGCCCCACAG-3' 15

and crossing point value from 10 to 10° coples per reaction
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generated using primers GAG-UNIQ.F described by
Dong et al'? (which is located upstream of GAG-O-F)
and GAG-O-R, and 22Rv1 copy DNA as a template.
Purification and determination of the amount of the
polymerase chain reaction product were performed
as described above for the real time polymerase chain
reaction calibrator. A dilution series was made and 10’
to 107 copies of the calibrator were added to 10° per-
ipheral blood mononuclear cells prior to nucleic acid
isolation. This corresponds to 1 to 10° per reaction
since a tenth of the isolated nucleic acid was used as
input for the nested polymerase chain reaction, which
was performed as described above, In the same way,
we tested the sensitivity of the nested polymerase chain
reaction assay described by Urisman et al® using pri-
mer GAG-I-R instead of GAG-I-R2.

RESULTS

Total nucleic acid was isolated from peripheral blood
mononuclear cells of 32 patients and 43 healthy con-
trols. Nucleic acid was subjected to copy DNA synth-
esis to increase the sensitivity of our polymerase chain

reaction assays. This was done because we observed -

that the real time polymerase chain reaction assay on
nucleic acid isolated from a XMRYV positive prostate
cancer cell line, 22Rv1, and subjected to copy DNA
synthesis—allowing detection of both proviral DNA
and viral RNA—was about 10 times more sensitive
than without copy DNA synthesis (fig 1B). Neverthe-
less, all samples from patients with chronic fatigue syn-
drome and from controls tested negative for both the
XMRYV integrase gene (fig 1) and the XMRV gag gene
(fig 2).

Our negative XMRV polymerase chain reaction
results were unlikely to. be due to low amounts of
nucleic acid tested or low sensitivity of the assays
used. Weused 50-300 ng of total nucleic acid from per-
ipheral blood mononuclear celis per polymerase chain
reaction, which is similar to the amount used by Lom-
bardi et al.” Moreover, by adding 10-fold serial dilu-
tions of a defined amount of template DNA to
peripheral blood mononuclear cells before nucleic
acid isolation, we demonstrated that both the real
time polymerase chain reaction assay (fig 1C) and the
nested polymerase chain reaction assay (fig 2B) could
detect at least 10 copies of XMRV per 10° peripheral
blood mononuclear cells, indicating a high sensitivity.
A similar sensitivity of the nested polymerase chain
reaction assay was observed when we used the same
primers as described by Urisman et al (inner reverse
primer GAG-I-R instead of the inner reverse primer
GAG-I-R2 used in our assay) (data not shown).®

Our negative XMRV polymerase chain reaction
results are also unlikely to. be due to problems with
nucleic acid isolation, loss of RNA or DNA integrity,
synthesis of copy DNA, or the polymerase chain reac-
tion procedure, since both the phocine distemper virus
RNA (an intemnal control of which a fixed amount was
added to each of the samples before nucleic acid isola-
tion) and the f-globin gene were efficiently amplifiedin
all samples tested (data not shown).
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Fig 2| Results of XMRV gag nested polymerase chaln reaction
assay. (A) Results for 11 patients with chronlc fatigue ’
syndrome and negative controls. Results for neighbourhood
controls not shown. (1) The positive 22Rv1 control ylelded a
product of the expected size of 92 base pairs (arrow); (2)
negative polymerase chain reactlon control; (3} photine
distemper virus (Internal control); (4) negative reverse
transcription control; (5)-(11) and (13)-(16) patient samples;
(12) negative Isolation control; (M) 100 base pairs size
marker, (B) Sensitivity of the XMRV.gag first polymerase chain
reaction. (C) Sensitlvity of the nested reaction, White arrows
Indicate the 613 base pairs (B) and 92 base pairs (C) reaction
products. (1) 22Rv1; (2) negative polymerase chain reaction

-control; (3-9), dilution serles of 10* to 10° coples of calibrator

per reaction; (10) negative Isolation control; (11) negative
nested polymerase chain reaction control; (12) positive
nested potymerase chain reaction control (22Rv1); (M).100

. base pairs size marker. Black arrows 1-4 in (C) indicate

polymerase chain reaction products that are formed in the
nested reaction (see D). (D) Positions of the gag primers and
the gag polymerase chain reaction products formed in the
nested reaction. In addition to the primers of the nested
reaction (GAG--F, I-F and GAG-I-R2, I-R2), primers from the
first reaction (GAG-O-F, O-F and GAG-O-R, O-R) are also
present in the nested reaction, yielding reaction products 1-64
that comrespond to the black arrows in (C). Numbers represent
the positions on the XMRV genome (VP42, accession
DQ241302) o
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WHAT IS ALREADY KNOWN ON THIS TOPIC

people worldwide

WHAT THIS PAPER ADDS

Chronic fatigue syndrome is a debilitating disease of unknown cause that affects millions of

A study from the United States reported the detection ofthe retrovirus xenotropic murine
leukaemia virus-related virus (XMRV} in peripheral blood mononuclear cells in a cohort of
patients with chronic fatigue syndrome, suggesting a possible causal relation and a
satisfactory explanation for their problems

the majority of patients

We found no evidence for the occurrence of XMRV in peripheral blood mononuclear cells of
patients with chronic fatigue syndrome from a well defined Dutch cohort

These data cast doubt on the claim that XMRV is associated with chronic fatigue syndrome in
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DISCUSSION

Principat findings

We assessed the presence of XMRV in peripheral
blood mononuclear cells isolated from patients with
chronic fatigue syndrome from a well characterised
Dutch cohort, We found no evidence for the presence
of XMRYV in any of these sporadic cases of chronic
fatigue syndrome or in controls.

Strengths and limitations of the study

A limitation of our study is that the numbers of patients
and controls in our study were relatively small. Based
on these low numbers, the upper limit of the 95% con-
fidence interval is a prevalence of 9% for the patient
group and 7% for the control group, as calculated
according to Eypasch et al (by the formula p=3/n)."*
Although we cannot formally rule out a role of
XMRY, our data cast doubt on- the claim that this

virus is associated with chronic fatigue syndrome in’

the majority of patients.

Comparison with findings of previous studies

The results of the present study are in contrast with the
findings of Lombardi et al, who detected XMRV in
67% of the patients with chronic fatigue syndrome
analysed.” Technical aspects are unlikely to explain
the difference in XMRV positivity rate between our
data and their data. The possibility that the relative
long duration of chronic fatigue syndrome in our
cohort may have led to our negative results seerns unli-
kely, because retroviruses integrate into the genome of
the host. Given the high sensitivity of our real time and
nested polymerase chain reaction assays, a positive sig-
nal should have been obtained in the presence of the
virus, The fact that our samples were cryopreserved for
many years is also unlikely to account for the negative
results. Peripheral blood mononuclear cells cryo-
preserved for 12 years under these conditions have
remained viable and immunocompetent.”® Moreover,
we found no difference in efficiency of B-globin gene
amplication from stored samples compared with sam-
ples that were used directly after isolation (data not
shown), indicating good quantity and quality of the
nucleic acid isolated from cryopreserved samples.

As technical aspects do not seem to provide an
explanation, the difference might be explained by the
two cohorts studied. Our patients met the Oxford cri-

teria for chronic fatigue syndrome, whereas the.

patients studied by Lombardi et al were reported to
fulfil the Centers for Disease Control criteria,” but
this is unlikely to explain the absence of XMRV in
our patients’ samples. Unfortunately, the paper of
Lombardi and colleagues lacked a clear description
of their patient cohort. Recently, at the Tri-Society
Annual Conference 2009 in Lisbon, a presentation
reported that the peripheral blood mononuclear cells
were derived from patients from the outbreak of
chronic fatigue syndrome at Incline village at the
northern border of Lake Tahoe, United States (1984-
5).! This outbreak has long been thought to have been
caused by a viral infection and has been associated with
anumber of viruses, most notably Epstein-Barr virus®
and human herpes virus 6,2' but firm evidence for a
role of viruses in this particular outbreak has never
been provided. It is possible that the study of Lombardi
et al has unravelled the viral cause of the chronic fati-
gue syndrome outbreak, but it seerns unlikely that their
study demonstrates a viral association for sporadic
chronic fatigue syndrome. cases, such as those we
tested, or represents the majority of patients. Studies
of XMRYV in sporadic chronic fatigue syndrome cases
from the United Staes would be of great interest.

XMRYV was initially identified in tumour tissue of
about 10% of patients with prostate cancer iri the Uni-
ted States.® This association was recently confirmed in
another independent study from the United States, in
which XMRV was detected in 23% of patients.”
Remarkably, in three independent European cohorts
of patients with prostate cancer, no XMRV was
detected.??* Whether this discrepancy is due to differ-
ences in the geographic distribution of the virus
remains to be established.

Recently, ateam from the United Kingdom reported
the failure to detect XMRYV in all 186 tested peripheral
blood mononuclear cell samples from a well charac-
terised cohort of British patients with chronic fatigue
syndrome.” This team, however, did not use the
same primer sets as used by Lombardi et al, leaving
open a possible explanation for the difference in
results. In our study, we used the same primer sets as
used by Lombardi et al. Although our patient group
was relatively small and more research is required,
our findings—together with those of Erlwein et al*—
cast doubt on the claim that XMRYV is associated with
chronic fatigue syndrome in the majority of patients.

Lombardi et al also detected XMRYV in about 4% of
healthy controls.” We failed to detect XMRV in per-
ipheral blood mononuclear cells of healthy controls in
our study, but the number of controls tested (n=43) is
too low to exclude the occurrence of XMRYV in blood
in a part of the population. Clearly, miore research is
needed to establish the distribution of XMRV in
healthy controls and, of course, in blood supply pro-
ducts in Europe and in the United States.
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Implications

In conclusion, we found no evidence for a role of
XMRYV in the cause of chronic fatigue syndrome in
Dutch patients. Qver the past decades we have seen a
series of papers prematurely claiming the discovery of
the microbial cause of chronic fatigue syndrome.
Regrettably, thus far none of these claims hasbeen sub-
stantiated.
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