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Volume 2011, Article ID 940210, 10 pages

Failure to Detect XMRV-Specific Antibodies in the Plasma of CFS Patients Using Highly Sensitive
Chemiluminescence Immunoassays, Brendan Oakes, Xiaoxing Qiu, Susan Levine, John Hackett Jr.,
and Brigitte T. Huber
Volume 2011, Article ID 854540, 5 pages

Prevalence of XMRV Nucleic Acid and Antibody in HIV-1-Infected Men and in Men at Risk for HIV-1
Infection, J. Spindler, J. Hackett Jr., X. Qiu, A. Wiegand, V. F. Boltz, P. Swanson, J. H. Bream, L. P. Jacobson,
X. Li, C. R. Rinaldo, S. M. Wolinsky, J. M. Coffin, M. F. Kearney, and J. W. Mellors
Volume 2011, Article ID 268214, 6 pages

Lack of Detection of Xenotropic Murine Leukemia Virus-Related Virus in HIV-1 Lymphoma Patients,
Krista A. Delviks-Frankenberry, Chawaree Chaipan, Rachel Bagni, Kathleen Wyvill, Robert Yarchoan,
and Vinay K. Pathak
Volume 2011, Article ID 797820, 4 pages



No Evidence of XMRV or MuLV Sequences in Prostate Cancer, Diffuse Large B-Cell Lymphoma, or the
UK Blood Donor Population, Mark James Robinson, Philip William Tuke, Otto Erlwein, Kate I. Tettmar,
Steve Kaye, Kikkeri N. Naresh, Anup Patel, Marjorie M. Walker, Takahiro Kimura, Ganesh Gopalakrishnan,
Richard S. Tedder, and Myra O. McClure
Volume 2011, Article ID 782353, 6 pages

Nucleic Acid, Antibody, and Virus Culture Methods to Detect Xenotropic MLV-Related Virus in Human
Blood Samples, M. F. Kearney, K. Lee, R. K. Bagni, A. Wiegand, J. Spindler, F. Maldarelli, P. A. Pinto,
W. M. Linehan, C. D. Vocke, K. A. Delviks-Frankenberry, R. W. deVere White, G. Q. Del Prete, J. W. Mellors,
J. D. Lifson, V. N. KewalRamani, V. K. Pathak, J. M. Coffin, and S. F. J. Le Grice
Volume 2011, Article ID 272193, 12 pages

Sexual Transmission of XMRV: A Potential Infection Route, Prachi Sharma, Kenneth A. Rogers,
Suganthi Suppiah, Ross J. Molinaro, Nattawat Onlamoon, John Hackett Jr., Gerald Schochetman,
Eric A. Klein, Robert H. Silverman, and François Villinger
Volume 2011, Article ID 965689, 5 pages



Hindawi Publishing Corporation
Advances in Virology
Volume 2011, Article ID 787394, 2 pages
doi:10.1155/2011/787394

Editorial

Xenotropic and Other Murine Leukemia Virus-Related
Viruses in Humans

Arifa S. Khan,1 Myra McClure,2 Yoshinao Kubo,3 and Paul Jolicoeur4, 5, 6

1 Laboratory of Retroviruses, Division of Viral Products, Center for Biologics Research and Review,
US Food and Drug Administration, Bethesda, MD 20892, USA

2 Jefferiss Research Trust Laboratories, Wright-Fleming Institute, Faculty of Medicine, Imperial College London,
Norfolk, London W2 1PG, UK

3 Department of AIDS Research, Institute of Tropical Medicine, Nagasaki University, Nagasaki 852-8523, Japan
4 Laboratory of Molecular Biology, Clinical Research Institute of Montreal, Qc, Canada H2W 1R7
5 Department of Microbiology and Immunology, Université de Montréal, Montreal, Qc, Canada H3C 3J7
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The recent discovery of a xenotropic murine leukemia virus-
related retrovirus (designated as XMRV) in prostate cancer
tissues and later in chronic fatigue syndrome (CFS) patients
created excitement related to possible association of a virus
with these human diseases. However, the failure to reproduce
such results in other laboratories raised concerns and much
debate among scientists, patient populations, and clinicians
over the original findings. This special issue is a collection of
recent research reports, that address this controversy. It also
includes several expert reviews on various aspects of murine
retroviruses, such as virus biology, replication, phylogeny,
and pathogenesis, as well as XMRV in prostate cancer.

The first paper by A. Rein reviews the murine retrovirus
genomic structure, viral structural proteins, and virus repli-
cation. The second paper by C. A. Kozak provides a detailed
review of murine retrovirus entry into the cell and different
receptor usage by different types of murine retroviruses with
comparison to XMRV. The third paper by J. Blomberg et
al. discusses the phylogenetic analysis of murine retroviruses
and other retroviruses. The fourth paper by J. Chakraborty
et al. discusses murine retrovirus pathogenesis and a mouse
model for transmission of lymphoma by breast milk. The
fifth paper by D. E. Kang et al. reviews the discovery, progress,
and current status of XMRV findings in prostate cancer
patients. The sixth paper by S. Tang and I. K. Hewlett
reviews XMRV detection assays and deficiencies in the testing

methods. The seventh paper by J. M. Coffin and O. Cingöz
provides a detailed review of the controversies related to the
XMRV results in human clinical samples and the findings
regarding virus origin and discusses the potential sources of
contamination that resulted in the misidentification of the
virus as a novel human retrovirus.

Additionally, the special issue contains various research
papers demonstrating the absence of XMRV in various
patient populations using sensitive assays for virus detection.
The eighth paper by B. Oakes et al. reports the absence of
antibodies in CFS patients and healthy controls using two
novel sensitive immunoassays. The ninth paper by J. Spindler
et al. reports the lack of evidence of XMRV infection in HIV-
1 infected men or men at high risk for HIV-1 infection by
analyzing PBMCs and plasma samples using sensitive PCR
assays and immunoassays. The tenth paper by K. A. Delviks-
Frankenberry et al. demonstrates the absence of XMRV in
PBMCs and plasma from HIV-1 lymphoma patients using
PCR or immunoassays. The eleventh paper by M. J. Robinson
et al. indicates the absence of XMRV sequences in prostate
cancer samples from diverse populations, B-cell lymphoma
patients, as well as UK blood donors. The twelfth paper by
M. Kearney et al. reports the use of different methodologies
to demonstrate the absence of XMRV in plasma and in
some tissue samples from prostate cancer patients. The final,
thirteenth paper by P. Sharma et al. describes XMRV infection
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in the reproductive tissues of rhesus monkeys, proposing the
possibility of an animal model for further investigations of
virus transmission.

This special issue provides the recent thinking and
research results of studies on XMRV and other murine
leukemia retrovirus-related sequences in humans. Numerous
studies have failed to confirm the presence of XMRV in
humans, and XMRV has recently been found to be a
laboratory-derived rare recombinant, which originated by
xenografting a patient’s prostate cancer cells in nude mice.
A consensus has now emerged that XMRV footprints or
infectious XMRV detected in normal human individuals or
in some diseased patients represents laboratory contamina-
tions. The information provided in this issue should be of
interest to a broad audience including scientists, clinicians,
patient populations, and public health agencies.

Arifa S. Khan
Myra McClure
Yoshinao Kubo
Paul Jolicoeur



Hindawi Publishing Corporation
Advances in Virology
Volume 2011, Article ID 403419, 14 pages
doi:10.1155/2011/403419

Review Article

Murine Leukemia Viruses: Objects and Organisms

Alan Rein

HIV Drug Resistance Program, National Cancer Institute-Frederick, Frederick, MD 21702, USA

Correspondence should be addressed to Alan Rein, reina@mail.nih.gov

Received 3 June 2011; Accepted 25 July 2011

Academic Editor: Arifa S. Khan

Copyright © 2011 Alan Rein. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Murine leukemia viruses (MLVs) are among the simplest retroviruses. Prototypical gammaretroviruses encode only the three
polyproteins that will be used in the assembly of progeny virus particles. These are the Gag polyprotein, which is the structural
protein of a retrovirus particle, the Pol protein, comprising the three retroviral enzymes—protease, which catalyzes the maturation
of the particle, reverse transcriptase, which copies the viral RNA into DNA upon infection of a new host cell, and integrase, which
inserts the DNA into the chromosomal DNA of the host cell, and the Env polyprotein, which induces the fusion of the viral
membrane with that of the new host cell, initiating infection. In general, a productive MLV infection has no obvious effect upon
host cells. Although gammaretroviral structure and replication follow the same broad outlines as those of other retroviruses, we
point out a number of significant differences between different retroviral genera.

1. Introduction

A virus can be viewed as a rather regular, relatively simple
physical object. Alternatively, it can be seen as a living
organism, evolving in response to selective pressures. Both
views are correct! This paper will outline very briefly some
of the characteristics of murine leukemia viruses (MLVs),
keeping both views in mind. We will try to point out the dis-
tinctive features of these retroviruses, which are often taken
as prototypes of the gammaretrovirus genus. (Retroviruses
include Spumaretroviruses (also known as “foamy viruses”)
and Orthoretroviruses; the latter are divided into six genera,
that is, alpha-, beta-, gamma-, delta-, epsilon-, and lenti-
retroviruses [1].)

MLVs have been studied for many years, beginning in
the 1950s, when it was realized that leukemia could be
transmitted to newborn mice by a filterable agent [2–4]. They
have provided many insights into the general phenomenon
of leukemogenesis. The MLV genome has also been used as
the starting material in the development of vectors for gene
therapy. Finally, MLVs have often been viewed as “model”
retroviruses. In fact, while they have been very useful in
answering questions about retroviruses and their hosts, there
are many ways in which gammaretroviruses differ from other
retroviruses: it should never be assumed that a given property
of one genus will hold for another.

The best-studied retrovirus is, of course, human immun-
odeficiency virus (HIV-1), which is a lentivirus. One striking
contrast between MLVs and HIV-1 is the relative simplicity
of MLVs. As discussed below, MLVs only encode the proteins
that will be assembled into the progeny virus particles,
whereas HIV-1 encodes six additional so-called “accessory”
proteins. Indeed, because of this distinction, HIV-1 has
frequently been called a “complex” retrovirus, in contrast to
the “simple” retroviruses such as MLV, the proper objects of
study of simple retrovirologists.

The two viruses also differ in that HIV-1 can efficiently
infect nondividing cells, while MLV generally does not [5, 6]
(but see also [7, 8]). The ability of HIV-1 to infect nondivid-
ing cells is a critical element in its pathogenicity.

Yet another cardinal difference between MLVs and HIV-1
is that HIV-1-infected cells usually die rapidly (within a few
days at most) after infection. In contrast, at the cellular level
MLV infection seems almost completely benign: in general,
there are no detectable effects of productive MLV infection
upon the growth, physiology, or morphology of the cells.
HIV-1 viremia is maintained in infected people by continual
infection of new cells, replacing the cells killed by infection.
We do not know how much infection is occurring in an
MLV-infected, viremic mouse, but since the virus does not
generally kill its host cells, the rate of new infections may be
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far lower than with HIV-1. It should be noted that the drugs
used in highly active antiretroviral therapy of HIV-infected
people act by blocking new infections; thus, it is possible
that analogous therapies would have only minimal effects on
MLV viremia.

2. MLV: The Physical Object

2.1. MLV Virions. The overall structures of virus particles
are probably very similar for all Orthoretroviridae. The
virus is pleomorphic, but roughly spherical, with a diameter
of ∼100–120 nm [9]. It is released from the cell as an
“immature particle”, in which several thousand rod-shaped
Gag polyprotein molecules are arranged, in an incomplete
or imperfect hexameric lattice, as radii of the sphere (see
Figure 1). The sphere is bounded by a lipid bilayer derived
from the plasma membrane of the virus-producing cell. The
N-terminal matrix (MA) domains of the Gag molecules are
in contact with the lipid bilayer and their C-terminal nucleo-
capsid (NC) domains project into the interior of the particle,
presumably in contact with RNA. They are approximately
20 nm long and only 2-3 nm in diameter. The particle also
contains ∼1–300 Gag-Pol polyprotein molecules, in which
Gag is extended at its C-terminus by protease (PR), reverse
transcriptase (RT), and integrase (IN). Finally, trimers of the
envelope (Env) polyprotein span the membrane, with the
gp70 surface glycoprotein (SU) on the exterior of the particle,
complexed with the p15E transmembrane (TM) protein.
Roughly 2.5 × 104 nucleotides’ worth of RNA, representing
only a few per cent of the mass of the particle, are also present
in the virion. Some cellular proteins are also packaged: this
has been documented in great detail in HIV-1 [10] but is also
true in MLV [11].

After the particle is released from the cell, it undergoes
maturation. PR cleaves Gag into four cleavage products, that
is, MA, p12, capsid (CA), and NC. The Pol moiety of Gag-Pol
is also cleaved to release free PR, RT, and IN proteins, and the
C-terminal 16 residues of TM (the “R peptide”) are removed,
producing the mature TM protein p15E (in some papers, this
shorter species is called p12E; the longer precursor has been
called either p15E or Pr15E). The cleavages in Gag cause a
major change in the overall architecture of the virion, with
CA molecules reassembling in the interior of the particle
into a polygonal structure, the “mature core” of the particle.
This new structure encloses a complex of the viral RNA with
NC protein; RT and IN are also presumed to be within this
structure.

2.2. The MLV Replication Cycle. As with all orthoretro-
viruses, infection is initiated by the binding of the SU
glycoprotein on the exterior of the mature, infectious virion
to a receptor on the surface of the new host cell (see Figure 2).
This binding event triggers dramatic changes in Env, leading
to the release of the SU component and conformational
rearrangement of TM. The ultimate result is the fusion of the
viral membrane with the plasma membrane.

The fusion of the two membranes leads to the deposition
of the contents of the virion in the cytoplasm of the cell. Once
in the cytoplasm, the viral RNA is copied by the RT into a

LB MA P12 CA NC

Figure 1: Structure of an immature MLV particle. A segment
from a rotationally averaged cryoelectron microscopic image of a
single immature MLV particle is shown on the right. As indicated
on the left, the particle is bounded by a lipid bilayer (“LB”),
and the MA domain of Gag (pink) is associated with the inner
leaflet of the bilayer. Interior to the MA domain is a zone of
low density, presumably corresponding to the p12 domain. The
most conspicuous feature of the image is the “railroad tracks”,
representing the two domains within the CA domain (green),
followed by the NC domain (blue) with bound RNA. The Pol and
Env proteins are not visible in this image. As the particle is∼100 nm
in diameter and the Gag molecules are ∼20 nm in length, there is a
region∼60 nm in diameter largely occupied by solvent in the center
of the particle. (Reproduced from [9]. Copyright 1998, National
Academy of Sciences, USA.)
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Figure 2: The orthoretroviral replication cycle. Infection is initiated
when the mature, infectious virion binds to a receptor on the
surface of the new host cell. The Env protein of the virus induces
fusion between the viral membrane and the cell membrane (Step 1).
Within the cytoplasm, the mature core dissociates (Step 2) and
the dimeric viral RNA (shown in orange) is copied (Step 3) into
double-stranded DNA (shown in green). The DNA copy enters the
nucleus (probably when the nuclear membrane breaks down during
mitosis) and is inserted into the chromosomal DNA of the cell
(Step 4). The DNA is transcribed and the RNA product is exported
from the nucleus (Step 5); within the cytoplasm, some molecules
will be translated into viral proteins, and others are destined for
encapsidation into progeny virus particles. The viral components
assemble into budding virions (Step 6), which are released from
the cell as immature particles (Step 7). Finally, PR cleaves the viral
proteins, converting immature particles into mature, infectious
virions (Step 8). It is possible that DNA synthesis actually occurs
within the mature core rather than after dissociation of the core as
shown here.
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single molecule of dsDNA. This DNA is somehow conveyed
into the nucleus, where the IN protein catalyzes its insertion
into chromosomal DNA.

Once the viral DNA is integrated into host DNA, it
is termed the “provirus”. It is transcribed and translated
by normal host-cell machinery. The encoded proteins are
trafficked to the plasma membrane, where they assemble
into progeny virus particles. The immature particles are
released from the cell with the help of the cellular “ESCRT”
machinery [23] and subsequently undergo maturation as the
PR in the virus cleaves the viral polyproteins. The particle is
not capable of initiating a new infection until maturation has
taken place.

2.3. The MLV Genome. The RNA genome of MLV can be
divided into coding and noncoding regions and is shown
schematically in Figure 3.

2.3.1. Coding Regions. The only proteins encoded by the
MLV genome are the three polyproteins that will make up
the progeny virus particles: Gag, the structural protein of
the immature virus particle, Pol, comprising the PR, RT, and
IN enzymes, and Env, the SU and TM proteins that jointly
mediate the entry of an infectious virus particle into a new
host cell to initiate infection [18]. In some MLV isolates, an
alternative form of Gag, with an N-terminal extension, is also
synthesized; this “glyco-Gag” is discussed below.

As in all orthoretroviruses, the three coding regions are
arranged, from 5′ to 3′, Gag : Pol : Env. The Pol proteins are
initially synthesized together with Gag, in a large Gag-Pol
fusion polyprotein. Gag and Gag-Pol are both translated
from full-length viral RNA, identical in sequence to the
genomic RNA present in the virion. It seems likely that
the Gag-Pol polyprotein is incorporated into assembling
virions due to “coassembly” of its Gag moiety with Gag
polyprotein molecules. Successful replication of the virus
requires maintenance of an optimal ratio (on the order of
20 : 1) between the Gag and Gag-Pol proteins; indeed, no
detectable virus particles are formed in cells expressing only
Gag-Pol [24]. This may be because Gag-Pol is more than 3
times the mass of Gag, and thus, there may not be space
within the particles for very many Pol domains. This optimal
ratio is achieved by finely tuned translational suppression of
the termination codon at the end of the Gag coding region.

Remarkably, different retroviruses use fundamentally
different mechanisms of translational suppression. In the
gammaretroviruses such as MLV (and epsilonretroviruses, a
genus about which very little is known), Gag and Pol are in
the same reading frame, separated by a single termination
codon. MLV RNA contains a 57-base cis-acting signal
immediately 3′ of the termination codon [25]. This signal
induces the insertion of glutamine (normally encoded by
CAG), rather than termination, in response to the UAG
termination codon in about 5% of the translation products;
the resulting product is extended by translation of the entire
Pol coding region [26]. Similar results are obtained when the
UAG is replaced by UGA or UAA [27, 28]. Thus, these viruses
operate in essence by “mis-translation” of the termination
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Figure 3: The MLV genome. The viral RNA in Moloney MLV is
8332 nt in length [18]. “R” sequence, 68 nt in length, is identical at
both ends of the RNA. The 5′ copy of R is followed by U5 sequences
and then by the PBS (nt 146–163). The long 5′ untranslated region
in the RNA also includes the ψ packaging signal; contained within
this signal in some MLV isolates is the CUG codon at which glyco-
Gag translation is initiated (nt 357). The initiation codon for the
“normal” Gag protein is at nt 621. The gag and pol coding sequences
are in the same frame; they are separated by a UAG termination
codon, which in turn is followed immediately by a 57-base signal,
including an RNA pseudoknot, inducing the inefficient translation
of the UAG as glutamine. The Env protein is translated from a
spliced mRNA. The polypurine tract (PPT, nt 7803–7815) is the
primer for +-strand DNA synthesis and is followed by the U3 and R
regions. U3 (nt 7816–8264) is placed at the 5′ end of the DNA copy
of the genome synthesized during infection; it contains promoter
and enhancer sequences governing the initiation of transcription at
the beginning of R.

codon as a sense codon. In contrast, in all other genera,
the suppression occurs before the ribosomes encounter the
termination codon and is completely independent of this
codon. In these viruses, Pol is encoded in the “−1” frame
relative to Gag. A signal in these viral RNAs before the
end of the Gag coding region induces a fraction of the
ribosomes to advance two, rather than three bases at a
specific codon so that translation by this subset of ribosomes
is shifted from the Gag frame to the Pol frame [29, 30]. (In
some retroviruses, there are two frameshifting events, one
extending Gag to produce Gag-PR and the second extending
Gag-PR to yield Gag-PR-RT-IN.) A detailed discussion of
translational suppression in retroviruses may be found in
Hatfield et al. [31].

The Env protein of MLV, like that of other orthoretro-
viruses, is translated from a singly spliced mRNA. There is an
overlap of 58 bases between the end of the Pol coding region
and the beginning of the Env coding region.

2.3.2. Noncoding Regions. Like the RNAs of all orthoretro-
viruses, MLV RNA also contains a set of cis-acting signals
that are essential for its function as a viral genome. These
include the “primer binding site” (PBS), the polypurine tract
(PPT), the “packaging signal” or ψ, sequences required for
insertion, by IN, of the DNA form of the viral genome into
cellular DNA, and the promoter and enhancer sequences
within the LTR.

The PBS is an 18-base stretch that is complementary
to the last 18 bases of a cellular tRNA molecule. In MLVs,
this is usually tRNAPro, but MLVs using tRNAGln have also
been found. Within the virion, the tRNA is hybridized to
the viral RNA; when the virus enters a new host cell, the
tRNA serves as the primer for reverse transcription. The
PBS is located ∼145 bases from the 5′ end of the RNA and
∼460 bases 5′ of the beginning of the Gag coding region.
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The first deoxynucleotide to be added to the tRNA during
reverse transcription is determined by pairing with the base
immediately 5′ of the PBS, and this base is the 5′ terminus
of the first (minus) strand in the final DNA product. In other
words, this site is the “right” end of the final double-stranded
DNA product of reverse transcription.

In general, during reverse transcription the RNA is
copied by the polymerase activity of RT and is progressively
degraded, shortly after being copied, by the RNase H
activity of RT. However, an exceptional stretch of ∼15
purines near the 3′ end of retroviral RNAs (the PPT) is
specifically resistant to this degradation. Having survived
reverse transcription, this fragment of the viral RNA is the
primer for synthesis of the second (plus) strand of DNA. The
base immediately 3′ of the PPT encodes the first base of the
plus strand of the DNA copy, that is, the 5′ end of the plus
strand or “left” end of the double-stranded DNA.

These sequences at the two ends of the final DNA product
are, of course, the sequences joined by IN to host-cell
chromosomal DNA during the integration reaction. The two
ends form an inverted repeat (reviewed in [32]). In Moloney
MLV, the sequence of the “plus” strand at the right edge
is 5′ GGGGTCTTTCA 3′, while that at the left edge is 5′

TGAAAGACCCC 3′. The bases at the 3′ ends of the plus
strand on the right edge, and the 5′ end of the left edge, are
joined to cellular DNA, but it is the internal bases in these
sequences that are essential for IN recognition [33, 34].

All orthoretroviral genomic RNAs are, as noted above,
mRNAs. They resemble cellular mRNAs in having a 5′

cap and 3′ poly (A) tail. In fact, under certain conditions,
retrovirus particles can encapsidate cellular mRNAs [35].
Thus, the viral RNAs are evidently in competition with
cellular mRNAs for incorporation into the virions. Intact
retroviral RNAs are selectively incorporated because they
contain a “packaging signal”, giving them an advantage in
this competition.

Recent structural studies have shed considerable light on
the nature of the packaging signal in Moloney MLV RNA
(see Figure 4) [20, 36]. Briefly, in all orthoretroviruses, the
viral RNA is actually packaged in dimeric form, with two
molecules of the viral RNA linked by a limited number of
intermolecular base pairs. The primary location of these base
pairs is in the “leader”, between the PBS and the beginning
of the Gag coding sequence. MLV RNA, like that of all
gammaretroviruses, contains a pair of stem loops in this
region with the sequence GACG in the loop [37]. Both
NMR and chemical-probing data show that when MLV RNA
dimerizes, the “CG” within each of these GACG’s pairs with
the CG in the other monomer (note that “CG” is a 2-base
palindrome, the shortest possible palindromic sequence) [38,
39]. Further, two other stem loops in the monomers open
out and pair intermolecularly. Most interestingly, this change
entails a shift in register so that some of the bases which
are paired in intramolecular structures in the monomers
become unpaired in the dimers. These bases include two
copies of the motif UCUG-UPu-UCUG. Several kinds of
experiments [20] show that this motif is essential for high-
affinity binding by recombinant MLV Gag protein, that
these bases are occupied by NC protein within mature MLV

particles, and that they are crucial to selective packaging.
These results explain why dimers, but not monomers, of
viral RNA are selectively packaged and also establish that the
specific, high-affinity binding of Gag to ψ is responsible for
selective packaging.

During reverse transcription, sequences from near the
3′ end of the viral RNA (“U3” sequences) are placed at
the 5′ end, as well as near the 3′ end, of the viral DNA.
(Conversely, U5 sequences, from near the 5′ end of the
RNA, are placed at the 3′ end as well as near the 5′

end of the DNA.) Following integration of the viral DNA,
the U3 sequences at the 5′ end constitute the promoter
and enhancers driving the transcription, by Pol II, of the
integrated DNA. U3 sequences include a dense collection
of transcription factor-binding sites; they were used in the
experiments that originally demonstrated the existence of
enhancers [40] and play a major role in determining the
tissue tropism and pathogenicity of the virus (reviewed in
[41]). The placement of the U3 sequences, which are internal
in viral RNA, upstream of the transcriptional start site in the
DNA is an elegant solution to the problem of how to ensure
that the viral sequences will lie 3′ of a promoter, as required
for Pol II transcription.

2.4. MLV Proteins

2.4.1. Gag. In essence, the orthoretrovirus particle is con-
structed by assembly of Gag protein molecules. All
orthoretroviral Gag proteins contain at least three domains,
which will give rise to three distinct proteins in the mature
virus. The MA domain at the N-terminus of Gag is respon-
sible for targeting the protein to the plasma membrane of
the virus-producing cell. In MLV, as in most retroviruses, the
N-terminus of Gag is modified by the 14-carbon saturated
fatty acid, myristic acid [42]; this modification is important
for the plasma-membrane association of Gag [43]. The CA
domain is the locus of most, if not all, of the interactions
between Gag molecules leading to the assembly of the imma-
ture virion. After the CA molecules are released from the Gag
polyprotein by PR, they reassemble into the mature core. The
NC domain plays a predominant role in the interactions of
Gag proteins with RNAs, and free NC protein is an essential
cofactor in reverse transcription during infection. In general,
there is considerable structural conservation between the
Gag proteins in different orthoretroviral genera, despite the
almost complete lack of conservation of primary sequences.

MLV Gag differs in two important respects from the
canonical MA-CA-NC Gag structure (see Figure 5). First,
it contains an additional domain, called p12, situated
between MA and CA. p12 contains the Pro-Pro-Pro-Tyr “late
domain” of MLV [44]; this motif interacts with an Nedd4-
like ubiquitin ligase to promote the release of the assembled
virion from the host cell [45]. p12 also participates in the
infection process, but these additional functions are not well
understood. It is part of the “preintegration complex”, a
collection of proteins from the infecting virus particle that
accompany the newly synthesized viral DNA into the cell
nucleus [46], and some mutations in p12 interfere with
proper integration [47, 48]. Surprisingly, there are regions
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Figure 4: The Moloney MLV dimerization/packaging signal. The figure shows the secondary structure of the 170-base “minimal
dimerization active sequence” (nt 205–374) [19] in both monomeric and dimeric forms. Two palindromic sequences, “PAL1” (green) and
“PAL2” (red), are contained within stem loops in the monomer but open out and pair intermolecularly in the dimer. The two monomers
are also connected in the dimer by base pairing between the “CG” moieties in the “GACG” loops of a pair of stem loops (“SL1” and “SL2”,
orange). The RNA also contains two motifs with the sequence UCUG-UPu-UCUG (blue boxes); these are partially or fully base-paired in
the monomer but become unpaired as a result of the RNA rearrangements accompanying the intermolecular base pairing of PAL1 and PAL2.
These bases are a crucial element in ψ, as replacement of the four UCUG sequences with UCUA prevents selective packaging of the viral
RNA; the exposure of these bases in dimers, but not monomers, presumably explains the selective packaging of dimeric RNA [20]. (Figure
reproduced from Trends in Biochemical Sciences, Copyright 2011, with permission from Elsevier [21].)

within p12 in which sequence changes seem to have no major
effect on viral function [49, 50], and the maturation cleavage
between MA and p12, unlike the other cleavages, is not
absolutely essential for viral infectivity [51]. It is extremely
proline-rich (18 of its 84 residues (21%) are prolines), and
it has been described as “unstructured” on the basis of
NMR data [52]. However, recombinant MLV Gag protein
is an extended rod in solution, and the prolines in the p12
domain contribute to its rigidity (Datta et al., manuscript
in preparation). It seems likely that this domain in Gag can
assume any of a number of rigid conformations containing
short polyproline helices.

Second, some, but not all, MLV isolates encode an
alternative form of the Gag polyprotein, called “glyco-Gag”
or gPr80Gag. This protein differs in sequence from “standard”
Gag in that it is extended N-terminally. Synthesis of glyco-
Gag is initiated at a CUG codon in a favorable context for

MA p12 CA NC

Figure 5: MLV Gag protein. The MLV Gag protein is modified at its
N-terminus by the 14-carbon fatty acid myristic acid. It is cleaved
during virus maturation into MA, p12, CA, and NC; most of the
NC molecules are also cleaved 4 residues before their C-terminus.

translation initiation, 264 bases 5′ of the normal Gag AUG
initiation codon [53]. The N-terminal extension includes a
signal sequence so that this protein (unlike standard Gag)
is synthesized in the rough endoplasmic reticulum and
processed in the Golgi apparatus. Relatively little glyco-Gag
is incorporated into virions [54]. Because of a sequence
polymorphism at the site of the CUG initiator, XMRV does
not encode glyco-Gag.
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The functional significance of glyco-Gag is still not clear.
Early studies showed that it is not essential for replication
of MLV in cell culture, but is needed for efficient replication
and pathogenicity in mice [55, 56]. It was recently reported
that the correct assembly of standard MLV Gag into spherical
immature particles in cell cultures is impaired in the absence
of glyco-Gag [57]; new data indicates that the presence of
glyco-Gag directs virion assembly to lipid rafts and that this
function involves the cellular La protein [58]. Remarkably,
glyco-Gag can also complement Nef deletions in HIV-1
[59].

MLV Gag is also unusual among orthoretroviral Gags in
that its NC domain only contains a single zinc finger rather
than two as in most genera. The zinc-coordinating residues
have the spacing C-X2-C-X4-H-X4-C, as in all orthoretrovi-
ral NC proteins. This 14-residue motif plays a critical role
in the selective packaging of genomic RNA, among other
functions [60, 61]. The last 4 residues of NC are removed
from the majority of Gag molecules, as they are from Gag-
Pol molecules, during virus maturation [26, 62].

2.4.2. Pol. As noted above, the products of cleavage of the
Gag-Pol polyprotein include PR, RT, and IN. PR catalyzes the
cleavages leading to virus maturation; like all retroviral PRs,
it is an aspartic protease which is only active as a dimer [63,
64].

RT synthesizes the DNA copy of the viral genome during
infection. This function involves three enzymatic activities:
RNA-templated DNA synthesis, DNA-templated DNA syn-
thesis, and degradation of the RNA strand in an RNA:DNA
hybrid, eliminating the RNA template immediately after
synthesis of the complementary DNA strand. MLV RT is
apparently active as a monomeric protein [65, 66] unlike the
RT enzymes of alpharetroviruses and lentiretroviruses, which
are both heterodimers [67].

Retroviral IN enzymes possess two catalytic activities: “3′

end processing”, in which IN removes two nucleotides from
the 3′ end of each strand of the DNA to be integrated, and
“strand transfer”, in which the new 3′ ends are inserted into
chromosomal DNA in the new host cell [32]. MLV IN has
not been characterized in detail but is presumed to function
as a tetramer [68, 69].

2.4.3. Env. As with all orthoretroviruses, the MLV Env gene
product is synthesized in the rough endoplasmic reticulum
and glycosylated in the Golgi apparatus. It is also cleaved in
the Golgi by a cellular furin-like protease into two fragments,
the large, N-terminal surface glycoprotein (gp70SU) and the

C-terminal transmembrane protein p15ETM. A trimer of
these heterodimeric SU-TM complexes is then trafficked
to the cell surface. As mentioned above, it undergoes an
additional cleavage during virus maturation: PR removes the
C-terminal 16 residues, also known as the “R peptide”, from
the cytoplasmic tail of the TM protein [62, 70]. This matu-
ration cleavage of TM is found in the gammaretroviruses, in
Mason-Pfizer monkey virus, a betaretrovirus [71, 72], and in
the lentivirus equine infectious anemia virus [73], but not, as
far as is known, in other retroviruses.

MLV Env is depicted schematically in Figure 6. Mature
SU of Moloney MLV is 435 residues in length, while TM is
180 residues. In turn, SU contains an N-terminal “receptor-
binding domain” (RBD) of ∼240 residues, a short, proline-
rich “hinge” region, and a highly conserved C-terminal
domain [74]. The RBD consists of an antiparallel β-sandwich
projecting “up” from the surface of the virion, and a
highly variable region resting atop this scaffold. Both ends
of the RBD contribute to this β-sandwich [75]. Sequence
alignments and analysis of chimeric SU proteins show that
the variable sequences within the RBD make specific contacts
with cell-surface receptors. Among the conserved features of
SU are a histidine residue near the extreme N-terminus and
a CXXC motif in the C-terminal portion of SU. TM protein
begins with a very hydrophobic stretch, the “fusion peptide”.
A stretch between TM residues 43 and 78 (in Moloney MLV)
has a 4-3 repeating pattern of hydrophobic residues that
forms a coiled coil. TM also contains a CX6CC motif; in the
virus particle, there is a disulfide bond joining SU, via one of
the cysteines in the CXXC, to TM, via the last cysteine in the
CX6CC [76–78].

The function of the Env complex is to induce fusion
between the membrane surrounding the virus particle and
the membrane of a new host cell. As in all orthoretroviruses,
the cleavage between SU and TM is absolutely required for
Env function [79]. Presumably, this is essential because it
places the fusion peptide at the N-terminus of TM rather
than in the interior of the Env polyprotein. The removal
of the R peptide from the C-terminus of Prp15E during
virus maturation is also necessary for the fusogenicity of
Env [80, 81]. It seems likely that fusogenic activity would be
harmful to the virus-producing cell and that the R peptide is
a “safety catch” suppressing this activity until the virus has
left the cell. The mechanism by which the R peptide inhibits
fusion is not known, but, remarkably, it has the same effect
when joined to the influenza HA protein [82].

The fusion between the two membranes by the mature
Env complex is the end result of an amazing cascade
of events. Briefly, binding to the receptor on the plasma
membrane induces a conformational change in the RBD.
This change is propagated in SU, resulting in the ionization
of the one free thiol in its CXXC motif [83]. (The conserved
histidine near the N-terminus of SU, which is essential
for Env function, may catalyze this ionization [84].) The
ionized sulfur then attacks the neighboring cysteine, and
the disulfide linkage between SU and TM is replaced by an
intra-SU bond between these two cysteines. Breaking the
SU-TM bond releases SU from the Env complex, exposing
the fusion peptide at the N-terminus of TM. The fusion
peptide inserts into the target membrane; this is followed
by a major conformational change in TM, in which a C-
terminal heptad repeat-like sequence in the TM ectodomain
folds against the N-terminal heptad repeat [76]. This shift to
a hairpin configuration brings the two membranes into very
close apposition; this finally results in the fusion of the two
membranes.

Further studies make it clear that RBD functions not only
to bind a receptor on the target cell, but also to prevent
the conformational change in TM, leading to membrane
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Figure 6: MLV Env protein. MLV Env protein consists of a complex
between gp70SU and p15ETM. The cartoon shows that gp70 has two
domains, RBD at its N-terminus and “C-term” at its C-terminus,
separated by a variable, proline-rich linker. P15E contains, from
N- to C-terminus, the fusion peptide (FP), an N-terminal helical
domain (helix A), a short C-terminal helical domain (helix B), and
a C-terminal domain (light pink) which spans the viral membrane
(yellow). Gp70 is exclusively external to the virus and is connected
to p15E by a disulfide linkage between one of the two cysteines in a
CXXC motif within its C-terminal domain and the last cysteine in a
CX6CC motif in p15E.

fusion, from occurring prematurely, that is, before contact
of the virus with the receptor [85, 86]. In fact, under special
circumstances infection can occur “in trans”, that is, when a
soluble RBD binds a cell-surface receptor in proximity to the
virion [87]. This activity of the MLV Env complex has special
consequences for the “MCF” class of MLVs. These “mink cell
focus-inducing” or “polytropic” MLVs arise in mice that are
viremic for ecotropic MLVs, and are recombinants in which
the ecotropic RBD has been replaced by an RBD from an
endogenous MLV genome [88–90]. This substitution gives
the MCF a different receptor specificity from that of its
ecotropic parent [13–15, 91]. The complex of the ecotropic
SU protein with the ecotropic receptor on target cells (as in
the viremic mice) has been shown to facilitate infection of
the cells by MCF virions [92].

Remarkably, TM protein performs yet another func-
tion for MLV. Immediately proximal to the CX6CC motif
discussed above is a 20-residue stretch which has potent
immunosuppressive activity; this activity is crucial in MLV
infections in mice [93, 94].

As indicated above, MLVs are polymorphic with respect
to their use of cell-surface receptors. In general, when a cell is

productively infected with an MLV, the viral Env protein sat-
urates the receptors that it would use for infection, rendering
the cell almost completely resistant to superinfection by virus
particles that use the same receptor. This resistance makes it
possible to group MLV isolates into families sharing common
receptors. “Interference” measurements of this kind showed
that NIH/3T3 mouse cells have four distinct cell-surface
molecules used as receptors by different MLVs, as indicated
in Table 1 [91, 95]. This polymorphism is considered in detail
in a comprehensive review [96], and is discussed in other
articles in this series. It is notable that all receptors used
by MLVs contain multiple membrane-spanning domains,
unlike the known receptors for most other orthoretroviruses.

3. MLV: The Organism

3.1. Assays for Infectious MLV. Quantitative virology is
virtually impossible without a reliable infectivity assay [97].
Since MLVs generally have no obvious effect on the cells
they infect, the opportunities for developing a “plaque” or
“focus” assay have been very limited. Two such assays have
been devised, each exploiting a specific cell line with a unique
response to MLV infection.

One of these is the “UV-XC” test [98]. XC cells, derived
from a rat tumor induced by Rous sarcoma virus, undergo
rapid syncytium formation when they come into contact
with cells producing ecotropic MLV. This property was used
to develop an “indirect” plaque assay: a plate of permissive
cells is first infected with the virus, and the virus is allowed
to spread in these cells for 5–7 days. At the end of this period,
the cells have grown into a confluent monolayer, and the
plate contains invisible “foci” of MLV-producing cells. Each
focus has arisen by the localized spread of virus from a single
cell, infected by a virus in the inoculum, to neighboring
cells; several rounds of replication can occur during the assay.
This monolayer is then killed by UV-irradiation and overlaid
with XC cells. A day later, the XC cells have replaced the
original cells; they are fixed and stained, and “plaques”, that
is, localized regions of syncytia, are counted. One particular
advantage of this assay is that it can be used to measure
the infectivity of any ecotropic MLV on any cells; thus, for
example, comparing the titer of a single virus preparation on
NIH/3T3 cells and Balb/3T3 cells tells one whether the virus
is N-tropic, B-tropic, or NB-tropic. On the other hand, the
fact that it only detects ecotropic MLVs is a serious limitation
of the UV-XC test.

The other quantitative assay for replication-competent
MLV is the S+L− assay [99]. S+L− cells are specific cell lines
transformed by Moloney sarcoma virus. When these cells
are superinfected by an MLV, they become much rounder
and more refractile (this may reflect “hypertransformation”,
perhaps due to reinfection of the cells with additional copies
of Moloney sarcoma virus after it has been rescued by the
MLV). In this assay, S+L− cells are infected and allowed
to grow for ∼5 days; “foci” of rounded cells, which stand
out against the confluent monolayer of uninfected S+L−
cells, are then scored under a low-power microscope. This
assay has the advantage that it will detect any replication-
competent MLV, not just members of a specific class.
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Table 1: MLV receptors on NIH/3T3 mouse cells.

Virus class Example Receptor Reference

Ecotropic
Moloney

mCAT1 [12]
MLV

Polytropic MCF247 XPR1 [13–15]

Amphotropic 1504A SLC20A2 [16, 17]

SLC20A1

10A1 10A1 or [16, 17]

SLC20A2

The table lists the receptors for MLVs found on NIH/3T3 mouse cells. The
diversity of MLV receptors is discussed in more detail in other articles of this
series.

However, it is extremely time consuming. It can also be
difficult to distinguish the foci from random irregularities in
the cell monolayer, so scoring the assay requires considerable
skill and involves some judgment.

For many, but not all, kinds of experiments, replication-
defective “reporter” viruses rescued by MLV can be assayed
in lieu of assaying the MLV itself. The reporter viruses
originally used in this way were acute transforming viruses;
for example, MLVs were grouped into interference families
by measuring the ability of Harvey MSV pseudotypes to
transform MLV-infected cells [91, 95]. More recently, of
course, MLV-derived vectors expressing a variety of genes,
such as luciferase, β-galactosidase, and green fluorescent
protein, have been constructed for use as reporter viruses
(e.g., [100]).

Cell lines have also been developed in which a reporter
gene is only expressed following replication in the cell of
an MLV. These cells contain an MLV-derived vector which
carries a reporter gene in reverse orientation; the reporter
gene is interrupted by an intron in the forward orientation.
Transcription and splicing yields an RNA in the cell with an
uninterrupted, negative-sense copy of the reporter gene; if
this RNA is rescued by an MLV, it can be copied into DNA,
finally producing an intact reporter gene whose expression
can be measured (Aloia et al., manuscript in preparation,
but see [101]). This assay has the special advantage that it
can be performed by cocultivation of the assay cells with cells
producing the virus to be assayed, as well as by infection of
the assay cells with cell-free virus.

3.2. Endogenous MLVs. At least 100 times over the course of
evolution, MLVs have infected cells of the mouse germline.
Once the viral DNA has integrated into the germline DNA, it
is passed from parents to offspring just like any other mouse
gene. The biology of these “endogenous” MLVs and their
effects on their hosts are quite complex and are considered
in other articles in this series.

3.3. Resistance to MLV. While MLVs are generally benign
at the cellular level, they do induce both lymphomas and
neurological diseases in mice. Mice have evolved a number
of resistance mechanisms that inhibit the growth of MLVs;
MLVs have, in turn, developed strategies for evading these
defense mechanisms.

3.3.1. Superinfection Interference. Two genes inducing strong
resistance to specific envelope classes of MLV have been
described: Fv-4 and Rmcf [102, 103]. Both of these genes
have been found to function by superinfection interference:
in other words, the genes encode glycoproteins which
bind MLV receptors, rendering the receptors unavailable
for incoming viruses. Fv-4 blocks the ecotropic receptor,
mCAT1, whereas Rmcf blocks the MCF receptor XPR1. It
seems reasonable to imagine that these genes were originally
introduced into the mouse genome as the Env genes of
endogenous MLVs.

3.3.2. Fv1 Restriction. Fv1 restriction was the first system
for resistance to MLV to be described in mice [104]. Inbred
mouse strains carry the “n” allele, the “b” allele, or the “nr”
allele at the Fv1 locus. In turn, naturally occurring MLVs
may be N-tropic or B-tropic. Fv1n or Fv1nr mice are partially
resistant to B-tropic MLVs, while the Fv1b locus encodes
partial resistance to N-tropic MLVs (Fv1nr mice are resistant
to some N-tropic MLVs as well as B-tropic MLVs). Passage
of an MLV in the restrictive host may ultimately lead to the
selection of a viral variant that has lost its sensitivity to Fv1
restriction; these laboratory isolates, such as Moloney MLV,
are termed NB-tropic. XMRV is unique in that it is restricted
by both Fv1n and Fv1b [105].

Despite many years of investigation, the mechanism of
Fv1 restriction is still not well understood. The Fv1 gene
product seems to be a somewhat degenerate retroviral Gag
protein [106]. Genetic data indicate that it binds to a specific
site in the N-terminal domain of CA in the mature core of
the incoming virus particle. This interaction blocks infection
at a point between reverse transcription and integration
of the viral DNA. The Fv1 protein is present in cells at
extremely low levels [107]; in fact, restriction can be blocked
or “abrogated” by infection with a single particle of the
restricted type [108]. Particles which have been inactivated
by heat or gamma irradiation can retain the ability to
abrogate Fv1 restriction [109].

Biochemical analysis of the Fv1 restriction machinery has
proven extremely difficult, but it appears that the ability of
the Fv1 protein to multimerize [110] is an essential element
in restriction [111]. The specific binding of the protein to CA
protein of the restricted type seems to occur only when the
mature CA is in a lattice, as in the viral core; this binding was
recently demonstrated, for the first time, using CA protein
arrayed on lipid nanotubes [112].

While the Fv1 restriction system is, as far as is known,
found only in mouse cells, human cells possess a somewhat
analogous restriction system effected by the TRIM5α protein.
TRIM5α was discovered by virtue of its ability to restrict
HIV-1, but it is also active against some MLVs; remarkably,
like the Fv1 gene product, it distinguishes between N-tropic
and B-tropic MLVs [113].

3.3.3. APOBEC3 Restriction. All placental mammals have at
least one member of the APOBEC3 gene family; humans
and chimpanzees have seven APOBEC3 genes [114, 115].
APOBEC3 proteins can be incorporated into retrovirus par-
ticles, and they interfere with viral replication during reverse
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transcription when the APOBEC3-bearing virus particle
infects a new host cell. APOBEC3s are cytidine deaminases
with one or two zinc-coordinating motifs that are instru-
mental in the restriction of viral replication. It seems likely
that the primary function of APOBEC3s is protection of the
mammalian host against pathogens (or intracellular parasites
such as retrotransposons): mice lacking mouse APOBEC3
(mA3) survive and reproduce normally but are very sensitive
to retrovirus infection [116, 117].

One way in which APOBEC3 proteins inactivate retro-
viruses is by hypermutation. By deaminating deoxycytidine
to deoxyuridine in minus-strand DNA during the synthesis
of viral DNA, they bring about a G to A change in the plus-
strand. Many susceptible viruses have been shown to incur
very high levels of G to A mutation as a result of APOBEC3
action. However, it is now clear that APOBEC3 proteins act
on retroviruses in other ways as well. For example, the degree
of inactivation of HIV-1 by human APOBEC3G (hA3G) does
not necessarily correlate with the level of G to A mutation
(reviewed in [118]), and hA3G has been shown to affect both
the synthesis and integration of HIV-1 viral DNA [119].

There are two isoforms of mA3, containing or lacking
exon 5. Most studies on mA3 have used the form lacking the
exon. MLVs show dramatic differences in their sensitivity to
this mA3: both XMRV and AKV (the endogenous ecotropic
MLV in AKR mice, a mouse line bred for high leukemia
incidence) are far more sensitive to inactivation by mA3
than Moloney MLV (which was selected for rapid growth
and leukemogenicity by passage in mice over a period of
years) [105, 120–122]. Moreover, when DNA of XMRV or
AKV is synthesized in the presence of mA3, it contains
large numbers of G to A mutations [120, 121], but these
mutations are not detectably induced in Moloney MLV
by mA3 [100, 123]. Presumably, the creation of the AKR
mouse strain entailed the selection of mice that provide
a maximally permissive environment for AKV, and thus,
this virus has not faced selective pressure leading to mA3
resistance. In contrast, selection during passage of Moloney
MLV has led to partial resistance to inactivation by mA3,
and apparently complete resistance to the hypermutational
effects of mA3. The mechanisms underlying these resistance
phenomena are unknown. It should be noted that in HIV-1,
one of the “accessory proteins”, that is, Vif, is responsible for
viral resistance to hA3G. Vif functions by binding to hA3G
and inducing its proteasomal degradation. However, as
emphasized above, MLVs do not encode accessory proteins,
and the resistance of Moloney MLV to mA3 must reside in its
Gag, Pol, and/or Env protein. As mA3 is packaged efficiently
in Moloney MLV particles [100, 123], the resistance does not
depend upon exclusion of mA3 from the virus.

The biology of MLV restriction by the mA3 containing
exon 5 is somewhat different from the foregoing: mA3
protein containing this exon can be cleaved by MLV PR,
leading to the inactivation of this mA3 within MLV particles
[124].

3.3.4. Restriction by Tetherin. Recently, yet another antiviral
restriction system has been discovered, mediated by the
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Figure 7: Hypothetical mechanism of restriction by tetherin. The
cellular restriction factor tetherin can act as a bridge between two
membranes. Tetherin contains a transmembrane domain at its N-
terminus and is anchored to a membrane by a glycophosphatidyl
linkage at its C-terminus. It also dimerizes due to a parallel coiled-
coil structure between the termini of the protein. Anchorage to
membranes at both ends apparently enables tetherin to “trap” virus
particles, preventing their escape from the virus-producing cell. It
is not known which end of the protein is embedded in the cellular
membrane and which in the viral membrane. (Figure reproduced
with permission from [22].)

host protein “tetherin” (also known as CD317, BST2, or
HM1.24) [125]. Tetherin is a membrane protein with a very
unusual topology: it has a cytoplasmic N-terminus, followed
by a transmembrane helix, an extended ectodomain, and
a C-terminus associated with the plasma membrane by a
glycophosphatidyl inositol linkage. Tetherin dimerizes via
the ectodomain, which forms a coiled coil ∼90 Å long. The
presence of membrane anchors at both ends of the molecule
evidently gives it the ability to physically link released virus
particles to the surface of the virus-producing cell, effectively
preventing their escape into the surrounding medium (see
Figure 7) [22].

Tetherins inhibit the release of all retroviruses tested,
and also of filoviruses such as Ebola, arenaviruses such as
Lassa, and herpesviruses such as Kaposi’s sarcoma-associated
herpesvirus. They are constitutively expressed on some cell
surfaces and are inducible by type I interferon in others.
Mouse tetherin has been shown to inhibit the replication
of MLV [126]. While lentiviruses have several alternative
countermeasures against tetherins, including the HIV-1
accessory protein Vpu (reviewed in [127]), no resistance
mechanisms in MLVs have yet been described.

4. Concluding Remarks

It is clear that MLVs have provided an extraordinary wealth
of information about retroviruses, both as physical objects
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and as living organisms. They (and other gammaretro-
viruses, such as gibbon ape leukemia virus) are now being
developed as vectors for gene therapy. As has been indicated
throughout this paper, the contrasts with other retroviruses
such as HIV-1 help to illustrate the range of possibilities
by which viruses solve common problems. Finally, as with
all viruses, MLVs provide a window into the “black box”,
an unparalleled opportunity to learn about the cells and
organisms that they infect. Indeed, many cellular proteins
have been shown to participate in MLV replication; while this
large topic is beyond the scope of this paper, it is the focus of
a fascinating review by Goff [128].

Acknowledgments

The author thanks his colleagues John Coffin and Steve
Hughes for many helpful discussions and particularly Jim
Cunningham for insight into MLV Env gymnastics. He also
thanks Bob Bassin for his mentorship and generosity during
his introduction to the study of MLVs. Research in his
laboratory is supported by the Intramural Research Program
of the NIH, National Cancer Institute, and Center for Cancer
Research.

References

[1] M. L. Linial et al., “Retroviridae. Virus taxonomy: clas-
sification and nomenclature of viruses,” in Proceedings of
the International Committee on Taxonomy of Viruses, C. M.
Fauquet, M. A. Mayo, J. Maniloff, U. Desselberger, and L. A.
Ball, Eds., pp. 421–440, Elsevier/Academic Press, San Diego,
Calif, USA, 2004.

[2] L. Gross, ““Spontaneous” leukemia developing in C3H mice
following inoculation in infancy, with AK-leukemic extracts,
or AK-embrvos,” Proceedings of the Society for Experimental
Biology and Medicine. Society for Experimental Biology and
Medicine, vol. 76, no. 1, pp. 27–32, 1951.

[3] L. Gross, “Development and serial cellfree passage of a highly
potent strain of mouse leukemia virus,” Proceedings of the
Society for Experimental Biology and Medicine, vol. 94, pp.
767–771, 1957.

[4] J. B. Moloney, “Biological studies on a lymphoid-leukemia
virus extracted from sarcoma 37. I. Origin and introductory
investigations,” Journal of the National Cancer Institute, vol.
24, pp. 933–951, 1960.

[5] P. F. Lewis and M. Emerman, “Passage through mitosis
is required for oncoretroviruses but not for the human
immunodeficiency virus,” Journal of Virology, vol. 68, no. 1,
pp. 510–516, 1994.

[6] T. Roe, T. C. Reynolds, G. Yu, and P. O. Brown, “Integration
of murine leukemia virus DNA depends on mitosis,” EMBO
Journal, vol. 12, no. 5, pp. 2099–2108, 1993.

[7] L. Jarrosson-Wuilleme, C. Goujon, J. Bernaud, D. Rigal,
J. L. Darlix, and A. Cimarelli, “Transduction of nondi-
viding human macrophages with gammaretrovirus-derived
vectors,” Journal of Virology, vol. 80, no. 3, pp. 1152–1159,
2006.

[8] X. H. Liu, W. Xu, J. Russ, L. E. Eiden, and M. V. Eiden, “The
host range of gammaretroviruses and gammaretroviral vec-
tors includes post-mitotic neural cells,” PLoS ONE, vol. 6, no.
3, Article ID e18072, 2011.

[9] M. Yeager, E. M. Wilson-Kubalek, S. G. Weiner, P. O. Brown,
and A. Rein, “Supramolecular organization of immature
and mature murine leukemia virus revealed by electron
cryo-microscopy: implications for retroviral assembly mech-
anisms,” Proceedings of the National Academy of Sciences of the
United States of America, vol. 95, no. 13, pp. 7299–7304, 1998.

[10] D. E. Ott, “Cellular proteins detected in HIV-1,” Reviews in
Medical Virology, vol. 18, no. 3, pp. 159–175, 2008.

[11] J. E. Bubbers and F. Lilly, “Selective incorporation of H 2
antigenic determinants into Friend virus particles,” Nature,
vol. 266, no. 5601, pp. 458–459, 1977.

[12] L. M. Albritton, L. Tseng, D. Scadden, and J. M. Cunning-
ham, “A putative murine ecotropic retrovirus receptor gene
encodes a multiple membrane-spanning protein and confers
susceptibility to virus infection,” Cell, vol. 57, no. 4, pp. 659–
666, 1989.

[13] J. L. Battini, J. E. J. Rasko, and A. D. Miller, “A human
cell-surface receptor for xenotropic and polytropic murine
leukemia viruses: possible role in G protein-coupled signal
transduction,” Proceedings of the National Academy of Sciences
of the United States of America, vol. 96, no. 4, pp. 1385–1390,
1999.

[14] C. S. Tailor, A. Nouri, C. G. Lee, C. Kozak, and D. Kabat,
“Cloning and characterization of a cell surface receptor
for xenotropic and polytropic marine leukemia viruses,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 96, no. 3, pp. 927–932, 1999.

[15] Y. L. Yang, L. Guo, S. Xu et al., “Receptors for polytropic and
xenotropic mouse leukaemia viruses encoded by a single gene
at Rmc1,” Nature Genetics, vol. 21, no. 2, pp. 216–219, 1999.

[16] D. G. Miller and A. D. Miller, “A family of retroviruses that
utilize related phosphate transporters for cell entry,” Journal
of Virology, vol. 68, no. 12, pp. 8270–8276, 1994.

[17] C. A. Wilson, K. B. Farrell, and M. V. Eiden, “Properties of
a unique form of the murine amphotropic leukemia virus
receptor expressed on hamster cells,” Journal of Virology, vol.
68, no. 12, pp. 7697–7703, 1994.

[18] T. M. Shinnick, R. A. Lerner, and J. G. Sutcliffe, “Nucleotide
sequence of Moloney murine leukaemia virus,” Nature, vol.
293, no. 5833, pp. 543–548, 1981.

[19] C. S. Badorrek and K. M. Weeks, “RNA flexibility in
the dimerization domain of a gamma retrovirus,” Nature
Chemical Biology, vol. 1, no. 2, pp. 104–111, 2005.

[20] C. Gherghe, T. Lombo, C. W. Leonard et al., “Definition of a
high-affinity Gag recognition structure mediating packaging
of a retroviral RNA genome,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 107,
no. 45, pp. 19248–19253, 2010.

[21] A. Rein, S. A. Datta, C. P. Jones, and K. Musier-Forsyth,
“Diverse interactions of retroviral Gag proteins with RNAs,”
Trends in Biochemical Sciences, vol. 36, no. 7, pp. 373–380,
2011.

[22] H. Yang, J. Wang, X. Jia et al., “Structural insight into the
mechanisms of enveloped virus tethering by tetherin,” Pro-
ceedings of the National Academy of Sciences of the United
States of America, vol. 107, no. 43, pp. 18428–18432, 2010.

[23] O. Pornillos, J. E. Garrus, and W. I. Sundquist, “Mechanisms
of enveloped RNA virus budding,” Trends in Cell Biology, vol.
12, no. 12, pp. 569–579, 2002.

[24] K. M. Felsenstein and S. P. Goff, “Expression of the gag-pol
fusion protein of Moloney murine leukemia virus without
gag protein does not induce virion formation or proteolytic
processing,” Journal of Virology, vol. 62, no. 6, pp. 2179–2182,
1988.



Advances in Virology 11

[25] Y. X. Feng, H. Yuan, A. Rein, and J. G. Levin, “Bipartite signal
for read-through suppression in murine leukemia virus
mRNA: an eight-nucleotide purine-rich sequence immedi-
ately downstream of the gag termination codon followed by
an RNA pseudoknot,” Journal of Virology, vol. 66, no. 8, pp.
5127–5132, 1992.

[26] Y. Yoshinaka, I. Katoh, T. D. Copeland, and S. Oroszlan,
“Murine leukemia virus protease is encoded by the gag-pol
gene and is synthesized through suppression of an amber
termination codon,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 82, no. 6, pp.
1618–1622, 1985.

[27] Y. X. Feng, T. D. Copeland, S. Oroszlan, A. Rein, and J.
G. Levin, “Identification of amino acids inserted during
suppression of UAA and UGA termination codons at the gag-
pol junction of Moloney murine leukemia virus,” Proceedings
of the National Academy of Sciences of the United States of
America, vol. 87, no. 22, pp. 8860–8863, 1990.

[28] Y. X. Feng, J. G. Levin, D. L. Hatfield, T. S. Schaefer, R.
J. Gorelick, and A. Rein, “Suppression of UAA and UGA
termination codons in mutant murine leukemia viruses,”
Journal of Virology, vol. 63, no. 6, pp. 2870–2873, 1989.

[29] T. Jacks, M. D. Power, F. R. Masiarz, P. A. Luciw, P. J. Barr, and
H. E. Varmus, “Characterization of ribosomal frameshifting
in HIV-1 gag-pol expression,” Nature, vol. 331, no. 6153, pp.
280–283, 1988.

[30] T. Jacks and H. E. Varmus, “Expression of the Rous sarcoma
virus pol gene by ribosomal frameshifting,” Science, vol. 230,
no. 4731, pp. 1237–1242, 1985.

[31] D. L. Hatfield, J. G. Levin, A. Rein, and S. Oroszlan,
“Translational suppression in retroviral GENE expression,”
Advances in Virus Research, vol. 41, pp. 193–239, 1992.

[32] P. O. Brown, “Integration,” in Retroviruses, J. M. Coffin, S. H.
Hughes, and H. E. Varmus, Eds., pp. 161–203, Cold Spring
Harbor Laboratory Press, Plainview, NY, USA, 1997.

[33] J. Colicelli and S. P. Goff, “Mutants and pseudorevertants
of Moloney murine leukemia virus with alterations at the
integration site,” Cell, vol. 42, no. 2, pp. 573–580, 1985.

[34] J. Colicelli and S. P. Goff, “Sequence and spacing require-
ments of a retrovirus integration site,” Journal of Molecular
Biology, vol. 199, no. 1, pp. 47–59, 1988.

[35] S. J. Rulli Jr., C. S. Hibbert, J. Mirro, T. Pederson, S. Biswal,
and A. Rein, “Selective and nonselective packaging of cellular
RNAs in retrovirus particles,” Journal of Virology, vol. 81, no.
12, pp. 6623–6631, 2007.

[36] V. D’Souza and M. F. Summers, “Structural basis for pack-
aging the dimeric genome of Moloney murine leukaemia
virus,” Nature, vol. 431, no. 7008, pp. 586–590, 2004.

[37] D. A. M. Konings, M. A. Nash, J. V. Maizel, and R. B.
Arlinghaus, “Novel GACG-hairpin pair motif in the 5’
untranslated region of type C retroviruses related to murine
leukemia virus,” Journal of Virology, vol. 66, no. 2, pp. 632–
640, 1992.

[38] C. Gherghe, C. W. Leonard, R. J. Gorelick, and K. M. Weeks,
“Secondary structure of the mature ex virio Moloney murine
leukemia virus genomic RNA dimerization domain,” Journal
of Virology, vol. 84, no. 2, pp. 898–906, 2010.

[39] C. H. Kim and I Tinoco Jr., “A retroviral RNA kissing
complex containing only two G·C base pairs,” Proceedings
of the National Academy of Sciences of the United States of
America, vol. 97, no. 17, pp. 9396–9401, 2000.

[40] B. Levinson, G. Khoury, G. Vande Woude, and P. Gruss,
“Activation of SV40 genome by 72-base pair tandem repeats

of Moloney sarcoma virus,” Nature, vol. 295, no. 5850, pp.
568–572, 1982.

[41] A. B. Rabson and B. J. Graves, “Synthesis and processing
of viral RNA,” in Retroviruses, J. M. Coffin, S. H. Hughes,
and H. E. Varmus, Eds., pp. 205–262, Cold Spring Harbor
Laboratory Press, New York, NY, USA, 1997.

[42] L. E. Henderson, H. C. Krutzsch, and S. Oroszlan, “Myristyl
amino-terminal acylation of murine retrovirus proteins: an
unusual post-translational protein modification,” Proceed-
ings of the National Academy of Sciences of the United States
of America, vol. 80, no. 2, pp. 339–343, 1983.

[43] A. Rein, M. R. McClure, N. R. Rice, R. B. Luftig, and A.
M. Schultz, “Myristylation site in Pr65(gag) is essential for
virus particle formation by Moloney murine leukemia virus,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 83, no. 19, pp. 7246–7250, 1986.

[44] B. Yuan, S. Campbell, E. Bacharach, A. Rein, and S. P. Goff,
“Infectivity of Moloney murine leukemia virus defective in
late assembly events is restored by late assembly domains of
other retroviruses,” Journal of Virology, vol. 74, no. 16, pp.
7250–7260, 2000.

[45] C. Segura-Morales, C. Pescia, C. Chatellard-Causse, R.
Sadoul, E. Bertrand, and E. Basyuk, “Tsg101 and Alix
interact with murine leukemia virus Gag and cooperate
with Nedd4 ubiquitin ligases during budding,” Journal of
Biological Chemistry, vol. 280, no. 29, pp. 27004–27012, 2005.

[46] A. Prizan-Ravid, E. Elis, N. Laham-Karam, S. Selig, M.
Ehrlich, and E. Bacharach, “The Gag cleavage product, p12,
is a functional constituent of the murine leukemia virus pre-
integration complex,” PLoS Pathogens, vol. 6, no. 11, Article
ID e1001183, 2010.

[47] B. Yuan, A. Fassati, A. Yueh, and S. P. Goff, “Characterization
of Moloney murine leukemia virus p12 mutants blocked
during early events of infection,” Journal of Virology, vol. 76,
no. 21, pp. 10801–10810, 2002.

[48] A. Yueh and S. P. Goff, “Phosphorylated serine residues and
an arginine-rich domain of the Moloney murine leukemia
virus p12 protein are required for early events of viral
infection,” Journal of Virology, vol. 77, no. 3, pp. 1820–1829,
2003.

[49] M. R. Auerbach, C. Shu, A. Kaplan, and I. R. Singh,
“Functional characterization of a portion of the Moloney
murine leukemia virus gag gene by genetic footprinting,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 100, no. 20, pp. 11678–11683, 2003.

[50] B. Yuan, X. Li, and S. P. Goff, “Mutations altering the
Moloney murine leukemia virus p12 Gag protein affect
virion production and early events of the virus life cycle,”
EMBO Journal, vol. 18, no. 17, pp. 4700–4710, 1999.

[51] M. Oshima, D. Muriaux, J. Mirro et al., “Effects of blocking
individual maturation cleavages in murine leukemia virus
Gag,” Journal of Virology, vol. 78, no. 3, pp. 1411–1420, 2004.

[52] S. K. Kyere, P. R. B. Joseph, and M. F. Summers, “The p12
domain is unstructured in a murine leukemia virus p12-
CA(N) Gag construct,” PLoS ONE, vol. 3, no. 4, Article ID
e1902, 2008.

[53] A. C. Prats, G. De Billy, P. Wang, and J. L. Darlix, “CUG
initiation codon used for the synthesis of a cell surface
antigen coded by the murine leukemia virus,” Journal of
Molecular Biology, vol. 205, no. 2, pp. 363–372, 1989.

[54] R. Fujisawa, F. J. McAtee, C. Favara, S. F. Hayes, and J. L.
Portis, “N-terminal cleavage fragment of glycosylated Gag is
incorporated into murine oncornavirus particles,” Journal of
Virology, vol. 75, no. 22, pp. 11239–11243, 2001.



12 Advances in Virology

[55] A. Corbin, A. C. Prats, J. L. Darlix, and M. Sitbon, “A non-
structural gag-encoded glycoprotein precursor is necessary
for efficient spreading and pathogenesis of murine leukemia
viruses,” Journal of Virology, vol. 68, no. 6, pp. 3857–3867,
1994.

[56] P. Schwartzberg, J. Colicelli, and S. P. Goff, “Deletion mutants
of Moloney murine leukemia virus which lack glycosylated
gag protein are replication competent,” Journal of Virology,
vol. 46, no. 2, pp. 538–546, 1983.

[57] A. Low, S. Datta, Y. Kuznetsov et al., “Mutation in the
glycosylated gag protein of murine leukemia virus results in
reduced in vivo infectivity and a novel defect in viral budding
or release,” Journal of Virology, vol. 81, no. 8, pp. 3685–3692,
2007.

[58] T. Nitta, R. Tam, J. W. Kim, and H. Fan, “The cellular protein
La functions in enhancement of virus release through lipid
rafts facilitated by murine leukemia virus glycosylated Gag,”
mBio, vol. 2, no. 1, 2011.

[59] M. Pizzato, “MLV glycosylated-Gag is an infectivity factor
that rescues Nef-deficient HIV-1,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 107,
no. 20, pp. 9364–9369, 2010.

[60] R. J. Gorelick, W. Fu, T. D. Gagliardi et al., “Characterization
of the block in replication of nucleocapsid protein zinc finger
mutants from Moloney murine leukemia virus,” Journal of
Virology, vol. 73, no. 10, pp. 8185–8195, 1999.

[61] R. J. Gorelick, L. E. Henderson, J. P. Hanser, and A. Rein,
“Point mutants of Moloney murine leukemia virus that fail
to package viral RNA: evidence for specific RNA recognition
by a “zinc finger-like” protein sequence,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 85, no. 22, pp. 8420–8424, 1988.

[62] L. E. Henderson, R. Sowder, T. D. Copeland, G. Smythers,
and S. Oroszlan, “Quantitative separation of murine
leukemia virus proteins by reversed-phase high-pressure
liquid chromatography reveals newly described gag and env
cleavage products,” Journal of Virology, vol. 52, no. 2, pp. 492–
500, 1984.

[63] L. Menendez-Arias, D. Gotte, and S. Oroszlan, “Moloney
murine leukemia virus protease: bacterial expression and
characterization of the purified enzyme,” Virology, vol. 196,
no. 2, pp. 557–563, 1993.

[64] R. Swanstrom and J. W. Wills, “Synthesis, assembly, and
processing of viral proteins,” in Retroviruses, J. M. Coffin, S.
H. Hughes, and H. E. Varmus, Eds., pp. 263–334, Cold Spring
Harbor Laboratory Press, Plainview, NY, USA, 1997.

[65] D. Das and M. M. Georgiadis, “The crystal structure of
the monomeric reverse transcriptase from Moloney murine
leukemia virus,” Structure, vol. 12, no. 5, pp. 819–829, 2004.

[66] K. Moelling, “Characterization of reverse transcriptase and
RNase H from friend-murine leukemia virus,” Virology, vol.
62, no. 1, pp. 46–59, 1974.

[67] A. Telesnitsky and S. P. Goff, “Reverse transcriptase and the
generation of retroviral DNA,” in Retroviruses, J. M. Coffin, S.
H. Hughes, and H. E. Varmus, Eds., pp. 121–160, Cold Spring
Harbor Laboratory Press, Plainview, NY, USA, 1997.

[68] S. Hare, F. Di Nunzio, A. Labeja, J. Wang, A. Engelman, and P.
Cherepanov, “Structural basis for functional tetramerization
of lentiviral integrase,” PLoS Pathogens, vol. 5, no. 7, Article
ID e1000515, 2009.

[69] S. Hare, S. S. Gupta, E. Valkov, A. Engelman, and P.
Cherepanov, “Retroviral intasome assembly and inhibition
of DNA strand transfer,” Nature, vol. 464, no. 7286, pp. 232–
236, 2010.

[70] A. Schultz and A. Rein, “Maturation of murine leukemia
virus env proteins in the absence of other viral proteins,”
Virology, vol. 145, no. 2, pp. 335–339, 1985.

[71] B. A. Brody, S. S. Rhee, and E. Hunter, “Postassembly cleavage
of a retroviral glycoprotein cytoplasmic domain removes a
necessary incorporation signal and activates fusion activity,”
Journal of Virology, vol. 68, no. 7, pp. 4620–4627, 1994.

[72] M. A. Sommerfelt, S. R. Petteway Jr., G. B. Dreyer, and
E. Hunter, “Effect of retroviral proteinase inhibitors on
Mason-Pfizer monkey virus maturation and transmembrane
glycoprotein cleavage,” Journal of Virology, vol. 66, no. 7, pp.
4220–4227, 1992.

[73] N. R. Rice, L. E. Henderson, R. C. Sowder, T. D. Copeland,
S. Oroszlan, and J. F. Edwards, “Synthesis and processing
of the transmembrane envelope protein of equine infectious
anemia virus,” Journal of Virology, vol. 64, no. 8, pp. 3770–
3778, 1990.

[74] E. Hunter, “Viral entry and receptors,” in Retroviruses, J. M.
Coffin, S. H. Hughes, and H. E. Varmus, Eds., pp. 71–119,
Cold Spring Harbor Laboratory Press, Plainview, NY, USA,
1997.

[75] D. Fass, R. A. Davey, C. A. Hamson, P. S. Kim, J. M. Cunning-
ham, and J. M. Berger, “Structure of a murine leukemia virus
receptor-binding glycoprotein at 2.0 angstrom resolution,”
Science, vol. 277, no. 5332, pp. 1662–1666, 1997.

[76] D. Fass, S. C. Harrison, and P. S. Kim, “Retrovirus envelope
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[115] R. S. LaRue, V. Andrésdóttir, Y. Blanchard et al., “Guidelines
for naming nonprimate APOBEC3 genes and proteins,”
Journal of Virology, vol. 83, no. 2, pp. 494–497, 2009.

[116] A. Low, C. M. Okeoma, N. Lovsin et al., “Enhanced replica-
tion and pathogenesis of Moloney murine leukemia virus in
mice defective in the murine APOBEC3 gene,” Virology, vol.
385, no. 2, pp. 455–463, 2009.

[117] C. M. Okeoma, N. Lovsin, B. M. Peterlin, and S. R. Ross,
“APOBEC3 inhibits mouse mammary tumour virus replica-
tion in vivo,” Nature, vol. 445, no. 7130, pp. 927–930, 2007.

[118] R. K. Holmes, M. H. Malim, and K. N. Bishop, “APOBEC-
mediated viral restriction: not simply editing?” Trends in
Biochemical Sciences, vol. 32, no. 3, pp. 118–128, 2007.

[119] J. L. Mbisa, R. Barr, J. A. Thomas et al., “Human immun-
odeficiency virus type 1 cDNAs produced in the presence of
APOBEC3G exhibit defects in plus-strand DNA transfer and
integration,” Journal of Virology, vol. 81, no. 13, pp. 7099–
7110, 2007.

[120] M. A. Langlois, K. Kemmerich, C. Rada, and M. S. Neuberger,
“The AKV murine leukemia virus is restricted and hypermu-
tated by mouse APOBEC3,” Journal of Virology, vol. 83, no.
22, pp. 11550–11559, 2009.

[121] T. Paprotka, N. J. Venkatachari, C. Chaipan et al., “Inhibi-
tion of xenotropic murine leukemia virus-related virus by
APOBEC3 proteins and antiviral drugs,” Journal of Virology,
vol. 84, no. 11, pp. 5719–5729, 2010.

[122] K. Stieler and N. Fischer, “Apobec 3G efficiently reduces
infectivity of the human exogenous gammaretrovirus
XMRV,” PLoS ONE, vol. 5, no. 7, Article ID e11738, 2010.

[123] E. P. Browne and D. R. Littman, “Species-specific restriction
of Apobec3-mediated hypermutation,” Journal of Virology,
vol. 82, no. 3, pp. 1305–1313, 2008.

[124] A. Abudu, A. Takaori-Kondo, T. Izumi et al., “Murine
retrovirus escapes from murine APOBEC3 via two distinct
novel mechanisms,” Current Biology, vol. 16, no. 15, pp.
1565–1570, 2006.

[125] S. J. D. Neil, T. Zang, and P. D. Bieniasz, “Tetherin inhibits
retrovirus release and is antagonized by HIV-1 Vpu,” Nature,
vol. 451, no. 7177, pp. 425–430, 2008.

[126] C. Goffinet, S. Schmidt, C. Kern, L. Oberbremer, and O.
T. Keppler, “Endogenous CD317/tetherin limits replication
of HIV-1 and murine leukemia virus in rodent cells and
is resistant to antagonists from primate viruses,” Journal of
Virology, vol. 84, no. 21, pp. 11374–11384, 2010.

[127] D. T. Evans, R. Serra-Moreno, R. K. Singh, and J. C. Guatelli,
“BST-2/tetherin: a new component of the innate immune
response to enveloped viruses,” Trends in Microbiology, vol.
18, no. 9, pp. 388–396, 2010.

[128] S. P. Goff, “Host factors exploited by retroviruses,” Nature
Reviews Microbiology, vol. 5, no. 4, pp. 253–263, 2007.



Hindawi Publishing Corporation
Advances in Virology
Volume 2011, Article ID 975801, 16 pages
doi:10.1155/2011/975801

Review Article

Naturally Occurring Polymorphisms of the Mouse
Gammaretrovirus Receptors CAT-1 and XPR1 Alter Virus
Tropism and Pathogenicity

Christine A. Kozak

Laboratory of Molecular Microbiology, National Institute of Allergy and Infectious Diseases, Bethesda, MD 20892-0460, USA

Correspondence should be addressed to Christine A. Kozak, ckozak@niaid.nih.gov

Received 5 May 2011; Accepted 12 July 2011

Academic Editor: Paul Jolicoeur

Copyright © 2011 Christine A. Kozak. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Gammaretroviruses of several different host range subgroups have been isolated from laboratory mice. The ecotropic viruses infect
mouse cells and rely on the host CAT-1 receptor. The xenotropic/polytropic viruses, and the related human-derived XMRV, can
infect cells of other mammalian species and use the XPR1 receptor for entry. The coevolution of these viruses and their receptors
in infected mouse populations provides a good example of how genetic conflicts can drive diversifying selection. Genetic and
epigenetic variations in the virus envelope glycoproteins can result in altered host range and pathogenicity, and changes in the virus
binding sites of the receptors are responsible for host restrictions that reduce virus entry or block it altogether. These battleground
regions are marked by mutational changes that have produced 2 functionally distinct variants of the CAT-1 receptor and 5 variants
of the XPR1 receptor in mice, as well as a diverse set of infectious viruses, and several endogenous retroviruses coopted by the host
to interfere with entry.

1. Introduction

The various inbred strains of laboratory mice and wild
mouse species differ in their susceptibility to mouse gam-
maretrovirus infection and to virus-induced diseases. Host
resistance is due to numerous constitutively expressed antivi-
ral factors that target specific stages of the retroviral life cycle.
These host restriction factors can block entry, postentry
uncoating and reverse transcription, trafficking, integration,
assembly, and release [1]. The first step in the replicative cycle
is entry, and this process relies on host-encoded receptors.
Host cell factors that can interfere with virus entry include
genetic variations of the cell receptor as well as other host
factors such as envelope (Env) glycoproteins produced by
endogenous retroviruses (ERVs).

Infectious mouse leukemia viruses (MLVs) of three
subgroups have been isolated from laboratory mice, and
these subgroups were initially defined by their species
tropisms. The ecotropic MLVs (E-MLVs) infect only mouse
or rat cells and use the amino acid transporter CAT-1 as

receptor. The xenotropic MLVs (X-MLVs) infect cells of non-
rodent species [2], and polytropic MLVs (P-MLVs) infect
both mouse and non-rodent cells [3, 4]. The X-MLVs and
P-MLVs together constitute the XP-MLVs and both use the
XPR1 receptor [5–8].

Receptor choice is determined by the N-terminal portion
of the MLV Env, the receptor-binding domain (RBD) [9–
11]. The E-MLVs and XP-MLVs both have Env subtypes
that differ in their ability to use polymorphic variants
of their cognate receptors, and some of these host-range
variants, the “xenotropic” MLVs, are completely restricted in
mouse cells [12]. Both receptors for the laboratory mouse
MLVs, CAT-1 and XPR1, have naturally occurring variants
responsible for specific virus resistance phenotypes. There
are 2 functionally distinct variants of the CAT-1 receptor
for E-MLVs [13], and there are 5 known variants of the
XPR1 receptor for the XP-MLVs in mice [5, 14–17]. These
variants are not only important host factors that can restrict
infection, but also they can alter virus-receptor interactions
in ways that influence virus-induced pathology. This paper
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will describe the functional variants of these 2 MLV receptors
and describe their coevolution with MLV in virus-infected
mouse populations.

2. The CAT-1 Receptor for E-MLVs

The first gammaretrovirus receptor gene to be cloned was
the CAT-1 receptor for E-MLVs [18]. This gene (gene
symbol Slc7a1) encodes a glycoprotein with 14 putative
transmembrane domains, and it functions as a cationic
amino acid transporter [19, 20] (Figure 1(a)). Ten additional
gammaretrovirus receptors have now been cloned; all of
these gammaretrovirus receptors are multi-transmembrane
proteins, and the receptors with known functions are all
transporters of small solutes (reviewed in [21–26]). The
human orthologue of mouse CAT-1 does not function as
an E-MLV receptor, and the key sites in the mouse protein
critical for virus entry lie in the third extracellular loop
along with two consensus recognition sites for N-linked
glycosylation [27, 28] (Figures 1(a) and 1(b)). CAT-1 is
modified posttranslationally by glycosylation, and N-glycans
are added to both of the CAT-1 loop 3 glycosylation sites [29].
All E-MLVs rely on the CAT-1 receptor for entry, although
initial binding and the efficiency of entry may be influenced
by other factors at the cell surface, such as heparin [30, 31].

The E-MLV Env glycoprotein consists of surface (SU)
and transmembrane (TM) subunits that are proteolytically
cleaved from the same precursor protein and are linked by
disulfide bonds. The SU protein has a 236 residue RBD
at its N-terminal end that has 3 variable regions, and
this is followed by a proline-rich hinge region and a C-
terminal domain (Figure 2(a)). Entry is initiated by virus-
receptor binding which precipitates a conformational change
in Env that allows for subsequent fusion of viral and cellular
membranes, a process that may involve cellular proteases
[32]. The CAT-1 receptor recognition site is within the first
variable domain (VRA) of the RBD. Three residues within
the RBD VRA of the Friend E-MLV, FrMLV, have been
identified as critical for entry (S84, D86, and W102) [33–35].
The crystal structure and functional analysis of the FrMLV
RBD showed that these residues form a binding pocket on the
structure’s surface [35, 36] (Figure 2(b)). Several additional
Env residues outside the binding pocket affect postbinding
entry. Thus, the H8 residue in a conserved SPHQV motif
near the SU N-terminus is necessary for fusion [37, 38]
although residues at the other end of the MoMLV RBD, at
positions 227 and 243 (equivalent to FrMLV sites 229 and
245), can substitute for H8 [39]. The proline-rich region
is also involved in mediating postbinding conformational
changes and fusion [40], and residues in two segments of
the C-terminus of Env also have roles in fusion [41–43]
(Figure 2(a)).

3. Variants of the CAT-1 Receptor and E-MLV
Env Affect Virus Entry

There has been no systematic attempt to screen for CAT-
1 receptor variation in mice, but 3 sequence variants have

been identified in Mus (Figure 1(b)). The prototype receptor,
mCAT-1, was cloned from NIH 3T3 cells [18]. Two sequence
variants have been identified in the wild mouse species
M. dunni and M. minutoides [13, 44]. Limited testing
suggests that the M. minutoides CAT-1 functions like the
laboratory mouse mCAT-1 receptor, but the receptor of
M. dunni, dCAT-1, differs from mCAT-1. M. dunni cells
are relatively resistant to infection by Moloney E-MLV
(MoMLV), although these cells are fully susceptible to other
E-MLV isolates [13]. dCAT-1 differs from mCAT-1 by 4
residues, two of which are in the receptor determining third
extracellular loop; one, I214V, is a substitution, and the
second is a glycine insertion within the NVKYGE virus
binding site [13] (Figure 1(b)).

Two mutational changes in the MoMLV RBD VRA
independently produce viruses that efficiently infect M.
dunni cells: a replacement mutation, S82F, and introduction
of two serine residues that are present in other E-MLV VRAs
but absent in MoMLV (S76, S77 in FrMLV) (Figure 2(a))
[45]. The MoMLV S82F mutation site corresponds to S84 in
Friend MLV, one of the 3 residues critical for virus binding
and entry. The importance of this residue for virus tropism
is underscored by the fact that MoMLV-S82F is poorly
infectious in cells that carry mCAT-1 [45] (Figure 1(b)).

E-MLVs can infect rodent species in addition to Mus,
and CAT-1 receptor variants have been described in hamsters
and rats (Figure 1(b)). Hamster cells are generally resistant
to infection by E-MLVs, but some variants of FrMLV can
infect these cells [46]. Infectivity of one such variant, PVC-
211, was attributed to Env substitutions E116G and E129K
[47] (Figure 2). Another FrMLV variant, F-S MLV, also
inefficiently but reproducibly infects hamster cells; it was
suggested that this tropism was influenced by two substitu-
tions: S84A and S79N [48]. Restriction of some E-MLVs can
result from complementary changes in the interacting sites
of virus Env and the CAT-1 receptor; however, the MoMLV
restriction associated with dCAT-1 is reproduced in human
cells expressing this receptor [13], but not in ferret cells
[49], suggesting that other cellular factors may also influence
receptor function.

4. CAT-1 and Env Polymorphisms Associated
with Pathogenicity

Polymorphisms that alter virus-receptor interactions can
affect pathogenesis as well as entry. Cytopathic variants are
common among the retroviruses that induce disease in their
hosts, including HIV-1 as well as avian leukosis viruses
and some pathogenic bovine and feline leukemia viruses
[50–52]. These viruses can produce large multinucleated
syncytia in cultures of susceptible cells. In contrast, mouse
gammaretroviruses rarely produce syncytia although there
are three exceptional cytopathic E-MLVs. The MoMLV
variant, Spl574 and a FrMLV variant, F-S MLV, both induce
syncytia and cell death in M. dunni cells [45, 48]. The third
cytopathic virus, TR1.3, is a neuropathic FrMLV variant that
also induces syncytia in SC-1 cells [33].
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Figure 1: Predicted topology and sequence variation of the CAT-1 receptor for mouse ecotropic gammaretroviruses. (a) Putative topology
identifies 14 predicted transmembrane domains. The third extracellular loop contains critical residues for receptor function (in red) and two
N-linked glycosylation sites. (b) Sequence variation in the CAT-1 third extracellular loop. At the top are three sequence variants found in
Mus with residues critical for entry in red. Virus infectivity of cells expressing these receptors is measured as the log10 titer of FFU/100 μL of
viral Env pseudotypes carrying the LacZ reporter gene; ND: not done. Consensus sites for N-glycosylation are underlined. CAT-1 sequence
variation is shown for mouse CAT-1 variants mCAT-1 (NIH 3T3), dCAT-1 (M. dunni), and minCAT-1 (M. minutoides). E-MLV-infected
Mus species M. castaneus, M. molossinus, M. spicilegus, and M. musculus are identical to mCAT-1 in the indicated region. Also shown are
CAT-1 sequences for virus-susceptible species hamster (ha), rat (r), and XC rat cells (xc) and for virus-resistant human (hu).

The cytopathicity of these 3 viruses is due to single
amino acid substitutions at two of the 3 amino acids that
form the receptor binding site. The cytopathicity of TR1.3
is due to W102G [33], and the cytopathicity of the other
variants is due to different amino acid substitutions at the
same critical Env residue: S82F in Spl574, and S84A in F-
S MLV [45, 48]. Syncytium formation by Spl574 and F-S
MLV is accompanied by the accumulation of large amounts
of unintegrated viral DNA [48], a phenomenon which is
also a hallmark of other cytopathic retroviruses and has been
attributed to the absence of superinfection interference [53].
TR1.3 shows significantly reduced receptor binding avidity
that correlates with its inability to block superinfection [54].
That cytopathicity is a consequence of altered receptor virus
interactions is also supported by the fact, noted above, that
MoMLV-S82F shows altered host range (Figure 1(b)) and
also by the fact that syncytia formation by Spl574 is observed
in cells of heterologous species expressing dCAT-1, but not
mCAT-1 [49]. Thus, the cytopathicity of these 3 viruses in

cultured cells and the neurovirulence of TR1.3 are governed
by sequence differences in the viral env and, for 2 of these
viruses, by corresponding differences in the CAT-1 receptor.

Other polymorphisms of the E-MLV env can alter cell
tropism and influence disease type. The thymotropism of
radiation leukemia virus has been mapped to env [55], and
several E-MLVs have neuropathogenic properties due to env
polymorphisms. For example, TRM, a mutant variant of
the neuropathic TR1.3, induces a different disease pathology
resulting from reversion of the TR1.3 G102W mutation and a
new Env mutation, S159P [56]. The most extensively studied
neuropathic E-MLV is CasBrE, an isolate from California
wild mice. Early studies mapped neurovirulence determi-
nants to the CasBrE Env [57], and recent data indicate that
CasBrE neuropathology is mediated by Env at two levels.
First, the CasBrE Env targets the virus to cells within the
CNS that express significant levels of CAT-1, and second,
disease-associated spongiosis is induced by MLV-receptor-
independent toxicity of this Env, determinants of which
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Figure 2: Structure of the FrMLV E-MLV Env gene. (a) Stick figure representation identifies the surface (SU) and transmembrane (TM)
domains, the receptor binding domain (RBD) containing three variable regions (VRA, VRB, and VRC), and the proline-rich domain (PRD).
Green triangles mark the N-linked glycosylation sites in SU. Vertical lines identify residues with roles in entry; the three residues in red
form the binding pocket. The C-terminal segments designated C2 and loop10 have also been implicated in entry [42, 43]. (b) Surface
representation of the FrMLV RBD (PDB ID 1AOL) [36], showing the location of the binding pocket (red), additional residues involved in
entry (blue), and two N-linked glycosylation sites (green).

have not been identified but are presumably shared with
other neurovirulent MLVs [58]. Env residues have also been
implicated in the targeting of the neuropathic Friend PVC-
211 variant to brain capillary endothelial cells [31]. This
tropism is due to 2 mutations, E116G in VRA and E129K in
VRC, mutations that also alter host range and interference
properties [47, 59]. These findings indicate that specific
replacement substitutions at different positions in the Env
of pathogenic E-MLVs can affect receptor interactions, cell
tropism, disease induction, and disease type.

5. The Role of Glycosylation in
E-MLV Entry and Tropism

The retroviral Env is glycosylated, as are cellular proteins
involved in entry. Many viruses use the glycans on cell surface
glycoproteins as attachment factors [60], but glycosylation
of the CAT-1 receptor is not required for virus entry.
CAT-1 continues to support virus entry after both loop
3 N-glycan sites have been removed by mutagenesis [61].
However, host cell glycans can modulate entry of some
E-MLVs. Thus, resistance of M. dunni cells to MoMLV,
resistance of NIH 3T3 cells to Spl574, and resistance of
primary rat fibroblasts and hamster cells to E-MLVs are
relieved by inhibitors of glycosylation [49, 62–66]. It is not

clear whether the responsible glycoprotein is CAT-1 or other
host glycoproteins, like the secreted factor associated with
resistance to gibbon ape leukemia virus in hamster cells
[64]. There is, however, some evidence that the restriction
of E-MLV infection in rat cells may be regulated by the
glycosylation of rat CAT-1. The CAT-1 of rat XC sarcoma
cells lacks one of the glycosylation sites found in the CAT-1
gene of other rat cells (Figure 1(b)), and heterologous cells
expressing xcCAT-1 were found to be more susceptible to
MoMLV than cells expressing rCAT-1 [67].

Glycosylation of the viral Env has been associated with
altered infectivity of multiple viruses including retroviruses
such as HIV-1 [68]. MLV Envs can have up to 9 N-linked
glycans (Figure 2(a)), and while glycans are critical for the
maturation and transport of Env [69], functional roles for
the individual Env glycans are poorly defined. It has been
shown that loss of MoMLV gs2 results in a virus that is
temperature sensitive in Rat2 cells, loss of gs4 produces
noninfectious virus lacking SU protein, and loss of gs7 alters
fusion and infectivity [70–73]. Removal of either of the 2
glycosylation sites in the Env RBD, gs1 and gs2, can produce
viruses restricted by M. dunni cells due to altered virus
binding to dCAT-1, although E-MLVs differ in their reliance
on these glycans [74, 75]. Thus, N-linked glycans on the
viral Env are required for proper folding and can influence
the entry process, while glycans are not needed for CAT-1
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receptor processing or receptor function and have, at best,
limited ability to modulate virus entry.

6. CAT-1 and E-MLV Env Variation in
Wild Mouse Species

Exposure to E-MLV gammaretroviruses occurred only
recently in the evolution of Mus [76]. Although E-MLV ERVs
are found in few of the 40 Mus species, wild mice carry three
distinctive Env subtypes of E-MLVs (Figure 3). Sequence
identity in SUenv among these virus types is 70–77%. The
first E-MLV type, the AKV E-MLVs of the laboratory mouse,
is found as ERVs in multiple inbred strains [77]. Many of
these proviruses are capable of producing infectious virus
[78], and the widely used laboratory virus strains MoMLV,
FrMLV, and Rauscher MLV are derived from AKV MLV [79]
(Figure 3). Among the wild mouse species, AKV MLV ERVs
are found in the Asian species M. molossinus and in M.
musculus of Korea and China but not eastern Europe [76, 80].
A second E-MLV subtype was initially identified in California
wild mice [81, 82]. Proviruses with this CasBrE Env type have
also been found in the Asian species M. castaneus, and these
virus-infected mice were likely introduced to California by
passive transport from Asia [76, 80, 83, 84]. A third E-MLV
subtype, HoMLV, was isolated from the eastern European
species M. spicilegus, but is transmitted only as an exogenous
virus [85].

The evidence indicates that these 3 E-MLV Env variants
did not coevolve with receptor polymorphisms. Sequence
comparisons indicate that the 3rd extracellular loop of the
CAT-1 gene is invariant in wild-derived mice carrying these
3 E-MLVs: M. castaneus, M. molossinus, M. spicilegus, and M.
musculus (GenBank Accession nos. JN226407–JN226410).
The only known functional variant of this receptor in mice
is dCAT-1 of M. dunni, and it is not clear if this variant arose
in mice exposed to virus; the single available M. dunni sample
is a cell line that does not carry E-MLV ERVs indicative
of past infections [86], and it has not been determined
if dCAT-1 is present in natural populations of M. dunni
(now termed M. terricolor) or whether it originated by
mutation in this cultured cell line. Sequence conservation
of the receptor determining region of CAT-1 in Mus is
not due to functional constraints as the third extracellular
loops of the CAT-1 (SLC7A1) genes of various non-Mus
species are quite variable (Figure 1(b)). Although E-MLVs
can use CAT-1 receptor variants in non-Mus rodents, the
replacement mutations in other mammalian species are
incompatible with receptor function, thus limiting E-MLVs
to rodents, a type of host range restriction that is not shared
by other gammaretroviruses. The absence of polymorphism
in the Mus CAT-1 gene, even in virus-infected wild mouse
populations, is consistent with the conclusion that exposure
to E-MLVs is very recent in Mus [76] and suggests that
these mice rely on alternative survival strategies to limit the
deleterious effects of infection, including posttranslational
modification of receptor function, receptor interference, or
postentry blocks in the retroviral lifecycle.

NZB-9-1 K02730
AKV J01998
MoMLV AF033811

RaMLV U94692
FrMLV X02794

HoMLV M26527
Fv4 M33884

CasBrE X57540

Figure 3: Phylogenetic tree of the Env genes of E-MLV gam-
maretroviruses. The tree includes laboratory mouse isolates FrMLV,
MoMLV, and Rauscher MLV (RaMLV), the naturally occurring
viruses AKV MLV, CasBrE, and HoMLV, and the Env gene of the Fv4
restriction gene. The three related groups are bracketed. Sequences
from GenBank were aligned using ClustalW2 and used to generate
neighbour-joining trees. The X-MLV NZB-9-1 was included to root
the tree.

7. The XPR1 Receptor for XP-MLVs

Two subgroups of nonecotropic MLVs have been isolated
from laboratory mice. These viruses were originally
described as having distinct host ranges, but they use the
same receptor, XPR1. X-MLVs and P-MLVs are both capable
of infecting cells of nonrodent species, and although P-MLVs
can efficiently infect mouse cells, X-MLVs were initially
identified as incapable of infecting their natural hosts [2,
87, 88]. X-MLVs and P-MLVs are closely related viruses,
and sequence differences in env and LTR are responsible for
their differences in species tropism, for their nonreciprocal
interference patterns, and for the pathogenicity of P-MLVs
in mice [11, 89–92]. Although it is clear that the RBD
VRA region is the major determinant of P-MLV and X-MLV
host range [11], the critical VRA residues involved in XPR1
receptor recognition have not been identified, although 2
residues outside VRA can influence the ability of these
viruses to infect cells of other mammalian species (Figure 4)
[93]. Viruses in the XP-MLV family are highly variable in the
Env segment containing the RBD (Figure 4), and the wild
mouse viruses, CasE#1 and Cz524, show atypical host range
patterns that distinguish them from prototypical P-MLVs
and X-MLVs (Table 1) [16, 89, 94].

The XPR1 receptor was originally described in laboratory
mice as a P-MLV susceptibility gene [14]. Subsequent
studies demonstrated that wild-mouse-derived cell lines,
SC-1 and M. dunni, are susceptible to X-MLVs as well
as P-MLVs [86, 96], while cells of the Asian species M.
castaneus are resistant to P-MLVs [15]. That a single gene
controls susceptibility to these two viruses was supported
by the equivalent chromosome map locations of the genes
controlling wild mouse susceptibility to X-MLVs and P-
MLVs and by their cross-interference [5, 15, 89, 97]. The
human and mouse Xpr1 genes were cloned [6–8] and shown
to encode a protein with 8 putative transmembrane domains
(Figure 5). While a cellular function has not been assigned
to XPR1, XPR1 is upregulated following activation of the
NF-κB RANKL-RANK signaling pathway [98] and its closest
homologues in yeast (SYG1) and plants (PHO1) function
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Figure 4: Alignment of the predicted amino acid sequences of the N-terminal portion of the Env sequences of various XP-MLVs. Included
are the prototype NZB-9-1 X-MLV, the Friend FrMCF P-MLV, the wild mouse isolates CasE#1 and Cz524, and XMRV. Green blocks identify
the three variable domains of the RBD and the PRD, and a blue block identifies two residues that influence species tropism [93].

Table 1: Functional variants of the XPR1 receptor in Mus.

Infectivitya Distributionb

X-MLV P-MLV CasE#1 Cz524
Common laboratory

strains
Mus Species

Xpr1n − +++ − − Most None

Xpr1sxv +++ +++ +++ +++
F/St, LT, LP, SWR,
SJL, SIM.R, SOD1

Most

Xpr1p +++ − +++ − None M. pahari

Xpr1c ++ − − + None M. castaneus

Xpr1m ++ − − − None
M. musculus,
M. molossinus

a
Measured as log10 titer of FFU/100 μL of viral Env pseudotypes carrying the LacZ reporter. Log10 titer: +++, >3; ++, 2-3; +, 1-2; −, 0-1.
bDetermined for ∼50 of the common strains of laboratory mice and ∼20 of the 40 species of Mus [17, 95].

in signal transduction and phosphate sensing and transport,
respectively [8].

8. Naturally Occurring Variants of
the XPR1 Receptor in Mus

The genus Mus includes about 40 species, and all available
species have been screened for sequence and functional
variants of Xpr1 (Figures 5 and 6). Of the 5 sequence variants
found in wild mice, 4 show unique receptor phenotypes
based on their ability to support entry of different virus
isolates that rely on this receptor (Table 1). The most
common receptor variant among wild mouse species was
originally termed Sxv (susceptibility to xenotropic virus)
[5]. This variant is found in many Asian species as well as
western European house mice [17, 99], and mice with Sxv

were introduced into the Americas by European immigrants
and explorers (Figure 7). Sxv is also carried by several of
the common inbred strains of laboratory mice [95]. Sxv is
the most permissive of the Xpr1 alleles and supports entry
of all XP-MLV host range variants (Table 1). The second
most geographically widespread Xpr1 allele, Xpr1m, is found
in two house mouse species, M. musculus, which ranges
from central Europe to the Pacific, and M. molossinus, found
in Japan [17]. This variant is highly restrictive, allowing
inefficient entry of X-MLVs, while restricting all other XP-
MLVs. A third allele, Xpr1c, is found in the southeast Asian
mouse, M. castaneus, and is responsible for resistance to
infection by P-MLVs [15, 99]. A fourth wild mouse Xpr1
allele is restricted to the Asian species M. pahari; these mice
are susceptible to X-MLVs and to CasE#1 [16] (Table 1).

There is a fifth mouse Xpr1 variant, Xpr1n. The first
of the receptor alleles to be identified, Xpr1n, was cloned
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Figure 5: Predicted topology and sequence variation of the XPR1 receptor for XP-MLVs. At the top is shown the predicted structure with
eight putative transmembrane domains and 4 extracellular loops (ECLs). The center diagram shows the relative locations of the 4 ECLs in the
XPR1 protein, and the bottom shows sequence variation in the two ECLs involved in virus entry. Sequence is provided for the 5 functional
XPR1 variants in Mus, and the red arrows indicate the 6 residues involved in entry.

from NIH 3T3 laboratory mouse cells [6–8]. This variant
is responsible for the restrictive phenotype originally used
to define the “xenotropic” host range subgroup, that is,
viruses unable to infect cells of their home species [12].
Xpr1n is unusable by X-MLVs or by the 2 wild mouse virus
isolates, although it supports entry by P-MLVs (Table 1). The
origin of this laboratory mouse variant is unclear. Although
Xpr1n is carried by the majority of common inbred mouse
strains, it has not been found in any wild-trapped mouse
[17, 95] (Figure 6). The common strains of laboratory mice
were derived from colonies of fancy mice maintained by
hobbyists, and they represent a mosaic of wild mouse species
[100, 101]. Genomic analysis of multiple strains indicates
that the predominant contributor to the laboratory mouse
is M. domesticus, the western European mouse, with smaller
contributions from M. musculus and M. castaneus [101].
Although this would suggest an M. domesticus origin for the
laboratory mouse receptor allele, M. domesticus mice trapped
in disparate locations in Europe and the Americans all carry
the permissive allele [17] suggesting that Xpr1n arose and/or
was selected in the fancy mice (Figure 7).

9. Genetic Basis of XPR1 Functional
Polymorphism

Initial studies on Xpr1 receptor function focused on sequence
differences between the phenotypic variants identified in
NIH 3T3 cells (Xpr1n) and M. dunni (Xpr1sxv) [99]. Two
critical amino acids were identified for X-MLV entry that
lie in different putative extracellular loops (Figure 5). The
restrictive Xpr1n carries a substitution, K500E, in its third
extracellular loop (ECL3), and a deletion, T582Δ, in the
fourth loop (ECL4). Corrective mutations at either of these
sites produce functional receptors for X-MLVs without com-
promising P-MLV receptor function [99]. Subsequent studies
on the mouse receptor showed that these 2 critical residues
are not equivalently used by the XP-MLVs, as CasE#1 can
use Xpr1n-Δ582T but not Xpr1n-E500K [16]. Mutational
analysis of other polymorphic sites in the various Mus Xpr1s
identified residues at additional sites that modulate virus
entry: ECL3 positions 500, 507, and 508 and ECL4 positions
579 and 583 (Figure 5) [17, 94].
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Figure 6: Phylogenetic tree of Mus. Blue arrows indicate the
species that have acquired XP-MLV ERVs, and the subset that have
predominantly X-MLVs. 4 colored boxes identify the mice carrying
the 4 restrictive Xpr1 alleles; all other species carry the permissive
Xpr1sxv .

Although it is possible that the XPR1 protein carries two
separate receptor determinants on ECL3 and ECL4 [102],
it is more likely that the key residues in ECL3 and ECL4
form a single virus attachment site. The various viruses
that use XPR1 for entry are sensitive to mutational changes
in both ECL3 and ECL4 [16, 17, 94] (Figure 8). Thus,
P-MLVs and the wild mouse viruses CasE#1 and Cz524
show different patterns of infectivity for Xpr1p mutants that
have substitutions in ECL3 but identical ECL4 sequences.
These same viruses also differ in their infectivity for cells
with Xpr1m, Xpr1c, and Xpr1sxv, which have identical ECL3
sequences but different deletions in ECL4. The involvement
of residues in multiple receptor domains is also characteristic
of other retrovirus receptors [103]. While the different
domains required for these other retroviral receptors can
have distinctive roles in virus attachment and entry [104,
105], this division of labor has not yet been shown to be the
case for the XPR1 ECL3 and ECL4 domains.

10. P-MLV Entry That Is Independent of
the XPR1 Receptor

Although it is clear that MLV entry is typically mediated
by specific cell surface receptors, some MLVs are capable of
bypassing the need for their cognate receptors and can infect
cells that lack receptors and may also be able to infect cells in
which those receptors are downregulated by superinfection
[106, 107]. Such alternative entry mechanisms seem to be
particularly important for P-MLVs, viruses that are less

able to establish effective superinfection immunity against
further infection [99, 108] either because they may have
lower binding affinity for the XPR1 receptor than the X-
MLVs or because Env-bound receptors may recycle rapidly
into acidic compartments where the Env-receptor complex
is disrupted allowing the freed receptor to recycle back to the
plasma membrane. This ineffective or delayed establishment
of interference to exogenous infection has been linked to
the massive accumulation of viral DNA in P-MLV-infected
mice [109] and to the ability of P-MLVs to induce cytopathic
responses in mink lung cells in which superinfection induces
an ER stress response and apoptosis [4, 110, 111].

Infectious P-MLVs arise in preleukemic tissues of mice
with high levels of E-MLVs. P-MLVs have recombinant
genomes in which env sequences are derived from endoge-
nous polytropic or modified polytropic sequences, the Pmvs
or Mpmvs [112]. The Pmv and Mpmv proviruses that give
rise to these recombinants have not been shown to be
capable of producing infectious virus directly [113], but
transmission of these ERVs and recombinant infectious P-
MLVs can be accomplished through several mechanisms
that are independent of XPR1. First, P-MLVs are generally
transmitted in viremic mice as pseudotypes of E-MLVs and
thus use mCAT-1 for entry [114, 115]. Also, homodimers
representing the transcribed products of Mpmv and Pmv
proviruses can be packaged into E-MLV virions, and these
“mobilized” proviruses can infect cells, replicate in those
new cells, and spread to other cells as pseudotyped virus
[116]. Another transmission mechanism allows infectious,
recombinant P-MLVs to use alternative receptors in the
presence of the soluble RBD glycoprotein for that receptor.
P-MLVs and entry defective E-MLVs, but not X-MLVs, can
be “transactivated” in this way by E-MLV RBD [38, 108].
This transactivation process is controlled, at least in part, by
the conserved Env residue H8 and has also been described
for other viruses such as feline leukemia viruses [117]. While
these mechanisms provide alternative routes for P-MLV
transmission that are independent of the receptor, it should
be noted that interference with the XPR1 receptor protects
mice from P-MLV-induced disease [118] highlighting the
crucial role of XPR1-mediated entry in the disease process.

11. Coevolution of XPR1 and XP-MLVs in Mus

The species distribution of the Mus XPR1 variants indi-
cates that polymorphic, virus-restrictive receptors appeared
when mice were exposed to XP-MLVs, especially X-MLVs
(Figure 6). For most of the 8 million years of Mus evolution,
species carried the permissive Xpr1sxv allele. Mice were
subjected to XP-MLV infection about 0.5 MYA, and this
exposure is marked by the acquisition of MLV ERVs in the
4 house mouse species [76, 119, 120]. M. domesticus carries
P-MLV ERVs, whereas M. castaneus, M. musculus, and M.
molossinus carry predominantly X-MLVs [76]. The common
laboratory mouse strains, which are mosaics of these wild
mouse species, generally carry multiple copies of X-MLVs
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and P-MLVs [121, 122]. The acquisition of these germline
ERVs, and specifically X-MLVs, roughly coincides with the
appearance of restrictive Xpr1 alleles: Xpr1c in M. castaneus,
Xpr1m in M. molossinus and M. musculus, and Xpr1n in
laboratory mice (Figure 6). Each of these restrictive receptors
carries a unique deletion in the XPR1 ECL4 (Figure 5) [17].
M. domesticus, the species carrying only inactive P-MLV

ERVs, maintains the full-length, permissive Xpr1sxv receptor
common to ancestral species of Mus. The fact that restrictive
receptors have evolved in X-MLV infected mice suggests
that this host pathogen interface has been an important
evolutionary battleground. This also suggests that X-MLV
infection is deleterious for mice, although the consequences
of X-MLV infection have not yet been described because
mouse gammaretroviruses have been studied largely in X-
MLV-resistant laboratory mice. The discovery of mouse
species and strains with XPR1 variants that efficiently
support X-MLV entry now provides the basis for studies on
pathogenesis of these viruses, and such studies have now
been initiated [123].

12. CAT-1 and XPR1 Receptor Downregulation
by Env Glycoproteins in Mus

Virus entry can be inhibited by receptor mutants but can also
be blocked by members of a second set of genes found in E-
MLV- or X-MLV-infected wild mice. This family of resistance
genes governs production of MLV Env glycoproteins that are
thought to restrict virus through receptor interference. These
genes include Fv4, which blocks E-MLVs [124], and the genes
Rmcf and Rmcf2 which restrict XP-MLVs and, in the case of
Rmcf, inhibit P-MLV-induced disease [118, 124–126]. There
is also evidence suggesting that additional Rmcf -like XPR1
receptor blocking genes are present in M. castaneus [127].
Specific ERVs have been mapped to 3 of these resistance
genes, all of which are defective for virus production but
have intact env genes. Fv4 is a truncated provirus, Rmcf has
a major deletion spanning gag-pol [124, 128], and Rmcf2 has
a stop codon that prematurely terminates integrase [125]. It
has been proposed that the products of Fv4, Rcmf, and Rcmf2
reduce or downregulate activity of their cognate receptors,
and Fv4 also has a defect in the fusion peptide of TMenv, so
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incorporation of this Env into virions in virus-infected cells
results in their reduced infectivity [129].

Interference genes that target both host range types are
found in the Asian species M. castaneus, mice that are
infected with X-MLVs as well as with E-MLVs that are
related to the leukemogenic and neuropathic CasBrE E-MLV
[76, 80, 130]. These mice rely on several survival strategies to
mitigate the consequences of infection. In addition to their
restrictive Xpr1c receptor, these mice carry Fv4 as well as
Rmcf -type XP-MLV interference genes. These interference
genes likely arose in this species [80, 125]; CasBrE and Fv4
have related Env genes (Figure 3) [130]. Transmission into
other gene pools can proceed quickly for invasive genes
like retrotransposons and for virus restriction genes that
provide an immediate survival advantage. While the number
and geographic distribution of Rmcf -type genes in Asian
mice is not known, Fv4 is found in AKV MLV-infected
mice trapped in Japan (M. molossinus) and in Korea [80].
CasBrE and Fv4 are both found in California mice, where
Asian mice were likely introduced by the shipping trade
[76, 82, 131]. The discovery of multiple interfering loci in
infected mouse species and their geographic spread suggests
that these coopted Env genes represent an effective survival
mechanism. The general importance of this form of innate
immunity is also illustrated by the fact that Env genes
with similar antiviral functions have also been identified in
chickens, sheep, and cats [132–134].

13. XPR1 Receptor Polymorphism and Entry
Phenotypes in Non-Mus Species

The XP-MLVs are capable of infecting cells of other species,
including humans (Figure 9). Cells of nearly all mammals are
permissive to infection by X-MLVs, whereas a subset of these
species is also susceptible to P-MLVs. This suggests that X-
MLVs have less stringent receptor requirements than P-MLVs
[17, 87, 88]. Some mammalian species show distinctive pat-
terns of virus susceptibility not found in mice, for example,
the restriction of P-MLVs and both wild mouse XP-MLVs by
dog and buffalo cells (Figure 9) [17]. Analysis of mammalian
XPR1 genes reveals significant sequence variability especially
in the receptor determining ECL4, although this 13 residue
segment contains 3 nonvariant residues, S578, T580, and
G589. These conserved residues do not contribute to the

receptor attachment site [17]. Further analysis of these
functionally distinctive XPR1 genes may provide insight into
the factors that facilitate transspecies transmission.

14. XMRV

Mice are important vectors of diseases that infect humans
and their livestock [135], and MLV-infected house mouse
species have a worldwide geographic distribution [136]. The
horizontal transfer of infectious MLVs between individuals
has been documented in wild mouse populations and in
laboratory mice [82, 137], and MLV-related viral sequences,
proteins, and antibodies have been reported in human blood
donors and patients with prostate cancer and chronic fatigue
syndrome [138–140]. An infectious virus first identified
in prostate cancer patients, termed XMRV (xenotropic
murine leukemia virus-related virus), shows close sequence
homology with XP-MLVs [141], uses the XPR1 receptor
[138], and has xenotropic host range [94]. Although XMRV
origin by transspecies transmission is consistent with the
evidence of MLV transmission between mice and evidence
of transmission of mouse C-type viruses to other species
[142–144], several recent studies on XMRV have implicated
laboratory contamination [145–148]. Additional studies
aiming to resolve the origins issue are focused on patient
samples and the characterization of mice for XMRV-related
sequences [149].

It is clear that XMRV differs from MLVs isolated from
mice in several biological properties, including host range
and receptor usage. The two critical residues for X-MLV
entry in Mus XPR1, K500 and T582 [99], independently
produce equivalent receptor determinants for X-MLV but
not for XMRV [17] or for the wild mouse isolate CasE#1
[16]. While T582 but not K500 is required for CasE#1,
XMRV preferentially relies on K500 [16, 17]. XMRV also
differs from XP-MLVs in its ability to infect cells of different
mammalian species. Although X-MLVs are able to infect all
mammals, XMRV is uniquely restricted by cells of 3 species:
Chinese hamster, Syrian hamster, and gerbil (Figure 9). For
gerbil, this difference is likely attributable to XPR1 receptor
polymorphism, as expression of the gerbil XPR1 receptor
in heterologous cells reproduced the gerbil susceptibility
pattern [17]. The restriction of XMRV in Syrian hamster
BHK cells may involve other host factors. Expression of
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human Xpr1 in these cells resulted in susceptibility to X-
MLV but not XMRV, and analysis of interspecies somatic
cell hybrids suggested that BHK cells lack a secondary factor
needed for XMRV infection [150]. These results suggest
that XMRV differs from other X-MLVs in its interaction
with XPR1 receptor determinants and also suggest that
XMRV may be uniquely dependent on an as yet unidentified
receptor cofactor. Further studies with this virus may provide
additional insight into xenotropism and the interactions and
identity of viral and host proteins that direct entry.

15. Conclusions

Retrovirus entry is dependent on the presence and accessi-
bility of specific cell surface receptors. Mutational changes
in these receptors and in the receptor attachment sites in
the virus Env can alter the very first step in the virus life
cycle and can thus have profound consequences for virus
replication. Inhibition of virus entry has been a particularly
effective antiviral tactic in mice infected with MLVs as well as
with other gammaretroviruses [151]. Entry is also the target
of host restrictions in other species subject to retrovirus
infection as shown by the discovery of interfering ERV
Envs in multiple species [132–134] and by the discovery of
inhibitory mutations in other receptors, such as the HIV-1
CCR5 coreceptor [152].

For the laboratory mouse MLVs, alterations in host
receptors and/or virus Env can result in virus restriction, can
alter the type and tempo of infection-induced pathology, and
may also influence postentry events [153]. The interacting
sites of these receptors and Env are highly polymorphic, as
expected for coevolving entities in an “arms race” driven
by sequential reciprocal adaptations. For the XP-MLVs and
XMRV, the battleground at the cell surface has produced
5 functionally distinct receptors in mice and more than a
half dozen distinctive host range virus variants, variants that
interact with different but overlapping sets of determinants
on the XPR1 receptor or rely on alternative mechanisms of
transmission independent of XPR1. For the E-MLVs, CAT-
1 shows more limited variation although multiple viral Env
subtypes have evolved. The interacting interfaces of virus and
host proteins are targeted not just by mutational changes but
also by epigenetic modifications resulting from glycosylation
and by a host defensive strategy that relies on co-option
of germline env genes to interfere with virus infection.
There is also evidence of additional host factors or co-
factors that influence entry of the mouse gammaretroviruses,
some of which are affected by glycosylation [150, 154].
Future studies on the mouse gammaretroviruses should
identify other host factors involved in entry and trans-species
transmission, should describe the consequences of X-MLV
infection in mice permissive to the “xenotropic” viruses, and
should further illuminate the coevolutionary paths of these
pathogens and their hosts.
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Gammaretrovirus-like sequences occur in most vertebrate genomes. Murine Leukemia Virus (MLV) like retroviruses (MLLVs) are
a subset, which may be pathogenic and spread cross-species. Retroviruses highly similar to MLLVs (xenotropic murine retrovirus
related virus (XMRV) and Human Mouse retrovirus-like RetroViruses (HMRVs)) reported from patients suffering from prostate
cancer (PC) and myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) raise the possibility that also humans have been
infected. Structurally intact, potentially infectious MLLVs occur in the genomes of some mammals, especially mouse. Mouse
MLLVs contain three major groups. One, MERV G3, contained MLVs and XMRV/HMRV. Its presence in mouse DNA, and the
abundance of xenotropic MLVs in biologicals, is a source of false positivity. Theoretically, XMRV/HMRV could be one of several
MLLV transspecies infections. MLLV pathobiology and diversity indicate optimal strategies for investigating XMRV/HMRV in
humans and raise ethical concerns. The alternatives that XMRV/HMRV may give a hard-to-detect “stealth” infection, or that
XMRV/HMRV never reached humans, have to be considered.

1. Introduction

Recent reports of human gammaretroviruses highly similar
to murine gammaretroviruses in PC and ME/CFS patients
raise questions regarding (i) the occurrence of such retroviral
sequences in murine and other vertebrate genomes, (ii)
probable routes of spread of such viruses, and (iii) available
methods for the detection of infection with them. In this
review, we apply a phylogenetic aspect to the occurrence
of XMRV/HMRV in genomes, and to the diagnostic search
for it in humans. The comparative approach [1] can also
enhance the study of pathobiology and epidemiology of

XMRV/HMRV. Given the recent great activity in the field,
the review cannot be exhaustive. Indeed, reports indicating
that all XMRV/HMRV findings in humans may be due to
different forms of laboratory contamination [2, 3] stress the
need for a critical evaluation.

2. The Genus Gammaretrovirus

2.1. General. Murine leukemia viruses (MLVs) are gam-
maretroviruses which may be both exogenous (trans-
mits between individuals, i.e., horizontally) or endogenous
(proviruses integrated into the germ line of mice and
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Figure 1: Simplified phylogeny of gammaretroviruses based on over 2000 gammaretrovirus-like sequences with one zinc finger in Gag,
from selected vertebrate genomes (in a first version of RetroBank) and reference gammaretroviruses. Retroviral groups which occur in
phylogenetically distant vertebrate hosts, indicating cross-species transmission events, are shown in red. The neighbor-joining tree was based
on an alignment of 105 reference and consensus Pol amino acid sequences. Only the major branches are shown. As explained in the text,
they were provisionally named after the cosegregating HERV group. The group of “MLV-like viruses,” MLLVs, at least 60% similar in Pol, is
boxed in. The similarity is calculated from the inverted ratio of the BLASTP score of the sequence against itself to another sequence, or to a
consensus Pol sequence. Some two-zinc finger sequences (ERV-HF, containing HERV-H and HERV-F) were included as a reference. Although
the clustering included several genomes, the groups were named from the human sequence representative. MuERV: mouse endogenous
retrovirus. MmERV is from Bromham et al. [13], and MdERV is Mus dunni ERV from Wolgamot et al. [14]. GLN MuERV is from Ribet
et al. [15]. Symbols:∗ position of XMRV/HMRV, § recombinant MuERV Sp496-5Sb [16] from Mus spretus, hortulanus endogenous murine
virus, HEMV, from Mus spicilegus [17], # MuRRS [18], and MuERVC [19]. An ERV-S sequence [20] was used to root the tree. It came from
HERV-S, a sequence intermediate to spuma-, epsilon-, and gammaretroviruses. It belongs to the so-called “ERV3 family” according to the
RepBase nomenclature [21]. This large clade is also called “Class III ERVs.” It should not be confused with the ERV3 group shown in the
figure. The hand symbols denote proviruses with one and two zinc fingers in Gag, respectively. The murine gammaretroviral groups G1-G3
are described in greater detail in a forthcoming paper (Elfaitouri et al., accepted, Plos One).

thereby being transmitted to the next generation, i.e.,
vertically). Gammaretroviruses were defined from exogenous
retroviruses with MLV as a reference. The vast amount
of genomic information now available shows that they
are included in the large Class I ERV clade. Figure 1
depicts the major gammaretroviral groups, based on a
clustering analysis of polymerase sequences of a large
number of endogenous sequences. Using MLVs (Genbank
ID J02255, Locus MLMCG) as a taxonomical starting point,

gammaretroviruses related to MLVs can be labeled “MLV-
like retroviruses” and are here referred to as “MLLVs.”
Endogenous versions of MLLVs occur in the genomes
of some mammals and marsupials. The major branches
segregated with previously characterized HERV groups,
named after primer binding site, PBS, usage. This usage was
found to be retained in the larger context (data not shown).
These branches were therefore provisionally named after the
respective HERV group. MLLVs are boxed in. They were
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defined as a cluster of polymerase (Pol) sequences which
were at least 60% similar, including the MLVs. The similarity
was based on the BLASTP score of their Pol amino acid
sequences to each other. The concept “MLLV” is justified for
the purpose of this review to encompass similar proviruses of
phylogenetically distant vertebrates. Their wide distribution,
in pigs, primates, rodents, and koalas, demonstrates a
tendency to interspecies spread, potentially relevant both for
human disease [4–9] and xenotransplantation [10–12].

The human genome also contains remnants of infec-
tions with retroviruses highly related to MLLVs, HERV-T.
However, these were integrated in the rather distant past.
In contrast, MLLVs have repeatedly infected nonmurine
vertebrates in the not so distant past, judging from the low
degree of divergence of entire proviral and LTR sequences.
Mediterranean and middle Eastern cats [22], turkeys [23],
gibbon apes [24, 25], and koalas [26, 27] have been “invaded”
by MLLVs. This is further discussed below. In some hosts,
they are both endogenous and exogenous, in others just
exogenous. In the infected animals, exogenous MLLVs are
associated with significant disease like encephalitis, malig-
nancy (leukemia and lymphoma), wasting, immunosuppres-
sion, and autoimmunity. This makes it especially important
to establish if also the human species is now “invaded” by a
murine MLLV, that is, XMRV/HMRV.

2.2. Properties

2.2.1. The Gammaretrovirus Genome. Gammaretroviruses
have a simple genome (Figure 2), that is, there are no known
additional overlapping reading frames for nonstructural
regulatory proteins such as those which occur in betaretro-
viruses, deltaretroviruses, and lentiviruses. Moloney MLV is
the reference gammaretrovirus [28]. Despite being simple,
MLVs have some distinguishing features. The gag gene
may have alternative translational start sites, giving rise to
both a myristoylated Gag polyprotein, which contains the
inner structural proteins, and a glycosylated Gag membrane
protein. Many of them have a phosphoprotein following the
matrix protein p15, called p12. The major Gag protein is
p30, the capsid protein. It is responsible for many of the
antigenic cross-reactions which gave rise to the acronym
Gag (“group-specific antigen”). Further, like many other
gammaretroviruses, the MLLVs have one zinc finger in the
NucleoCapsid, NC, portion of Gag (the p10 protein), instead
of the customary two [29]. The first finger is replaced with
a highly charged sequence, binding to retroviral genomic
RNA in a somewhat different way compared to two zinc
finger retroviruses. The zinc finger status is here used as a
taxonomic marker of a subset of gammaretroviruses [30].
All MLLVs have one zinc finger. Occasional readthrough of
a Gag stop codon creates Gag-Pol polyproteins.

Another structural genomic aspect is that retroviruses
with simple genomes like alpharetroviruses and gam-
maretroviruses occasionally may take up an oncogene in
their genome, to form acutely transforming (“sarcoma”)
viruses [28]. They are often replication deficient. They
then need a replication competent virus, a helper virus,
to replicate. The so-called murine AIDS (MAIDS) virus

variants are also defective, producing a new Gag protein
(p60) which contains part of the p12 protein and a T
cell neoepitope [31–33]. Likewise, the feline leukemiavirus
immunodeficiency-inducing defective virus (FeLV-T) has a
mutated Env [34]. Immunodeficiency associated with this
variant is sometimes called “Feline AIDS,” FAIDS, although
the feline immunodeficiency virus can cause another form
of (FAIDS). Recombination between exo- and endogenous
MLLV sequences is common in both mice and cats [35].

MLVs can cause cancer in at least two ways, either
through incorporation of an oncogene, or by integration
near 5′ends of transcription units and associated CpG-rich
portions [28]. The propensity to integrate into or next to
promoters is a gammaretroviral specialty [36–38]. Random
integration next to an oncogene is a frequent cause of
leukemia in MLV-infected animals. Humans are not immune
to this mechanism. MLV-based gene therapeutic vectors have
the same target specificity [37, 39], see also [40]. Thus,
an MLLV infecting humans would be expected to cause
leukemias or lymphomas.

Finally, the envelope proteins (Surface Unit; SU, gp70 and
TransMembrane protein; TM, p15E) are central for tissue
tropism, immunogenicity, and for immunosuppression. The
latter contains the conserved so-called “immunosuppressive
domain” (ISD) [41–45] whose mode of action is still
poorly known. Thus, despite their basic structural simplicity,
MLLVs can display a complex pathobiology.

2.2.2. Occurrence among Vertebrates. A rich source of verte-
brate information is the collection of ERV sequences in an
early version of RetroBank [47]. The program RetroTector
(ReTe) [48] was used to collect more than 40.000 proviruses
from whole genome analyses of thirty vertebrate genomes.
ReTe is based on a pattern recognition algorithm. It uses the
order of and distances between conserved retroviral motifs
to detect and characterize retroviral sequences from large
genomic data sets. A score is calculated from the degree
of fit to a collection of conserved motifs from all seven
retroviral genera. The higher the score, the better the fit to
a structural model which encompasses most orthoretroviral
and also some retrovirus-like sequences. A provisional genus
is designated by counting the best-fitting motifs from each
genus.

Gammaretrovirus-like sequences were detected in all of
the 30 genomes (those reported in [48] plus the turkey
genome). Those scoring above 1000 by RetroTector, and with
only one zinc finger (n = 2534, from marmoset 32, dog 41,
guinea pig 211, horse 4, duckbill 16, lemur 43, orangutan
82, rhesus 204, pig 79, tree shrew 11, lizard 162, cow 37,
human 143, opossum 393, mouse 515, chimpanzee 192,
rat 361, and zebra finch 8), were selected from RetroBank.
The mouse genome assembly employed was mm8, from
a C57 black mouse. Some were from the MLLV subset,
as defined in Figure 1. A study of their taxonomy was
initiated by clustering and consensus sequence calculation
at the 85% similarity level. It resulted in 75 interhost Pol
consensus sequences which together with reference Pols were
used to build the tree shown in the simplified form in
Figure 1. This is part of JBs ongoing work with retroviral
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Figure 2: Structure and genome of a gammaretrovirus. The nucleocapsid is built from a hexameric lattice [46]. MA: matrix (p15), CA:
capsid (p30), NC: nucleocapsid (p10), PR: protease, RT: reverse transcriptase (shown as a green dot), RH: RNAse H, IN: integrase, SU:
surface unit (gp70), and TM: transmembrane protein (p15E). P12 is a small protein encoded from the portion between p15 and p30 in
gag. LTR: long terminal repeat. The translation of glycoGag and normal Gag is indicated by the respective ribosome symbols. A Gag-Pol
polyprotein is occasionally produced by suppression of a stop codon at the end of gag.

taxonomy and will be reported in a more complete form in
future papers. Especially many seemingly intact, potentially
infectious MLLV proviruses were found in the mouse. In this
review, we will concentrate on MLLV of mice and mention
other rodents, pigs, felines, primates, and some marsupials.
Of 7646 retroviral sequences detected in the mm8 assembly,
1461 were gammaretrovirus-like [47]. Some of the latter
(300 proviruses) scored higher than 2000 by ReTe (Figures
3 and 4). This is a high score, achieved only by complete or
virtually complete proviruses. Indeed, they all turned out to
be complete proviruses with very few stop or shift (indel)
mutations which could incapacitate the virus. As mentioned
above, the 300 proviruses included 35 which had no such
mutations. They were structurally “intact” by bioinformatic
criteria. The 35 had less than 0.5% LTR divergence. They
are marked with green arrows in the Pol tree presented in
Figure 3. Thus, the 35 proviruses have hallmarks of being
infectious and also belong to the most recently integrated
murine ERVs.

Three major groups of high scoring murine gammar-
etroviral proviruses, named gamma 1–3 (G1–G3), were
observed.

Group G1 (188 members, 10 with open reading frame
(ORF) in gag, pro, pol, and env) members encompassed the
“Mus musculus endogenous retrovirus” (MmERV; GenBank
Id AC005743 [13], as interpreted by RetroTector online
[49]). Mus dunni ERV (AF053745) [14] is highly related. The
most similar nonmouse viruses were from rat chromosomes
7 and 17 (nr4 assembly), and more distantly, gibbon

ape leukemia virus (GaLV, PCGGPE) and koala retrovirus
(KoRV, AF151794) sequences.

Group G2 (59 members, 3 with ORF in gag, pro, pol, and
env) contained the GLN retroviruses described by Ribet et al.
[15]. It was most related to rat sequences at chromosomes 7
and 9.

A group of porcine ERVs (PERVs) located at chromo-
somes 9, 10, 12, and 4 (susScr10 assembly) were 74% similar
to the consensus of Group G2, and 70% to the consensus of
Group G1. MuRRS [18] and MuERVC [19] sequences were
ancestral to groups G1 and G2 at the level of 64% similarity
to their consensuses.

Group G3 (53 members, 22 with ORF in gag, pro,
pol, and env) encompassed the ampho-, eco-, xeno-, poly-,
and modified polytropic MLVs [50]. Most of the MLVs
which have been prominent in retrovirological research for
half a century are ecotropic [51]. Amphotropic MLVs are
primarily exogenous, while the others are mainly endoge-
nous. The recombinant endogenous Mus spretus proviruses
[16] emerged between modified polytropic and xenotropic
proviruses. The HEMV provirus was at the root of the G3
branch [17].

The three major groups were discernible in trees
made with several techniques resulting from alignment of
nucleotides and protein sequences of the three genes gag,
pol, and env. They represent three evolutionarily recent
bursts of gammaretroviral proliferation in the mouse and its
immediate progenitors. The third group, which includes the
retroviruses reported in the human diseases, prostate cancer
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musmus Chr12 23639259 2450 po  C Pz0/ 0

musmus Chr12 24232686 2523 po  C Pz0/ 0

musmus Chr4 123354415 2334 po  C Pz0/ 2

musmus Chr12 20963947 2266 po  C Pz4/ 0

musmus Chr5 9854828 2350 po  C Pz2/ 0

musmus Chr14 52643653 2319 po  C Pz0/ 0

musmus Chr3 96458134 2321 po  C Pz1/ 0

musmus Chr2 25549391 2052 po  C Pz4/ 2

musmus Chr4 31 158729 2335 po  C Pz1/ 0

musmus Chr3 10857898 2158 po  C Pz1/ 1

musmus Chr7 62535812 2471 po  C Pz2/ 0

musmus Chr4 143285616 2223 po  C Pz2/ 0

musmus Chr4 90367080 2459 po  C Pz2/ 0

musmus Chr7 85330013 2396 po  C Pz1/ 0

musmus Chr9 19707318 2295 po  C Pz2/ 0

musmus Chr16 3107315 2157 po  C Pz0/ 1

musmus Chr16 3275036 2215 po  C Pz0/ 1

musmus Chr7 16826508 2416 po  C Pz1/ 0

musmus Chr9 6804768 2496 po  C Pz0/ 0

musmus Chr9 6804768 2483 po  C Pz0/ 0

musmus Chr7 13722716 2371 po  C Pz2/ 0

musmus Chr16 61201576 2398 po  C Pz0/ 1

musmus Chr2 138262497 2403 po  C Pz1/ 0

musmus Chr13 78107530 2275 po  C Pz0/ 0

musmus Chr10 47444316 2180 po  C Mz1/ 0

musmus Chr19 13109265 2405 po  C Pz2/ 1

musmus Chr3 2366 po  C Pz0/ 03249466

musmus ChrYR 13247086 2327 po  C Pz3/ 0

musmus ChrYR 3831942 2328 po  C Pz3/ 0

musmus Chr13 35021 135 2294 po  C Pz1/ 2

musmus Chr1 1 12 11 36108 2337 po  C Pz0/ 0

musmus Chr1 11 9978260 2348 po  C Pz0/ 1

musmus Chr18 6355349 2256 po  C Pz1/ 1

musmus Chr5 9561 1246 2244 po  C Pz1/ 1

musmus Chr5R 1005041 2166 po  C Pz0/ 0

musmus Chr5 94686917 2338 po  C Pz2/ 0

musmus Chr12 19930599 2025 po  C Pz1/ 3

musmus Chr12 44540601 2271 po  C Pz0/ 1

musmus Chr12 77663152 2400 po  C Pz2/ 0

musmus ChrX 2422 po  C Pz0/ 0122485908

musmus ChrX 25720491 2091 po  C Pz1/ 3

musmus Chr12 52231624 2467 po  C Pz1/ 0

musmus Chr3 111 23338 2314 po  C Pz1/ 0

musmus Chr19 9616180 2432 po  C Pz0/ 1

musmus Chr6 59821337 2342 po  C Pz0/ 1

musmus Chr10 78270986 2308 po  C Pz0/ 1

musmus Chr1 1 47262836 2429 po  C Pz1/ 1

musmus Chr19 40015556 2356 po  C Pz2/ 1

musmus Chr7 42296817 2197 po  C Pz0/ 1

musmus Chr2 41034625 2320 po  C Pz1/ 0

musmus Chr9 25914164 2354 po  C Pz2/ 1

musmus ChrX 2346 po  C Pz0/ 0161 15 1110

musmus ChrX 26583153 2502 po  C Pz1/ 1

musmus ChrX 27741 119 2510 po  C Pz1/ 1

musmus ChrX 28668814 2535 po  C Pz1/ 1

musmus ChrX 26939449 2499 po  C Pz1/ 1

musmus ChrX 28089696 2529 po  C Pz1/ 1

musmus ChrX 29493445 2458 po  C Pz1/ 1

musmus ChrX 31327254 2438 po  C Pz1/ 1

musmus Chr10 55324861 2409 po  C Pz2/ 0

musmus ChrX 51971219 2230 po  C Pz2/ 1

musmus Chr13 68562177 2285 po  C Pz1/ 1

musmus Chr13 688251 10 2358 po  C Pz2/ 0

musmus Chr13 1 12849620 2465 po  C Pz0/ 0

MmE RV Pol AC005743

musmus Chr8 2348 po  C Pz0/ 076141904

musmus Chr1 1001 17419 2325 po  C Pz2/ 0

musmus ChrYR 14435559 2156 po  C Pz1/ 0

musmus Chr13 86668875 2163 po  C Pz2/ 0

musmus Chr8 4959420 2074 po  C Pz1/ 1

musmus Chr2 67930798 2267 po  C Pz3/ 1

musmus Chr1 142780526 2475 po  C Pz2/ 0

musmus Chr2 55605859 2430 po  C Pz1/ 1

musmus Chr14 8217491 2380 po  C Pz2/ 0

musmus Chr9 6703246 2361 po  C Pz2/ 1

musmus Chr9 7407606 2253 po  C Pz0/ 1

musmus Chr9 7407328 2543 po  C Pz0/ 1

musmus Chr3 67513064 2300 po  C Pz0/ 0

musmus ChrX 36617602 2245 po  C Pz1/ 1

musmus Chr6 13410749 2225 po  C Pz0/ 1

musmus Chr1 27674279 2288 po  C Pz2/ 1

musmus Chr15 15004671 2321 po  C Pz2/ 1

musmus Chr17 18094247 2169 po  C Pz0/ 0

musmus Chr17 20451942 2302 po  C Pz2/ 0

musmus Chr10 42662 11  2384 po  C Pz1/ 0

musmus Chr3 16432285 2375 po  C Pz0/ 0

musmus Chr13 50732587 2452 po  C Pz2/ 1

musmus Chr13 68413662 2416 po  C Pz3/ 0

musmus Chr7 20210541 2155 po  C Pz1/ 0

musmus Chr7 20210495 2128 po  C Pz1/ 0

musmus Chr7 22620924 2003 po  C Pz2/ 0

musmus Chr17 58525679 2277 po  C Pz4/ 0

musmus Chr9 3947717 2431 po  C Pz1/ 0

musmus Chr7 31649885 2253 po  C Pz0/ 1

musmus Chr7 32382271 2428 po  C Pz0/ 1

musmus Chr7 32609167 2405 po  C Pz0/ 1

musmus Chr6 10870226 2075 po  C Pz2/ 1

musmus ChrX 452161 13 2421 po  C Pz2/ 1

musmus Chr19 29751613 2455 po  C Pz1/ 1

musmus Chr18 74384552 2441 po  C Pz0/ 2

musmus Chr4 143392767 2195 po  C Pz2/ 2

musmus Chr1 1 75181662 2279 po  C Pz1/ 3

musmus Chr15 49007539 2505 po  C Pz0/ 1

musmus Chr1 85024403 2443 po  C Pz0/ 0

musmus Chr1 87307992 2471 po  C Pz0/ 0

musmus Chr2 68347295 2541 po  C Pz0/ 1

musmus Chr9 4855377 2480 po  C Pz0/ 0

musmus Chr15 32809701 2510 po  C Pz1/ 2

musmus Chr5 6489438 2503 po  C Pz1/ 1

musmus Chr13 3180552 2400 po  C Pz0/ 0

musmus Chr18 86334894 2275 po  C Pz0/ 1

musmus Chr5 144029052 2498 po  C Pz1/ 0

musmus ChrX 4473889 2519 po  C Pz1/ 0

musmus ChrX 3107370 2210 po  C Pz1/ 0

musmus ChrX 3107092 2505 po  C Pz1/ 0

musmus Chr14 39042987 2287 po  C Pz1/ 1

musmus Chr18 42601670 2372 po  C Pz2/ 0

musmus Chr4 142945865 2399 po  C Pz0/ 1

musmus Chr7 42172126 2451 po  C Pz3/ 0

musmus ChrX 22753149 2567 po  C Pz0/ 1

musmus ChrX 73147008 2584 po  C Pz2/ 1

musmus Chr7 10085860 2245 po  C Pz0/ 1

musmus Chr7 103168275 2419 po  C Pz1/ 0

musmus Chr6 129778341 2480 po  C Pz1/ 0

musmus Chr6 9246408 2574 po  C Pz3/ 0

musmus Chr8 75759184 2254 po  C Pz0/ 1

musmus Chr6 104192593 2431 po  C Pz1/ 1

musmus Chr1 1 10344713 2403 po  C Pz0/ 0

musmus Chr16 19516342 2262 po  C Pz2/ 0

musmus ChrX 11 0244634 2372 po  C Pz3/ 1

musmus ChrX 3017764 2183 po  C Pz2/ 1

musmus Chr6 19594284 2520 po  C Pz2/ 0

musmus Chr5 766639 11  2130 po  C Pz1/ 1

musmus Chr5R 2917745 2096 po  C Pz1/ 2

musmus Chr5R 363468 2109 po  C Pz1/ 1

musmus Chr5R 2051415 2056 po  C Pz1/ 1

musmus Chr5 76673772 2226 po  C Pz1/ 1

musmus Chr5R 2907883 2222 po  C Pz1/ 1

musmus Chr5R 2061443 2098 po  C Pz2/ 1

musmus Chr5R 353440 2084 po  C Pz2/ 1

musmus Chr5 95293762 2134 po  C Pz2/ 0

musmus Chr5R 23133 2172 po  C Pz2/ 1

musmus Chr5R 698499 2160 po  C Pz2/ 1

musmus Chr4 40848866 2446 po  C Pz0/ 1

musmus Chr7 19466915 2431 po  C Pz1/ 1

musmus Chr7 22012805 2444 po  C Pz1/ 1

musmus Chr7 2420 po  C Pz0/ 02042198 4

musmus Chr6 10346803 2533 po  C Pz1/ 0

musmus Chr8 11 6462276 2500 po  C Pz1/ 1

musmus Chr2 84699377 2410 po  C Pz0/ 1

musmus Chr5 58614499 251 1 po  C Pz1/ 0

musmus ChrX 75140573 2573 po  C Pz2/ 0

musmus Chr10 3947641 2476 po  C Pz0/ 1

musmus ChrX 11 7175129 2177 po  C Xz0/ 0

musmus Chr13 68917752 2618 po  C Pz0/ 0

musmus Chr4 2530 po  C Pz0/ 0143351516

musmus Chr2 2572 po  C Pz0/ 0181848717

musmus ChrX 2551 po  C Pz0/ 069002389

musmus Chr19 13997386 2025 po  C Pz3/ 6

musmus Chr12 23063728 2552 po  C Pz0/ 0

musmus Chr8 20181859 2440 po  C Pz6/ 1

musmus Chr9 17870138 2390 po  C Pz1/ 0

musmus Chr5 94676896 2218 po  C Pz0/ 1

musmus Chr12 7167658 2286 po  C Pz1/ 1

musmus Chr7 27736610 2361 po  C Pz1/ 2

musmus Chr12 2492 po  C Pz0/ 069841080

musmus Chr9 90737869 2531 po  C Pz2/ 0

musmus Chr1 147966500 2505 po  C Pz0/ 0

musmus Chr4 39044302 2576 po  C Pz2/ 0

musmus Chr1 2547 po  C Pz0/ 0197059344

musmus Chr14 37020689 2481 po  C Pz1/ 0

musmus Chr13 20666097 2518 po  C Pz0/ 1

musmus Chr17 32782428 2363 po  C Pz1/ 5

musmus Chr5 10627682 2477 po  C Pz1/ 1

musmus ChrX 11 6205149 2363 po  C Pz1/ 1

musmus Chr12 24421810 2476 po  C Pz1/ 0

musmus Chr7 106162675 2568 po  C Pz1/ 1

musmus Chr3 27214964 2480 po  C Pz1/ 0

musmus Chr8 28769833 2443 po  C Pz0/ 0

musmus Chr7 56788381 2389 po  C Pz1/ 1

musmus ChrX 85272635 2458 po  C Pz1/ 1

musmus Chr6 9818958 2151 po  C Pz1/ 1

MDER V Po l AF053745

musmus Chr12 88605018 2422 po  C Pz1/ 1

musmus Chr7 23024544 2465 po  C Pz1/ 0

musmus Chr9 12101539 2049 po  C Pz6/ 2

rn4 Pol CHR17 5186121 c 93

rn4 Pol CHR7 31839324 c 92

musmus Chr7 33735121 2134 po  C Pz2/ 4

musmus Chr1 1 9790554 2051 po  C Pz6/ 6

musmus Chr2 27317207 2123 po  C Pz1/ 4

musmus Chr5 105161 106 2105 po  C Pz4/ 2

GALV Po l

KoRV Po l AF151794

musmus Chr1 104629573 2102 po  C Pz9/ 8

musmus Chr1 102614371 2178 po  C Pz4/ 4

musmus Chr14 41247460 2194 po  C Pz2/ 0

musmus Chr4 145841008 21 16 po  C Pz1/ 1

musmus Chr14 40907571 2192 po  C Pz1/ 0

musmus Chr17 94976514 2323 po  C Pz0/ 1

musmus Chr4 145569452 2153 po  C Pz2/ 2

musmus Chr4 14651 1565 2092 po  C Pz2/ 1

rn4 Pol CHRUn 3262691 c 90

rn4 Pol CHR7 74285691 c 91

rn4 Pol CHR9 2586497 c 91

susScr10 Pol CHR4 47233287 c 90

susScr10 Pol CHR9 151461 131 c 90

susScr10 Pol CHR12 29233668 c 90

susScr10 Pol CHR15 71670155 c 90

musmus Chr12 20481297 2293 po  C Pz0/ 0

musmus ChrX 1 10081585 2496 po  C Pz1/ 1

musmus Chr12 21890390 2002 po  C Pz7/ 3

musmus Chr18 18992414 2020 po  C Pz7/ 2

musmus Chr3 94762160 2196 po  C Pz1/ 5

musmus Chr4 1 111 1258 2316 po  C Pz5/ 1

musmus Chr4 1 111 1258 2322 po  C Pz5/ 1

musmus Chr5 82708425 2436 po  C Pz0/ 1

musmus Chr5 82708425 2429 po  C Pz0/ 1

musmus Chr6 58755056 2495 po  C Pz1/ 0

musmus Chr8 26596457 2023 po  C Xz2/ 2

musmus Chr17 3436831 1 2296 po  C Tz2/ 0

musmus Chr4 3291272 2240 po  C Pz10/2

musmus Chr7 12068859 2095 po  C Tz4/ 1

musmus ChrX 156453233 2050 po  C Tz7/4

musmus Chr2 203071 10 2516 po  C Tz0/ 0

musmus Chr1 58585489 2220 po  C Tz2/ 0

musmus Chr13 11 8292973 2010 po  C Pz4/ 0

musmus Chr8 124718935 2282 po  C Tz0/0

musmus ChrY 2041229 2026 po  C Tz4/4

musmus Chr4 94746451 2317 po  C Tz2/0

musmus Chr13 68140880 2546 po  C Xz2/ 0

musmus Chr6 132935927 2459 po  C Pz0/ 0

musmus Chr4 74538467 2372 po  C Tz1/ 2

musmus Chr14 52521890 2403 po  C Tz0/0

musmu 2516 po  C Tz0/0s Chr1 83868369

musmus Chr10 26624616 2529 po  C Tz0/0

musmus Chr10 17014683 2500 po  C Pz0/ 0

musmus Chr4 51892727 2510 po  C Tz0/0

musmus Chr15 83021703 2458 po  C Tz0/1

musmus Chr4 53968674 2427 po  C Tz1/ 0

musmus Chr12 44831985 2401 po  C Tz2/0

musmus Chr16 55879954 2312 po  C Tz2/0

musmus Chr4 39571 122 2433 po  C Tz2/1

musmus 2495 po  C Tz0/ 0Chr1 0 25585205

musmus Chr2 94602089 2541 po  C Xz1/ 0

musmus Chr6 7669279 2514 po  C Tz0/0

musmus 2470 po  C Pz0/ 0Chr1 1 9350834

musmus Chr10 86106187 2487 po  C Tz1/0

musmus Chr18 24683321 2500 po  C Pz1/ 0

musmus Chr7 5220201 1 2486 po  C Tz0/0

musmus Chr9 25612912 2455 po  C Tz1/ 0

musmus Chr9 25612912 2463 po  C Tz1/ 0

musmus Chr15 19950298 2420 po  C Tz2/0

musmus Chr12 41784059 2347 po  C Tz1/0

musmus Chr1 52257434 2403 po  C Tz2/ 2

musmus Chr3 16984867 2328 po  C Tz1/1

musmus Chr14 11 2984891 2339 po  C Tz0/1

musmus ChrX 72524699 2024 po  C Xz1/ 1

musmus Chr13 104833012 2476 po  C Pz1/ 1

musmus Chr3 55674149 2471 po  C Tz1/0

musmus Chr4 34538284 2471 po  C Tz1/ 0

musmus ChrX 41488765 2070 po  C Tz4/ 3

musmus ChrY 1872546 2035 po  C Tz2/0

cavPor Pol CHRP24 15683290 c 88

cavPor Pol CHRP13 44305741 c 88

cavPor Pol CHRP2 141 11 9329 c 87

cavPor Pol CHRP23 99496779 c 87

cavPor Pol CHRP17 18032986 c 88

cavPor Pol CHRP7 90672638 c 87

CAVPOR1 ChrP1 83278939 2150 po  C Fz0/ 0

cavPor Pol CHRP20 52335285 c 88

cavPor Pol CHRP2 59706460 c 88

cavPor Pol CHRP10 20257983 c 88

cavPor Pol CHRP24 7271069 c 87

cavPor Pol CHRP10 15288221 c 87

cavPor Pol CHRP23 98272562 c 87

cavPor Pol CHRP8 104691003 c 87

cavPor Pol CHRP13 10270031 c 87

cavPor Pol CHRP24 7567764 c 88

felCat Pol CHRP16 11126973 c 90

felCat Pol CHRP31 88413417 c 90

felCat Pol CHRP10 98134121 c 91

felCat Pol CHRP13 46599734 c 90

felCat Pol CHRP12 26632935 c 91

felCat Pol CHRP4 43417679 c 89

rheMac2 Pol CHRA 91524508 c 91

rheMac2 Pol CHRB 289433678 c 90

panT ro2 Pol CHR1 24165782 c 90

pan Tro2 Pol CHR Y 21678398 c 90

panT ro2 Pol CHR Y 21910354 c 91

oryCun Pol CHRP2 54410478 c 89

felCat Pol CHRP3 57331964 c 99

felCat Pol CHRP27 6771612 c 98

Fe LV Pol M18247

rn4 Pol CHR3 126586378 c 93

rn4 Pol CHRUn 56537573 c 93

rn4 Pol CHRUR 225006 c 93

rn4 Pol CHRX 159655885 c 93

rn4 Pol CHR2 128855619 c 93

rn4 Pol CHR6 171 12204 c 91

rn4 Pol CHR7 700 11 574 c 92

rn4 Pol CHR7 42837719 c 92

rn4 Pol CHRUn 21 132698 c 91

rn4 Pol CHRX 1 14586881 c 91

rn4 Pol CHR18 16239921 c 93

rn4 Pol CHR15 55093962 c 93

rn4 Pol CHR5 51528025 c 87

rn4 Pol CHR14 70068348 c 93

rn4 Pol CHR5 162275009 c 93

rn4 Pol CHR14 45822024 c 90

rn4 Pol CHR6 84256315 c 92

rn4 Pol CHR14 45623205 c 93

rn4 Pol CHR3 836581 16 c 93

rn4 Pol CHR1 1 44625290 c 93

rn4 Pol CHR5 168554327 c 93

rn4 Pol CHR1 12807813 c 93

rn4 Pol CHR20 7659581 c 93

rn4 Pol CHR8 43587128 c 93

rn4 Pol CHR8 59636108 c 93

rn4 Pol CHR3 27618237 c 91

rn4 Pol CHR2 152589380 c 93

rn4 Pol CHR1 58019337 c 90

rn4 Pol CHR7 73716799 c 92

rn4 Pol CHR1 1 40258605 c 93

rn4 Pol CHR7 104840898 c 93

rn4 Pol CHRX 75105847 c 93

rn4 Pol CHR5 106444469 c 93

rn4 Pol CHR6 13981 199 c 92

rn4 Pol CHR4 17329961 c 93

rn4 Pol CHR7 15398560 c 93

rn4 Pol CHR15 92791054 c 93

rn4 Pol CHR1 6721 1080 c 94

rn4 Pol CHR2 188716457 c 93

rn4 Pol CHR3 23544488 c 94

rn4 Pol CHR2 14875612 c 94

rn4 Pol CHR8 16479431 c 94

rn4 Pol CHR18 44600261 c 80

rn4 Pol CHR13 56769191 c 93

rn4 Pol CHR2 122159081 c 93

rn4 Pol CHRX 108472082 c 93

rn4 Pol CHRUn 73590427 c 93

rn4 Pol CHR5 39576 c 92

rn4 Pol CHRX 63659664 c 93

mlmcg Po l

musmus Chr19 2906 po  C Pz0/ 060988354

musmus Chr8 88022347 2058 po  C Tz0/ 0

musmus Chr14 53484913 2707 po  C Pz0/ 0

musmus Chr4 3063 po  C Tz0/0146062965

musmus Chr8 2936 po  C Pz0/ 044818939

musmus Chr9 2929 po  C Tz0/06223752 2

musmus Chr5 3147 po  C Pz0/ 023221035

XMRV VP62 Po l

musmus Chr1 173317855 2985 po  C Pz2/ 0

musmus Chr1 3099 po  C Pz0/ 0172778230

musmus Chr9 41663510 2282 po  C Xz0/ 0

musmus Chr1 3 2 914 po  C Tz0/068392368

musmus Chr4 2924 po  C Pz0/ 0145371516

musmus Chr8 2984 po  C Pz0/ 0126320498

musmus Chr12 55693276 2054 po  C Xz2/ 4

musmus Chr19 38440157 2106 po  C Tz2/0

musmus Chr3 67184346 2043 po  C Tz1/1

musmus Chr4 15169963 2038 po  C Pz2/ 0

musmus Chr5 24741 102 2861 po  C Tz1/0

musmus Chr8 126052021 2473 po  C Xz1/ 1

musmus Chr3 2906 po  C Pz0/ 0152260864

musmus Chr1 1 102900091 2865 po  C Pz1/ 0

musmus Chr1 1 2 944 po  C Tz0/ 08669884 9

musmus Chr1 1 60402203 2265 po  C Tz2/ 0

musmus Chr12 70465730 3000 po  C Xz0/ 0

musmus Chr1 1 2 940 po  C Pz0/ 076365341

musmus Chr2 15946952 2937 po  C Tz0/ 0

musmus Chr1 0 2 929 po  C Tz0/022424071
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and ME/CFS, contains the highest proportion of structurally
intact proviruses. It may thus have the greatest zoonotic
potential.

In fact, the ancestors of humans were not spared infec-
tions with retroviruses related to MLLV. The so-called HERV-
T is highly similar to MLLV (Figure 1). It has around 30
representatives in the human genome [52]. More distantly
related are ERV-E and ERV-9W. None of the three are struc-
turally intact in the human genome (J.B., unpublished). They
are different enough from the murine G3 MLLVs to not inter-
fere with the nucleic acid based methods for XMRV/HMRV
detection (J.B., unpublished). Judging from the degree of
mutational damage, HERV-T sequences integrated in a
human primate progenitor genome around 30 million years
ago [52]. MLLVs include the pig endogenous gammaretro-
viruses, PERV A, B, and C, several of which are infectious
and are a problem for xenotransplantation of porcine organs
to humans. The murine MLLV groups G1-3 also contain
structurally intact proviruses. Very little attention has been
paid to groups G1 and G2, while group G3 (“MLVs”) has
been thoroughly investigated. The number of references
regarding the G3 group would be staggering, and out of scope
for this review. The receptors and host range of groups G1
and G2 are largely unknown. However, the GLN retroviruses
seem to have a tropism similar to ecotropic MLVs [15].
Group G3 is known to contain MLLVs with several envelope-
determined tropisms, see, for example, [53–55].

2.2.3. Known and Probable Instances of Transspecies Transfer of
Gammaretroviruses. As seen in Figure 5, MLLVs can infect a
wide range of hosts. For example, the XPR1 receptor, which
is used by xeno- and polytropic MLVs, is common among
vertebrates [57, 58]. In some cases, prey-predator relations
probably contributed to the transmission [59]. In other cases,
there are no such known relations. The wide range of hosts is
reflected in the panorama of their receptors [55, 57, 58, 60–
65]. They are known to spread via several modes: often via
saliva (e.g., into wounds of fighting animals) and sexual
contact [26, 62, 66–72]. Moreover, chimpanzees seem to have
been infected with MLLVs from baboon and other primates
[59], while baboons and cats also have common MLLVs
[73]. Thus, MLLVs and similar gammaretroviruses have a
tendency to spread between vertebrates.

However, a barrier against spread to humans may be
the strong anti-α-galactosyl antibodies in humans, which
can neutralize viruses coming from species with different
glycosylation patterns, like the mouse [74]. Once the virus
has entered the body, its sugars will follow the human
glycosylation pattern, and the virus will not any longer be
neutralized. Therefore, this barrier is not absolute.

A variety of other restrictions, like the APOBEC cytidine
deaminases [50, 75, 76], tetherin [53], and TRIMs [77–
79] also affect retroviral spread between species. However,
restrictions may be as important within a natural host as
between hosts [80, 81]. The high XMRV replication in the
cell line 22Rv1 [82] and the ready growth of XMRV in LNCap
cells [83], both RNAse L-deficient human prostate cancer
cell lines, plus the ability to grow in human PBMCs [84],
indicate the ability of XMRV to grow in human cells [84]

and the importance of an intact interferon system for the
defence against it. These barriers to spread could probably be
overcome, and humans be infected by XMRV, although the
infectivity in vivo is hard to predict. It was recently reported
that XMRV can grow in human PBMCs [84].

Judging from the wide spread of MLLVs, a zoonotic
spread of XMRV/HMRV from mouse to human, directly or
indirectly via another vertebrate, is not impossible. Humans
are occasionally exposed to animals which harbor MLLVs.
For example, microbes known to spread to humans from
pets are viruses (arena-, hanta-, pox-, orthomyxo-, and
rhabdoviruses), bacteria (chlamydiae, salmonella, tularemia,
and leptospira), protozoa (toxoplasmosis), and helminths
(worms). Rabbits, mice, rats, and guinea pigs are frequent
as pets. The frequency of animal contact should therefore be
recorded in epidemiological investigations regarding MLLVs,
like XMRV/HMRV, in humans.

Like other MLLVs, a human MLLV would be expected to
spread via kissing, sex, intravenous drug use, blood donation,
and possibly via breast feeding. Enough systematic tests for
MLLVs in the corresponding body fluids have not been
performed. There should also be an overrepresentation of
XMRV/HMRV in intravenous drug users and in patients
infected with other sexually transmitted microbes, like HIV
[85, 86]. This needs more study. Credible transmission
chains between ME/CFS patients (with the exception of
outbreaks), between PC patients, from ME/CFS to PC, and
from PC to ME/CFS have not been reported (cf. Table 1).

3. Did MLLV Spread Zoonotically to Humans?

Gammaretroviruses related to the MLV were found 2006
in a few percent of patients suffering from prostate cancer
[9]. They were initially named XMRV. In 2009, XMRV
was also found in patients suffering from ME/CFS [6]. In
2010, the term XMRV was replaced with HMRV, because
gammaretroviral sequences found in ME/CFS were found to
be more diverse than just XMRV [56].

3.1. The Findings in PC. In 2006, Urisman et al. reported the
discovery of a novel retrovirus in a subpopulation of prostate
cancer patients in the United States [1, 8, 9]. Using fluores-
cent in situ hybridization, the viral nucleic acid was located
to stroma cells, not the cancer cells. However, others found it
also in the cancer cells [110]. This retrovirus was identified
by means of a DNA microarray (“Virochip” [8, 9, 111])
screening of known cancer samples. The DNA microarray
contained 11 000 pieces of 70 bp long oligonucleotides from
approximately 950 evolutionarily conserved viral genome
sequences. It has been used to screen for the presence of
viral DNA and also identify which family the detected virus
belongs to. Its success is a practical demonstration of the
utility of a phylogenetically directed search for new viruses.
The prostate cancer results are covered by other reviews in
this volume. Only selected data will be discussed here.

3.1.1. If XMRV/HMRV Is Not Situated in Cancer Cells,
How Could it Contribute to PC? MLLVs are not associated
with prostate cancer in animals. Therefore, the existence of
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Figure 4: gag sequences of 300 high scoring mouse gammaretroviral sequences were aligned together with reference sequences. MLV
sequences with ascribed tropism, from GenBank, were also added. The tree was rooted with a divergent rabbit gammaretrovirus-like
sequence from scaffold 34, position 34101473 (oryCun1 assembly). Sequences in red (“HMRV”) are from the paper of Lo et al. [56]. They
were from ME/CFS patients (“CFS”) or blood donors (“BD”). Two blood donor sequences from the Lo et al. study came out at the base of
group G2, in other trees (not shown) at the base of group G3. The other emerged in group G3. The branch labels are either ERV host genus,
chromosomal position, provisional genus (“C”: gamma), and ReTe score, or a reference Pol name. Genomic ERV sequences taken from the
prototype of RetroBank were named as oryCun: rabbit, cavPor: guinea pig, felCat: cat, panTro: chimpanzee, or rheMac: rhesus macaque.
Mouse sequences are just shown with their chromosomal location.
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Figure 5: MLLVs have spread among vertebrates in recent evolutionary time. The approximate time estimates to the last common MLLV
progenitor are based on references given in the text, and on the phylogenetic analysis of Figure 1. Some gibbon apes in captivity have gibbon
ape leukemia virus (GaLV). Koalas have recently been infected with koala retrovirus (KoRV). More distant relatives of the murine MLVs
occur in pigs and cats. Porcine MLLV ERVs (PERVs) are MLLVs but the interspecies transmission routes are uncertain. Cats have several
endogenous and exogenous MLLVs, including feline leukemia virus (FeLV). Birds have recently been infected with reticuloendotheliosis
virus (REV). REV is not strictly an MLLV, but is a gammaretrovirus highly related to MLLVs. Its origin is uncertain, but its closest relatives
are the ERV-T-like proviruses from opossum and primates. Humans may also recently have been infected with murine MLLVs, namely
XMRV, although there are now indications that this is a laboratory contamination with the 22Rv1 virus. Endo-: endogenous retrovirus.
Exo-: exogenous retrovirus.

an MLLV in human prostate cancer is unexpected. Initial
reports indicated that the retrovirus was integrated into
stromal cell fibroblasts in the prostate cancer samples. This
could present a problem for the hypothesis that the newly
discovered virus is part of the oncogenic process. However,
it is generally accepted that there are close interactions
between the epithelial cells and the underlying stromal cells,
such as fibroblasts, smooth muscle cells, endothelial cells
in blood vessels, and pericytes, both in normal tissue and
in tumours [112, 113]. This interaction consists of both
paracrine signalling and interactions with the extracellular
matrix, which in vivo have been shown to have a significant
impact on the growth of transformed cells. It was shown 1966
that polyoma-infected epithelial and stromal cells would
not transform unless grown in contact with the underlying
stroma [114, 115]. It has also been shown in both in vivo and
in vitro studies that tumour-associated fibroblasts contribute
to the transformation of immortalized epithelial cells [116],
indicating that there are permanent changes in the stromal
cells in tumours. What is even more interesting is that it has
been shown that the tumour-associated fibroblasts can cause
nontumourigenic prostate epithelial cell lines to transform
if cocultured [117]. Thus, one cannot dismiss an MLLV as

being uninteresting with regard to tumourigenesis in the
prostate.

3.2. The Findings in ME/CFS. The main symptom of CFS is
a persistent and debilitating fatigue with rapid onset. It often
commences after an episode of influenza-like symptoms. The
afflicted patients were previously healthy [87]. The symp-
toms include fatigue, loss of memory or concentration, sore
throat, painful lymphadenopathy, muscle pain, headache,
unrefreshing sleep, and extreme exhaustion after exercise.
The cause of CFS is not yet known. It is in need of clinical
and laboratory studies for its further definition. ME/CFS
can, however, be diagnosed according to internationally
accepted clinical criteria, see, for example, [118]. It seems
to be a rather common disease, maybe amounting to 0.5%
of the population [118]. Finding the cause, new diagnostic
techniques, and, hopefully, a cure, for this often debilitating
disease is a high medical priority. ME/CFS borders to the dis-
eases fibromyalgia (FM) and irritable bowel syndrome (IBS).
FM-like chronic pain and IBS-like intestinal symptoms are
common in ME/CFS [119].

In 2009, Lombardi et al., in Judy Mikovits’ group,
reported the discovery of the XMRV virus, using PCR and
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Table 1: How well does XMRV/HMRV fulfill the expected properties of an MLV spread to humans + means an argument for, and—an
argument against expectation?

Property Expected finding Observed
Conclusion, for or against
XMRV/HMRV in humans?

+Hybridization array w. conserved viral 70-mers, an
insensitive technique [9].
+Serendipitous.

For?

Viral nucleic acid

+PCR (positive, XMRV [87], positive, HMRV [56] and
−negative [3, 85, 88–100] results).
−Proven or suspected contamination w 22Rv1-like virus
and mouse DNA [3, 57, 93–96, 99–101].

Against?

+Integration into host genome [8].
−Some of the integration sites occur in an XMRV-infected
cell line [99].

Against?

Discovery/followup

+Cloning of XMRV into infectious clone (PC, ME/CFS)
[8].
−High sequence similarity and unique recombination
suggest contamination with DNA from XMRV producing
cell line [2].

Against?

Virus isolation

+Virus isolation (ME/CFS patients) [6, 102, 103].
−High sequence similarity, lack of evolution, and unique
recombination suggests contamination from XMRV
producing cell line [2, 82].
−Isolation results cannot be reproduced [3].

Against?

Antiviral immune
response

+SFFV FACS (ME/CFS) concordance with PCR outcome
[6, 102],
+ELISA (PC, ME/CFS), positive [104] and
−negative [84, 92, 105–107] outcomes,
−Virus neutralization, negative outcome [90],
−Western blot (ME/CFS) negative outcome [105, 108],
−CMIA (ME/CFS), negative outcome [109],
−T-cell response, negative outcome [86].

Against?

Epidemiology, early
phase

Contact with mouse Not observed/reported Against?

Epidemiology, late
phase

Human-human spread,
via saliva, sex, and
mother-child

−Although occasional ME/CFS outbreaks occur, most
cases are sporadic, with no spread between spouses.
−No reported epidemiological link between prostate
cancer and ME/CFS
−No known overrepresentation in STD and in IVDU [85].

Against?

Pathogenesis

Leukemia, lymphoma Prostate cancer?

For or against?
Immunodeficiency Immunodeficiency?

Encephalitis (MAIDS) Myalgic encephalomyelitis?

Enteritis (MAIDS, FAIDS) Irritable bowel syndrome?

Autoimmunity Thyroiditis?

Replication
Relatively easy to detect in
blood

Hard to detect in blood. Against?

Immune response
Strong B-cell response,
positive WB

Weak or absent B-cell response. Against?

serology, in 67% of chronic fatigue syndrome (ME/CFS)
patients compared to 3.7% in healthy controls [6]. Reports
which verify [56, 102, 103] and do not verify [84, 88–
93, 105, 106, 108, 120] the original ME/CFS report have
come. The situation is volatile and cannot be extensively
covered here. The conflicting results may be due to method-

ological differences, an uneven geographic distribution of
XMRV/HMRVs, or viral genetic variation. Switzer et al.
used a Western blot with a lysate from MLV, another
group G3 virus, to examine antibody response in 51 CFS
patients and 53 healthy donors. No specific reaction was seen
[105].
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In a UK study involving 170 CFS patients as well as 395
non-CFS patient controls, 4.6% of the samples contained
neutralizing antibodies, but only one of these was from a CFS
patient. Most of these positive sera were able to neutralize
MLV virus particles pseudotyped with Env-proteins of other
viruses indicating significant cross reactivity [90]. Hohn et al.
searched for antibody activity of 36 CFS and 112 MS patients
and 27 healthy controls using an Env-ELISA and a capture
Gag-ELISA. No evidence of specific seroreactivity was found
[84].

3.2.1. Could an MLLV Cause the Combination of Neuro- and
Immunopathology Which Occurs in ME/CFS? MLLV infec-
tions are sometimes associated with immunosuppression
[121]. ME/CFS patients have a degree of immunosuppres-
sion, neurological symptoms, and often an enteritis. Giardia
has been associated with ME/CFS [122, 123]. Mice with
MAIDS are especially sensitive to intestinal parasites like
Giardia, a similarity which may be fortuitous [122, 123].
Likewise, cats with FAIDS are also immunosuppressed and
develop enteritis. Although such correlations are diffuse and
may be spurious they indicate that infectious agents could
give ME/CFS-like disease.

3.3. Other Diseases Expected to Occur If There Is an Infectious
Human Gammaretrovirus. Murine and feline diseases where
MLLVs are known to play a major role are leukemia,
lymphoma and encephalitis (and other neurological dis-
eases) and, as mentioned, immunodeficiency [124–132].
Autoimmune disease has also been linked to MLLVs [133,
134]. MLLVs should thus be searched for in these diseases.
So far, studies of associations of XMRV/HMRV with such
human diseases have not been published.

3.4. Can Phylogeny Direct Our Efforts to Detect MLLV Infection
in Humans?

3.4.1. Viral Nucleic Acid Detection. Nested PCRs have been
used in several of the positive XMRV reports. Such PCRs
have a high sensitivity, but also a high risk of amplicon
contamination.

The lower sensitivity of microarray analysis makes it
less susceptible to contamination. This makes the initial
serendipitous observation of XMRV in prostate tissue [9]
especially credible. Although PCRs are more sensitive, they
may miss imperfectly matching targets. High sensitivity also
means high risk of contamination. Amplimers, synthetic
sequences, and plasmids containing target sequences are
notorious problems. However, also genomic DNA harboring
target sequences (ERVs) is a problem. Mouse DNA is a
special case, because it contains many HMRV PCR target
sequences per copy of mouse genome (see above). Thus, each
XMRV/HMRV PCR should be evaluated for its detection
range and tendency to give false positive results due to
mouse DNA contamination. Several of the PCRs which have
been used to detect XMRV react also with mouse DNA.
Some, like the integrase-based PCR of Ila Singh [135], do
not react with mouse DNA unless the DNA is present in
high concentration. Others react strongly with mouse DNA.

Mouse DNA contains at least two sequences which are
highly similar to XMRV, with ORF in gag, pro, pol and
env: Proviruses at chromosome 1, position 172778230 and
chromosome 5, position 23221036. The similarity is obvious
in pol and env, less so in gag (mouse genome assembly mm8,
which comes from C57Black). These proviruses are situated
next to XMRV VP62 in the Pol-based tree in Figure 3. All
broadly targeted (“HMRV-specific”) PCRs react with mouse
DNA, while some “XMRV specific,” like the Singh PCR, do
not react, or react only with high amounts of mouse DNA
(Elfaitouri et al., submitted). Among 30 vertebrate genomic
DNAs analyzed bioinformatically, mouse DNA is most likely
to give such spurious PCR signals (Blomberg and Elfaitouri,
unpublished).

A test which lends high credibility to a positive provirus
detection is if integration sites in the host genome can be
cloned and sequenced. This has been reported for XMRV in
PC [7]. However, Garson et al. [99] claimed that integration
sites in 2 of 14 prostate cancer patient samples reported
from Silverman’s group [8, 9] were identical to those of the
experimentally infected human tumour cell line DU145 used
in the same laboratory. This raises the possibility that this
finding is due to contamination.

The Problem of Mouse DNA and XMRV DNA Contamina-
tion. Where Does It Come from? Several laboratories have
reported frequent occurrence of mouse DNA in samples
from humans. Some of the PCRs used for detection of
XMRV/HMRV also become positive when mouse DNA is
present, because (as explained earlier in this review) the
mouse genome contains many proviruses which react in
these PCRs. However, some XMRV PCRs do not react with
mouse DNA [110]. They should be less likely to give false
positive signals due to presence of mouse DNA. Presence of
mouse DNA in human samples may sound absurd and is
often not easy to explain. It may be caused by contamination
of chemicals and biologicals used to prepare the samples.
For example, mouse DNA may be present on microtomes
used for preparation of tissue sections from both mouse and
humans. Further, some cell lines (especially hybridomas of
mouse origin) contain high amounts of XMRV or related
MLVs and can contaminate other cell lines [136, 137].
It is therefore logical that murine monoclonal antibodies,
including anti-Taq polymerase antibodies, which are used
to provide a “hot” start in PCRs, sometimes contain traces
of nucleic acid from MLVs [101]. Moreover, the highly
XMRV producing cell line 22Rv1 contains a virus which is
very similar (essentially identical; see Figure 4) to reported
XMRVs [99]. It is a human prostate cancer cell line which
was infected with XMRV during passage in nude mice
[2]. According to recent information, XMRV arose by a
unique recombination event between two defective MLV
sequences [2]. It is therefore reasonable to assume that
XMRV originated from the 22Rv1 virus which then has been
a contamination source of many of the published positive
results from prostate cancer and ME/CFS. In fact, all cell lines
which have been passed in nude or SCID mice should be
suspected of retroviral contamination.
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If contamination explains all positive PCR results in
ME/CFS and prostate cancer, why would the frequency
in ME/CFS patients be at least tenfold higher than in
the controls? The patient samples may have been more
frequently opened than the control samples. At least two
kinds of contamination, with mouse and XMRV DNA,
respectively, have to be invoked. Although false positive
PCR results due to contamination in the laboratory is a
frequent event, contamination on such a grand scale is
beyond previous experience.

There are similarities between the XMRV/HMRV and the
“Human Retrovirus 5” (HRV5) stories [138]. HRV5 is one
of the so-called “rumor viruses” [139]. It turned out to be
a defective rabbit betaretrovirus (RERV-H) whose DNA is
abundant in rabbit sera [140]. The rabbit genome contains
around 700 copies of RERV-H [140]. Any laboratory which
handles rabbit sera is at risk of RERV-H contamination. In
analogy with this, a low level of mouse (or XMRV) DNA
could be present in laboratory reagents, cell cultures, or in the
laboratory environment, as evidenced by many confirmed
reports of contamination, or unconfirmed reports of human
retroviruses [73, 93–96, 99–101, 136, 137, 141–165]. Thus,
extensive contamination controls must be performed if PCR
is used for detection of XMRV/HMRV.

3.4.2. Viral Reverse Transcriptase Detection. Reverse tran-
scriptase (RT) activity is a fundamental and conserved func-
tion of retroviruses. Detection of RT activity is an established
method for retrovirus discovery and diagnosis. There is an
evolutionary limit to the extent to which the enzyme can
mutate. Presence of significant retroviral RT activity in a bio-
logical sample is thus not only an indication of virus protein
expression, but of retrovirus replication. RT activity assays
thus give an additional dimension compared to detection
of viral nucleic acids or proteins. The RT enzymes from
different retroviruses have different enzymatic properties.
By varying pH and the composition and concentrations of
certain components, it is possible to optimize assays for a
virus family or subgroup [166]. RT assays can also be per-
formed with PCR readout, which gives a very high sensitivity
[167, 168]. Quantification of RT activity may be complicated
by a myriad of RT inhibitory factors and requires enzyme
purification. A simple colorimetric RT activity assay [166]
can be used both for monitoring propagation of XMRV
virus in cell culture and for direct detection in samples
from humans [169]. RT assays are somewhat less sensitive
than PCR and have less problems with contamination and a
broader detection range. An RT assay optimized for XMRV
has been developed (http://cavidi.se/). It has a minimum
level of detection of 0.01 μU RT activity, which corresponds
to approximately 50 virus particles per reaction (Elfaitouri
et al, accepted for publication in Plos One). It is currently
used as an independent technique for following isolation and
propagation of MLV-related viruses in our laboratory.

3.4.3. Virus Isolation. The Mikovits group at the Whittemore
Peterson Institute reported a high frequency of virus
isolation from ME/CFS patients [6, 102, 103]. We are not
aware of a report on XMRV isolation from prostate cancer

patients. Virus isolation is inherently less susceptible to
contamination than PCR is, because retroviruses are easy to
disinfect. They also lose infectivity after drying. The virus
isolation results are therefore the mainstay of the proponents
of XMRV [102, 103]. An especially efficient and specific
virus isolation test seems to be the DERSE (detector of
exogenous retroviral sequences) assay [170]. The isolation
results from ME/CFS patients were recently contested [3].
Patients which earlier were reported to be XMRV isolation
positive were found to be negative on retesting. This raises
the possibility that also the virus isolation results were due
to contamination with 22Rv1 tissue culture virus. The 22Rv1
virus is present in billions of copies per mL of tissue culture
supernatant. Retroviral contamination of cell cultures is
common, see, for example, [136, 137, 171]. Low or moderate
expression of potentially infectious ERVs in cell culture is a
particularly vexing problem [137, 143, 172–176].

3.4.4. Serology. Antigens for use in XMRV/HMRV serology
range from synthetic peptides to recombinant proteins. In
this situation, cross-reactive epitopes in Gag and trans-
membrane proteins are of special interest. Epitopes from,
primarily, Env and Gag proteins of XMRV and related MLVs
should be covered. It is fortunate that much information
regarding B-cell epitopes is available for MLVs and FeLVs
(against which an effective vaccine exists). It can guide the
selection of synthetic peptides. Synthetic peptides, primarily
mimicking linear epitopes, have been useful for development
of serological assays for detection of other retroviruses such
as HIV and HTLV [177–182]. However, an optimal sero-
logical assay should cover both linear and conformational
epitopes. Whole virus [105, 109, 183, 184], recombinant
XMRV proteins [84, 104, 106, 109, 183, 185], and a
“surrogate” spleen focus forming virus (SFFV) fluorescence-
activated cell sorter (FACS) antibody test [6] have been
used. SFFV has an envelope which is a recombinant between
the envelopes of the infectious Friend helper virus and an
endogenous polytropic virus. It also has a large deletion
involving the SU/TM cleavage site. Cells with and without
transduced SFFV envelope are incubated with serum and
fluorescent antihuman IgG and then run in an FACS.
This is an elegant and specific technique, but is dependent
on a few cross-reactive envelope epitopes. Western blot
(WB) using whole virus (or a set of recombinant proteins)
[105] is a de facto serological golden standard in clinical
retrovirology. It would be desirable to have a confirmatory
WB assay for serological XMRV diagnosis. Screening assays
could be existing enzyme immunoassays (EIAs), suspension
arrays [120], or chemiluminescent magnetic microparticle
immunoassays (CMIA) [109]. Neutralization assays [89]
can be highly specific, but may be too narrow if a broad
search is desired. The FACS analyses of antibodies binding to
SFFV envelope transduced cells should also be very specific.
None of the latter two are, however, suitable for large-scale
screening. There is a long history of serological findings of
gammaretrovirus antibodies and antigens in human disease
[73, 186–203]. Given the tendency of serological methods to
cross-react, weak serological reactions to a few epitopes alone
are not strong evidence.
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A serological diagnosis of a retroviral infection needs
demonstration of an immune response at several epitopes.
It cannot be the only serological evidence. Ideally, several
tests with different specificities, covering both broadly cross-
reactive and specific, linear and conformational, epitopes
should be used. Several of these serological assays are
capable of detecting antibody reactivity to other MLVs. Thus,
although it may not be intentional, the intense hunt for
XMRV antibodies is also a hunt for other MLLVs in humans.
The largely negative outcome [84, 105, 106, 108, 204] may
be taken as evidence against widespread MLLV infection in
humans.

3.4.5. Why Was XMRV/HMRV Not Discovered in the Virus
Cancer Program during 1964–1977? A considerable US effort
to find new retroviruses was the Virus Cancer program [205].
Virus isolation and reverse transcriptase assays were main
techniques. MLV and similar viruses are relatively easy to cul-
tivate. They were known at the time and were also main tar-
gets for the program. It is therefore notable that such a virus
was not detected in humans with cancer during this project.
Reasons could be manifold, either due to bad luck, inappro-
priate methods, due to an introduction of XMRV/HMRV
into humans, or spread of a tissue culture contaminating
virus after the conclusion of the Virus Cancer program.

3.4.6. Summary of Current Controversies Regarding XMRV/
HMRV. Since the initial reports of XMRV in US patients
with prostate cancer and CFS, several research groups have
been attempting to replicate these results. Especially, the
connection of XMRV to CSF has raised considerable interest
in this virus. However, it has not been possible to detect the
virus in studies from China where Hong et al. have analyzed
samples from 65 CFS patients and 85 healthy controls [92],
from Netherlands where van Kuppeveld et al investigated
samples from 76 CFS patients and 69 matched controls
[98], from UK where Groom et al. tested samples from
170 CFS patients and 395 non-CFS control patients [90],
and Erlwein et al. investigated samples from 186 CFS patients
[89], and from the US where Switzer et al. analyzed samples
from 51 CFS patients and 53 healthy controls [105], using
either PCR-based methods for detecting viral RNA/DNA or
methods for detecting neutralizing antibodies against XMRV.
Hohn et al. were likewise unable to detect XMRV in any of
the 589 German prostate cancer samples they analyzed for
the presence of XMRV [84, 106]. To further confuse the issue,
a US research group failed to detect the XMRV itself but was
able to detect viral sequences closer related to other MERVs
(“HMRV”; here shown to belong to group G3 MLLV) in a
retrospective study of blood samples from CSF patients [56].

3.4.7. An Attempt to Reconcile Current Results Regarding
XMRV/HMRV with Each Other.

Why Is XMRV/HMRV So Hard to Detect by PCR and Serology?
A possibility which could reconciliate the conflicting findings
could be that a chronic XMRV/HMRV infection becomes
progressively harder to detect both by nucleic acid, virus

isolation, and serological methods. XMRV/HMRV would
then establish a low-grade infection in a limited number
of cell types, with a waning immune response. This is
reminiscent of what was seen in experimentally XMRV-
infected macaques [109, 183]. The dynamics of antibody
response elicited by XMRV were studied in five XMRV-
infected macaques. Using recombinant gp70, p15E, and p30
in western blots and CMIA, Qiu et al. found evidence
of antibodies two weeks after infection. The antibodies
persisted for at least 158 days. Although all three proteins
elicited an immune response, antibodies to recombinant
gp70 and p15E showed higher sensitivity than p30 [109,
183]. The Western blots were very clear. Such XMRV
Western blots were never reported from humans. There
was a tendency for the antibody levels to decrease over
time. Stimulation with a dose of XMRV antigen gave
rise to a burst of viral replication and a rise in XMRV
antibodies. In another study, Mus pahari was experimentally
infected with XMRV [184]. Antibodies to XMRV Env (p15E
and gp70) and Gag (p30) were detected in Western blots
and in ELISA tests. Neutralizing antibodies also devel-
oped.

Thus, the expected course of an XMRV/HMRV infection
is an initial phase with intense viral replication, easily
detected by PCRs on nucleic acids from plasma or PBMCs,
followed by development of a strong antibody response
which can be demonstrated by several kinds of serology,
and a full WB pattern, similar to the situation during HIV
infection.

However, the difficulties of finding both viral nucleic
acid in blood samples and a weak or nonexistent antibody
response in virus isolation or XMRV/HMRV PCR-positive
persons lead us to two alternate interpretations.

First, we must hypothetically consider a model of low-
grade chronic XMRV/HMRV infection of humans. Such a
“stealth” infection could have similarities with ERVs. The
immune response to ERVs is abnormal, possibly because
they are perceived as “self” by the adaptive immune system
[206]. Their protein expression may also be weak. In putative
“stealth” non-ERV RV infection a low degree of continuous
antigenic stimulation could lead to a low, and waning
immune response [207]. Although a vigorous antibody
response is the most common reaction to a retrovirus
infection, a very weak antibody response is also seen in some
cases of HLTV-2 infection, which can also be accompanied
by a low degree of viral replication [208, 209]. It is a
considerable difficulty for the diagnosis of HTLV-2 infections
in humans by PCR and serology. Likewise, HIV patients
which were treated early during the infection may develop
an abortive immune response [210, 211]. It is conceivable
that the XMRV/HMRV situation could be similar. There are
aspects of the MAIDS/FAIDS models which fit with ME/CFS
and this model.

The second alternative is that all reports of XMRV/
HMRV in humans have been due to contamination or
serological cross-reaction. The PCRs could have been con-
founded by various forms of contamination (see below).
The positive serologies in ME/CFS patients have largely been
from the surrogate SFFV FACS antibody test [6], which alone



Advances in Virology 13

does not fully suffice as evidence. It would be a sad outcome
of a fascinating and important story.

3.5. Medical and Ethical Consequences of the Uncertain Diag-
nostic Situation. The finding of XMRV/HMRV in ME/CFS
has far-reaching implications, for the personal life of the
patients (sex, kissing, breast feeding, etc.), for the develop-
ment of diagnostic methods, for transfusion safety, and for
the understanding of other human diseases with a possible
retroviral etiology. It is reasonable to demand that measures
to protect blood transfusion recipients from infection are as
rigorous as the sensitivity and specificity of available tests
allow. In the situation of today, where the reported frequency
of XMRV infection found with different methods in blood
donors or comparable healthy individuals varies from 0 to
7%, there is no simple test strategy available. However, the
mere suspicion that a retrovirus like XMRV is frequent in
patients suffering from ME/CFS is a basis for abstaining
from using such patients as blood donors [212]. The finding
of XMRV in PC also raises medical and ethical questions.
However, the frequency of positivity is at a few percent, and
claims of a connection have not reached the high frequencies
reported in ME/CFS (>60%).

Both ME/CFS and PC patients suffer from the uncer-
tainty regarding XMRV/HMRV positivity in the two diseases.
The patients must make personal decisions regarding sexual
contacts, kissing, and breast milk feeding of their children.
Few PC patients will know their alleged XMRV/HMRV
status, but the rather widespread testing of ME/CFS patients
for this virus has created a group of patients who are left
in limbo. The temptation to start antiretroviral treatment
[213] despite the current scientific controversy can be hard
to resist.

4. Conclusions

Research on XMRV/HMRV in humans is evolving rapidly.
There is a great need for confirmation of the reports on
XMRV/HMRVs in PC and ME/CFS. In view of the recently
demonstrated diversity of retroviral sequences in ME/CFS,
it is also important to establish the detection range of
XMRV/HMRV detection methods. Contamination of cell
cultures with 22Rv1 virus and PCRs with MLV nucleic acid
and mouse DNA is known to occur. Whether all reports on
MLLVs in humans can be explained by them is uncertain, but
not unlikely. The XMRV/HMRV story has both credible and
less credible aspects (Table 1). The original XMRV detection
in prostate cancer was serendipitous and made with several
independent techniques, together forming a credible case.
The proven integration into human DNA was especially
convincing. The finding of XMRV/HMRV in ME/CFS also
has a credible aspect; the immunomodulating properties of
MLLVs could theoretically explain the disease. However, the
epidemiology of XMRV/HMRV transmission still is unclear.
The absence of an easily measurable immune response is also
a memento.

We conclude that MLLVs are widespread as ERVs
among vertebrates. There are many signs of interspecies
transmission of MLLVs. However, only a few of the MLLVs

are structurally intact. The mouse genome is unique in
its high content of MLLVs. It contains three major MLLV
groups, of which two (G1 and G2) have not hitherto been
reported. Group G3 contains the MLVs and all or nearly all
of the MLV-like retroviruses which have so far been detected
in humans, that is, XMRV and HMRV.

The study of XMRV/HMRV is important from a range
of perspectives, one of which is screening of blood donors
for potentially harmful pathogens. Xenotropic viruses also
raise concerns regarding research into xenotransplantation of
organs [16].

The detection of human infection with XMRV/HMRV
has proven to be difficult. This may either be due to
absence of the virus or to a low-grade infection, with a
minimal viral replication and a minimal serological response.
Although that goes contrary to expectations, such a situation
sometimes occurs in HTLV and HIV infections.
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Our laboratory has developed a murine model of lymphoma via breast milk transmission of MoMuLV-ts-1 (Moloney murine
leukemia virus-temperature sensitive mutant-1). Uninfected offspring suckled from infected surrogate mothers become infected
and develop lymphoma. Multiple gene integration sites of ts-1 into the infected mouse genome including tacc3, aurka, ndel1, tpx2,
p53, and rhamm were identified, and mRNA expressions were quantitated. These genes produce centrosomal proteins, which may
be involved in abnormal chromosomal segregation leading to aneuploidy or multiploidy, thus causing lymphoma. Since there is no
report to date on this retroviral model leading to centrosomal abnormality, and causing lymphoma development, this is a valuable
and unique model to study the centrosomal involvement in lymphomagenesis.

1. Introduction

Retroviral infections in humans range from asymptomatic
murine leukemia virus infections to deadly infections such
as HIV. The HIV epidemic has spurred unprecedented levels
of retroviral research in the last three decades due to the ever-
increasing human toll. According to the WHO and UNAIDS
report in 2008 [1], globally 33.4 million people are now
living with HIV. Of these, 2.1 million children under the age
of 15 years are suffering from HIV infection and 280,000
children died of AIDS and AIDS-related conditions such as
lymphoma in 2008. In 2008, an additional 430,000 children
became infected, with the vast majority living in developing
countries with little access to antiretroviral therapy (ART).
The main route of infection in these children is mother to
child transmission (MTCT). Although treatment of infected
mothers during pregnancy with ART and use of infant
formula after delivery has limited MTCT of HIV-1 in
developed countries [1], these options are often unavailable
in Africa and other developing countries where MTCT still
remains a significant source of HIV infection.

Due to practical and ethical constraints involving human
subjects, the mechanism of perinatal transmission of HIV-
1 is not yet fully understood. HIV can be transmitted
to the fetus/infant during prenatal and postnatal periods.
A suitable animal model may allow in depth study of
the pathophysiologic mechanisms of MTCT of HIV. We
have successfully developed a murine model for mother-to-
offspring transmission of Moloney Murine Leukemia virus
(MoMuLV) ts-1, a retrovirus which mimics HIV. We have
clearly demonstrated that the transmission of ts-1 can occur
in utero, intrapartum, and/or postpartum. Transmission
of ts-1 produces an immunodeficiency state with wasting,
increased infection, and neurologic deterioration. In addi-
tion, postpartum transmission of ts-1 is associated with an
increased development of lymphoma in pups [2, 3].

Chakraborty et al. [4] have found that ts-1 integration
leads to an overexpression of four genes associated with
lymphoma in BALB/c mice infected by breast milk. This
unique model has allowed us to demonstrate ts-1 retrovirus
transmission via breast milk and study the molecular
mechanism of the lymphoma development through natural
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Table 1: Comparison between HIV and MoMuLV-ts-1 showing the
similarities and differences between these two types of viruses.

Characteristics HIV ts-1

Retrovirus + +

Lentivirus + −∗
Initial target for infection: CD4 cells + +

Depletion of T-lymphocytes + +

T-cell death via apoptosis + +

Inefficient transport of env precursor + +

Viral induced cytokine production + +

Polyclonal activation of B lymphocytes + +

Infection of astrocytes and microglia + +

Demyelination + +

Neuronal death + +

Wasting + +

Can cause lymphoma in some cases∗∗∗ + +

Horizontal transmission + −∗∗
Mother-to-offspring transmission + +

Can cause disease
New born
and adult

New born
only

∗
MoMuLV-ts-1: mammalian gamma oncoretrovirus. ∗∗ts-1: No adult

mouse can be infected; therefore, no sexual transmission occurs. ∗∗∗: Both
HIV and ts-1 may indirectly cause lymphoma.

transmission of a retrovirus to the offspring. Our hypothesis
is that viral integration into the host genome alters host gene
expression leading to an abnormal mRNA expression and
abnormal protein production. These abnormal proteins alter
the centrosome function during the cell cycle resulting in
lymphomagenesis. This paper will explore two related areas
of ts-1 research: ts-1 as a small animal model of perinatal
retroviral transmission and ts-1 in lymphomagenesis.

2. Part I. MoMuLV-ts-1 as a Small Animal Model

2.1. The Similarities and Differences between HIV and
MoMuLV-ts-1. HIV shares many characteristics with ts-
1. These include CD4 cell targeting, secondary infections,
neurodegenerative diseases, macrophage and CD4 cell infec-
tion, immunodeficiency, neurotropism, CD4 cell depletion,
wasting, lymphomas, and perinatal transmission. However,
the mechanism of entry of these two viruses are different.
The Moloney murine leukemia virus (MoMuLV) ts-1 is a
temperature sensitive mutant virus [5–7] first isolated by
propagating MoMuLV in a thymus bone marrow cell line
(TB) taken from CFW/D mice. This virus has a defect in the
intracellular processing of the envelope precursor polypro-
tein (Pr80env) at the restrictive temperature [6–9]. Like
HIV, MoMuLV ts-1 infects CD4 cells, with subsequent CD4
depletion and a resulting immunodeficiency (see Table 1)
[10]. ts-1 is a murine gamma retrovirus that can induce T-
cell lymphomas in susceptible strains of mice after a long
incubation period [11].

As a simple retrovirus, ts-1 has only three genes (gag,
env, and pol). Infection with ts-1 results in an AIDS-like

syndrome in mice similar to HIV infection in humans
[10, 12–14]. The most important characteristic of ts1 to
our study is its effects on MTCT by breastfeeding in mice
[2–4]. About 97% of uninfected neonatal mice that suckle
from an infected mother develop clinically symptomatic ts-
1 infection [3, 4]. Newborn BALB/c mice infected with
ts1 virus suffer from neurodegenerative disease resulting in
hind limb paralysis and immunologic disease characterized
by severe thymic atrophy associated with immunodeficiency
due to destruction of T-lymphocytes, and generalized body
wasting [7, 15]. Infectivity of ts-1 is significantly related to its
temperature sensitivity [7], and can replicate optimally at a
permissive temperature of 34◦C [16]. This may explain why
the ts-1 virus can produce hind limb paralysis in newborn
mice and not in the adult, because the body temperature
of the newborn mice is lower (∼34◦C) than that of adult
(38.4◦C) [17]. The uniqueness of the ts-1 among other
murine retroviruses is that it can cause degenerative diseases
in mice similar to HIV in humans, by affecting both the
central nervous system (CNS) and the immune system.
Infected T-lymphocytes have impaired function [14, 18].

The murine ts-1 model has been extensively used as a
small-animal model for retrovirus-induced neurodegenera-
tive disease [19]. Oxidative stress has been suggested as a
major mechanism for ts1-induced neurodegeneration and T-
cell loss in infected newborn mice [20]. The U3 region of ts-1
controls the pathogenicity and targets cell type [21].

Transfer of humoral immunity to ts-1 can be passed from
mother to baby via breast milk and can provide protection
from neurodegenerative and immunologic disease in neona-
tal mice [22]. Chakraborty et al. [23], have further developed
this murine model to study the perinatal transmission of ts-1.
Infected mothers can transmit the ts-1 virus vertically to off-
spring. They further demonstrated that mother-to-offspring
transmission via breast milk can occur at nearly a 100%
incidence [4], and can cause lymphoma when control pups
suckle from ts-1 infected mothers. The pattern of proviral ts-
1 integration sites observed in these lymphoma tissues corre-
lates with the upregulation of mRNA expression of candidate
genes that may contribute to lymphomagenesis [4].

2.2. Mother-to-Child Transmission of HIV by Breastfeeding.
MTCT of HIV can occur in utero, intrapartum, or through
breastfeeding. Current strategies aimed at decreasing MTCT
of HIV have focused mainly on in utero and intrapartum
transmission. Prophylaxis with highly active antiretroviral
therapy (HAART) during pregnancy and through delivery
has substantially reduced the rate of MTCT of HIV at birth
[24]. Avoidance of breastfeeding by HIV-infected mothers
is the norm in developed countries throughout the world
[25]. However, for socioeconomic and cultural reasons, such
avoidance is not an acceptable or viable alternative for
many HIV-infected women in Africa and other resource
poor areas worldwide [26]. In these areas, breastfeeding
is the best and only source of infant nutrition, and safe
alternatives do not exist because of inadequate supplies of
formula and the lack of clean water. Breastfeeding, therefore,
accounts for a substantial proportion of the overall MTCT
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Table 2: Percentages of changes in spleen, lymph node, and thymus due to MTCT of ts-1 virus by breastfeeding in control and infected
pups.

Group Description Sample size (n) Splenomegaly
Lymph node
hypertrophy

Thymic
hypertrophy

1 Control pup nursed by infected surrogate mother 93 95.7% 79.1% 95.7%

2 Infected pup nursed by infected surrogate mother 94 92.6% 56.5% 92.6%

3 Infected pup nursed by control surrogate mother 108 46.3% 25.9% 46.3%

5 Infected pup nursed by biological mother 88 89.8% 61.4% 89.8%

4 & 6 Control—no infection 154 1.9% 0.0% 5.8%

Pregnant BALB/c mice

Offspring infected by injection Offspring uninfected (control)

Infected females Infected males (discarded) Control females Control males

Infected surrogate mother Infected biological mother Control surrogate mother Control biological mother

Group 1: control pups Group 5: infected pups Group 3: infected pups Group 6: control pups

Group 2: infected pups Group 4: control pups

Figure 1: Experimental plan for ts-1 breast milk transmission studies.

rate in developing countries. Breastfeeding for 15 months
accounts for 38% of the overall MTCT rate [27], and
if continued for 24 months, it accounts for 44% [28].
Richardson et al. [29] reported that if an infant ingests one
liter of breast milk then the probability of having the HIV-
1 infection is similar to that of heterosexual transmission.
Breast milk transmission depends on high maternal viral
load and status of immunodeficiency with mastitis and
duration of breastfeeding increasing the rate of HIV infection
[29]. Breastfeeding by HIV positive women can reverse
the benefits made in reducing perinatal HIV transmission
through the use of HAART during pregnancy and/or labor.
For example, in the Petra study of MTCT of HIV [30], the
benefits of perinatal HAART prophylaxis were lost in the
breastfeeding group. In order to prevent milk-borne HIV,
HAART must be given throughout the breastfeeding period,
which is rarely a feasible option in developing countries.

Studies in primates with HIV-2 [31], simian immun-
odeficiency virus (SIV) and SHIV (SIV expressing HIV
envelope) [32, 33] have shown that primate lentiviruses can
be transmitted orally. After milk is swallowed, gastric acid
may inactivate some virus, but the buffering capacity of milk
may allow the remaining virus to enter into the lumen of
the gut, where there is extensive lymphoid tissue as a target
for HIV. Mixed feeding (breastmilk and formula) carries
a significantly increased risk of HIV transmission, because
formula foods increase gut permeability [34]. These data
suggest that the intestine could be a site of HIV entry in

breast milk transmission, in addition to the oropharyngeal
cavity. In areas without clean water, WHO recommends
exclusively breastfeeding to avoid fatal diarrhea and the
increased risk of HIV infection related to mixed feeding of
formula and breast milk [35].

Several methods have been studied to decrease MTCT of
HIV in areas where breastfeeding is a necessity. These include
wet nursing by an HIV-negative woman, heat-treating the
mother’s milk with Holder pasteurization (62.5◦ for 30 min),
leaving milk at room temperature for 30 minutes to allow
milk lipase to inactivate HIV, adding microbicides to milk
and standing for 5–10 minutes, or getting milk from a
human milk bank [35, 36]. Due to high cost, obtrusiveness,
inaccessibility, and/or inconvenience, none of these options
are practical in developing countries where breastfeeding
remains the only viable option for infant feeding and thus
a major route of vertical HIV transmission. Therefore, a
prophylaxis is urgently needed. However, in order to develop
an effective prophylaxis, the exact mechanism of breast milk
transmission of retrovirus must be clearly determined. In-
depth study of the pathophysiology of retroviral transmis-
sion via breast milk using an animal model such as our ts-
1 model will provide mechanistic insights that can translate
into effective human therapies.

2.3. Breast Milk Transmission of MoMuLVts-1 in BALB/c Mice.
In the study of viral transmission by breast milk, use of
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and offspring of different groups.
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Table 4: Flow cytometric Analysis of CD4+, CD8+, and CD19 Cells.

Flow Cytometric analysis

CD4 (T-cell) CD8 (T-cell) CD19 (B-cell)

Blood
Control 15.4± 10.6 4.4± 2.9 2.6± 1.2

Infected (no lymphoma) 5.1± 4.2 1.0± 0.7 0.5± 0.6

Infected (with lymphoma) 3.2± 2.4 1.5± 1.2 1.7± 1.3

Spleen
Control 13.1± 4.7 4.9± 2.0 22.6± 7.1

Infected (no lymphoma) 12.5± 0.8 4.6± 0.3 10.1± 2.4

Infected (with lymphoma) 2.8± 0.6 1.8± 1.2 2.2± 1.2

Thymus
Control 15.6± 5.6 16.6± 8.5 0.9± 0.2

Infected (no lymphoma) 25.3± 33.3 1.2± 0.1 2.0± 1.4

Infected (with lymphoma) 8.6± 9.2 8.9± 13.5 0.4± 0.5

Lymph Node
Control (NA) (NA) (NA)

Infected (no lymphoma) (NA) (NA) (NA)

Infected (with lymphoma) 11.3± 8.2 4.3± 3.6 8.6± 7.0

(NA): Not Available.

Infected
mouse mouse

Liver
Liver

Spleen
Spleen

Thymus

Control

Figure 4: Organomegaly in infected versus control mice.

Liver

Mesenteric
lymph nodes

Spleen

Figure 5: Manifestations of MoMuLV-ts-1 retroviral infection on
different organ system.

a small animal model with a well-characterized immune
system, such as the mouse, is ideal. As mentioned above,
infection with ts-1 results in an AIDS-like syndrome. When
neonatal BALB/c mice less than 10 days old are injected
intraperitoneally with ts-1, clinically apparent infection

Infected Control mousemouse

Spleen

Thymus

Lymph node

Heart

Figure 6: Excised organs from infected versus control mouse.

develops within 10 weeks. This clinical syndrome in mice
is characterized by progressive bilateral hind limb paralysis,
severe body wasting, and immunodeficiency [15]. Milder
clinical illness can be induced by varying the dose of virus
injected and/or the time of viral inoculation up to 10 days of
age. CD4 cells are depleted by apoptosis, yielding AIDS-like
clinical manifestations [12–14].

Several unique characteristics of this virus determine the
experimental manner in which it is evaluated. The infectivity
of this virus is strain specific and dependent upon the age
of the mouse at the time of exposure, but the temperature
sensitive nature of the virus does not affect its in vivo
infectivity [15, 37]. BALB/c mice are a susceptible strain,
with clinical diseases developing in 98% of mice by week 10
after intraperitoneal injection. Viral injection of mice after
ten days of age does not result in clinically detectable disease
but does result in antibody production [19, 38]. Perinatal
transmission of ts-1 occurs in utero, intrapartum, and via
breastfeeding [2, 3]. Breastfeeding is a highly effective route
of MTCT in this model: 95% to 99% of uninfected neonatal
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Figure 7: Examples of the flow cytometric analysis showing frequency of CD4+ and CD8+ cells from control and infected offspring. Samples
were tagged with CD3 FITC, CD4 APC and CD3 FITC, CD8 PE. Upper left quadrant (UL) shows naı̈ve lymphocytes. Upper right quadrant
(UR) shows CD3+/CD4+ or CD3+/CD8+ frequency for cells positive for both CD3 and CD4 or CD3 and CD8 markers. Lower left quadrant
(LL) shows CD3−/CD4− or CD3−/CD8− frequency for cells negative for both CD3/CD4 or CD3/CD8 markers. Lower right quadrant (LR)
shows cells positive for CD3 markers only.
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Table 5: Retrovirus genera and type of species affected.

Classification of retroviruses

Genus Species Examples

Alpharetrovirus Birds Avian leukosis viruses (AVL), Rous sarcoma virus (RSV)

Betaretrovirus Mice, primates, and sheep
Mouse mammary tumor virus (MMTV), Mason-Pfizer monkey virus
(MPMV), and Jaagsiekte sheep retrovirus (JSRV)

Gammaretrovirus Mice, cats, primates, and birds
Murine leukemia virus (MLV), feline leukemia viruses, gibbon ape leukemia
virus, reticuloendotheliosis virus, and xenotropic murine retrovirus (xMRV)

Deltaretrovirus Cattle and primates Bovine leukemia virus, human T-lymphotropic virus

Epsilonretrovirus Fish Walleye dermal sarcoma virus

Lentivirus Primates, sheep, cats, and horses
Human immunodeficiency virus (HIV), simian immunodeficiency virus
(SIV), Maedi/visna virus, feline immunodeficiency virus (FIV), and equine
infectious anemia virus

Spumavirus Primates, cats, and cattle
Human foamy virus (HFV), simian foamy virus (SFV), feline foamy virus,
and bovine foamy virus

C-onc

V-onc V-oncLTR LTR

Figure 8: Acute transforming virus, capture of a c-onc and over-
expression of v-onc by provirus.

LTR

Enhancer promoter

Exon 1 Exon 2

Figure 9: Enhancer of promoter insertion either upstream or
downstream of growth controlling cellular genes.

mice, if suckled from an infected mother, develop clinically
symptomatic ts-1 infection [3, 4].

Our laboratory was the first to clearly demonstrate that
breast milk transmission in offspring of ts-1 infected BALB/c
mice causing AIDS like condition. We have established a
mouse model for MTCT for MoMuLV ts-1 for in utero,
intrapartum, and postpartum (breastfeeding) routes of
transmission [2–4, 23]. The following information provide
some murine model data for retroviral transmission via
breastfeeding. Pregnant BALB/c female mice delivered pups
which were divided into experimental and control groups.
Seventy two hours after birth, the pups were injected
intraperitoneally (ip) with 0.1 mL of 4.0 × 106 ffu/mL ts-1
virus and control pups were injected with 0.1 mL DMEM
medium [2–4]. These mice were allowed to mate with
uninfected males and produce offspring. Within 10–12 h
after birth, offspring suckled either from control or ts1-
infected surrogate or biological mothers (Figure 1). Tissue
collection, histology, electron microscopy, flow cytometry,
DNA extraction, PCR, and sequencing of viral DNA were
performed. Four hundred twenty one mice were divided into
6 groups as described in our previous paper [3]. Pups from
the ts-1 control mothers suckled from the infected surrogate

mothers (Group 1), pups from the infected mothers suckled
from the infected surrogate mothers (Group 2), or from
infected biological mothers (Group 5). In Group 3, infected
pups suckled from the control mothers. Groups 4 and 6 were
controls. Group 4 control pups suckled from the control
surrogate mothers, and Group 6, control pups suckled from
their control biological mothers.

The rate of postpartum ts-1 transmission in this study
was almost 100%. This rate is much higher than the MTCT
of HIV in infants via breastfeeding (about 20%–30%),
which is advantageous in an experimental animal model.
Maternal viral load appear to correlate with development
of lymphoma (Table 3; Figures 2 and 3), but further studies
are needed to verify this. The figures and tables listed below
show some of the gross morphology and flow cytometric
data. Significant and consistent increases in weights and
change in gross morphology of spleen, lymph node, and
thymus (Tables 2 and 3; Figures 4, 5, and 6) are readily
apparent. Our flow cytometric data shows decreases in CD4
and CD8 (Figure 7) cell population in the advanced stages of
lymphoma development. In addition, decreasing numbers of
CD8 and B-cells have been shown (Table 4) in the presence
of clinically apparent immunodeficiency and wasting.

3. Part II. ts-1 and Lymphomagenesis

3.1. Retrovirus Induced Cancer. The first reports of retro-
viruses associated with cancer occurred in the early 20th
century when an avian erythroblastosis virus (AEV) was iso-
lated from spontaneous erythroleukemia in a chicken [39].
Shortly after that, Peyton Rous demonstrated that chicken
sarcomas were infectious and could induce tumors when
transmitted into healthy birds [40]. These novel observations
were followed by multiple reports of retroviruses isolated
from a broad range of mammals such as rodents, cats,
sheep, and cows in association with both malignancies and
immunodeficiencies. The first human retrovirus, human T-
lymphotropic virus type 1 (HTLV-1), was isolated in 1980
[41] and has been shown to induce adult T-cell leukemia
(ATL) [42].
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Figure 10: This figure shows the centriole-centrosome division during cell cycle (a), presence of both centriole and centrosome in the animal
cell (b), and absence of centriole in the first cleavage division of a mammalian egg (c).
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Figure 11: Normal and abnormal cell division due to abnormal centriole-centrosome division. As a result, giant cells with multiple nuclei
may be present in a malignant cell.

Retroviruses are classified into seven genera. Oncogenic
retroviruses (retroviruses that induce tumorigenesis) belong
to the following genera (Table 5) [43, 44].

Oncogenic retroviruses which induce tumors can be
divided into two classes: acute and slow transforming viruses.
Acute transforming retroviruses induce polyclonal tumors
within 2 to 3 weeks after infection of the host. These
retroviruses induce tumors through acquisition and overex-
pression of cellular proto-oncogenes that have captured virus
(Figure 8) [45]. An example is v-Abl in the Abelson Murine
Leukemia Virus [46].

In contrast, slow transforming retroviruses induce
mono- or oligoclonal tumors with a longer latency of several
months. These types of retroviruses do not carry viral
oncogenes and can cause tumors by activating cellular proto-
oncogenes close to the proviral DNA integration site on the
host genome (Figure 9).

Elements in the proviral genome that regulate the viral
transcript also act at common integration sites (cis) on
cellular gene transcripts. Depending on whether the provirus
integrates into the genes or in the vicinity of the genes,
these elements can enhance or disrupt normal transcription,
and thus induce oncogenic mutations. These classes of
retroviruses have been found to induce tumors in many
animals, including birds (ALV and REV), and mice (MLV);
[45]. In addition to these two general transformation groups,
a small number of retroviruses induce tumors by expression
of their own oncogenic proteins. For example, human T-
cell leukemia virus types 1 and 2 (HTLV-1 and HTLV-
2, resp.) induce adult T-cell immortalization and leukemia
in human by expression of viral Tax protein. Tax has no
cellular homologue, and it works in trans to disrupt cellular
checkpoints and destabilize genome integrity [47] leading
to transformations that directly cause human cancer [48].
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Table 6: Gene expression analysis of the spleen tissues were used to investigate the centriole-centrosome pathway for infected versus control
mice. tacc3 showed the highest upregulation with 30.13-fold increase, much more than our previous report [4]. tpx2 and p53 showed
significant downregulation. During this investigation, aurka did not show significant upregulation. This is due to the variation in this group
of six mice used in this study. However, a trend of upregulation of aurka is evident in 3 mice in column 2.

Gene expression

Mouse ID tacc3 aurka ndel1 tpx2 p53 rhamm

Control 1 (NA) (NA) 1.18 (NA) (NA) (NA)

Control 2 (NA) (NA) 0.17 (NA) 0.45 0.56

Control 3 2.32 0.8 0.42 0.91 0.66 0.75

Control 4 0.37 0.96 2.78 1.85 1.95 1.53

Control 5 0.85 0.96 0.57 1.19 0.93 1.17

Control 6 0.64 1.52 0.09 0.17 (NA) (NA)

Control 7 0.82 0.76 1.81 0.88 (NA) (NA)

SEM 0.34 0.14 0.37 0.27 0.33 0.22

Normalized avg.
fold Exp.

1.00 1.00 1.00 1.00 1.00 1.00

Lymphoma 1 11.25 1.25 0.14 0.15 0.26 1.63

Lymphoma 2 (NA) 0.44 0.12 0.2 0.13 0.67

Lymphoma 3 (NA) 0.4 0.25 0.11 0.15 1.63

Lymphoma 4 53.53 2.41 0.2 0.15 0.71 0.88

Lymphoma 5 53.16 1.87 0.24 0.15 0.6 0.9

Lymphoma 6 2.57 (NA) 0.09 0.15 0.07 0.85

Avg Fold Exp. 30.13 1.27 0.17 0.15 0.32 1.09

SEM 13.52 0.39 0.03 0.01 0.11 0.17

P ≤ 0.05 0.04 0.53 0.07 0.01 0.05 0.75

(NA): data not available.
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Figure 12: Graph of fold change in gene expression versus
normalized control.

In AIDS-related lymphoma, patient studies indicate that
oncogene activation by insertional mutagenesis of the HIV
might be another mechanism by which HIV-1 can induce
cancer [49, 50].

The release of the complete mouse genome sequence and
the availability of reliable methods for isolation of proviral

flanks have introduced the retroviral insertion mutagenesis
screen in mice as a powerful procedure to identify genes
contributing to tumorigenesis. Many oncogenes identified
in these screens have given a valuable basis for better
understanding the development of human cancer [45]. The
MLV utilizes a slow transformation mechanism to induce
leukemia or lymphoma in mice and is one of the retroviruses
that provides an excellent model to identify and study the
oncogenes involved in retrovirus-induced tumorigenesis.

3.2. Centrosomal Involvement in Cell Cycle and Cancer.
Centriole-centrosome is the microtubular organization cen-
ter (MTOC) and plays a major role during mitosis for
chromosomal arrangement at the equatorial plane during
metaphase and pulling the chromatids in two opposite
spindle poles during anaphase. Spindles start to organize as
soon as centrioles divide and two centrosomes are formed.
The spindle microtubules act like railroad tracks on which
the chromatids travel towards the poles with the help
of several motor proteins including dynein and kinesin.
However, the centriole is not an essential structure for many
cells including first cleavage division of mammalian eggs
[51]. Figure 10 describes the centrosome-centriole cycle in a
typical animal cell at mitosis and the first cleavage division of
a mammalian egg without the centriole. The centrosome—
which is an accumulation of amorphous materials around
the centriole—is present in most mammalian cells. In these
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Figure 13: Pathway of Genes associated with spindle formation.

cells, the centrosome is an essential component in the
development of spindle poles and progression to mitosis and
cytokinesis. There are three types of spindles: kinetochore,
interpolar, and astral. The kinetochore spindle extends from
poles to chromosomes. The interpolar spindles run from
pole to pole with no connection to the chromosomes, while
the astral spindles run between centrosomes to the cell
cortex. Thus, three types of spindles play different roles.

There are numerous centrosomal proteins and new pro-
teins are being discovered every year. Although the centriole-
centrosome system is essential for cell cycle and normal
chromosomal segregation, little is known about the intricate
details of this structure, which is extremely important in
the understanding of cancer development and progression.
For example, many cancers show abnormal mitosis leading
to tetraploidy and aneuploidy. According to Wang et al.
[52], many carcinomas may have either or both structural
and numerical abnormalities; this occurs during early stage
of tumorigenesis. This is also correlated with chromosomal
instability and tumor progression. Numerical chromosomal
abnormalities can also occur due to bipolar and tripolar or
tetrapolar spindle formation (Figure 11).

Unequal segregation of chromosomes leads to multi-
ploidy and/or aneuploidy. Viral gene insertion into the
normal genome close to the centrosomal genes may lead to
abnormal mRNA expression resulting in abnormal protein
production and activity. For example, increases in Tacc3
and Aurora A kinase (Aurka) can produce tumor like cells
[53, 54].

3.3. Insertion of Viral Genome into the Mouse Genome
Causing Abnormal Centrosomal Protein Production Leading
to Lymphomagenesis. A large number of investigations have
been carried out to study the development of lymphoma
by MoMuLV, but so far, little data are available on the
natural transmission of this retrovirus by breast milk causing
lymphoma. Extensive studies are needed on breast milk
transmitted retroviruses, since evidence exists that viruses
such as HTLV-1 or Epstein-Barr virus (EBV) may be
oncogenic and also have epidemiologic patterns indicating
perinatal or early childhood transmission. The best studied
of these viruses is EBV. Studies have shown that EBV
and MLV gene insertion into the host genome alters gene
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expression leading to carcinogenesis [55–59]. We have
used inverse PCR (I-PCR), DNA cloning, sequencing, and
quantitative reverse transcriptase-PCR (qRT-PCR) to study
the viral integration into mouse genome. Tissue samples
from spleen and lymph nodes were used for the genomic
studies [4]. Using the primary PCR product as template,
secondary PCR was performed. After the PCR bands were
obtained, cloning was done and colonies with viral inserts
were located and analyzed. The differential expression of
candidate genes was obtained by using quantitative real-
time PCR. Gene specific primers were designed using Primer
Express software. GAPDH was used as “housekeeping” gene
to confirm amplification factor for each PCR product melt-
curve analysis process. RNA expression levels were calculated
by using ddCt method. Gene expression were recorded by
mRNA expression and reported as “fold change”. Statistical
analyses were performed by using statistical package of
the social sciences (SPSS). 35 genes were selected for
mRNA expression based on preselected criteria. Table 6 and
Figure 12 show the change in mRNA expression of six
genes Tacc3 shows the highest upregulation with 30.13-fold
increase, much more than our previous report [4].

How are changes in gene expression associated with
lymphoma in this murine model? In our mouse model,
about 50% of pups develop lymphoma. This high incidence
of lymphoma may be due to the genomic integration of viral
DNA into the mouse genome causing changes in nearby
genes. While viral gene insertion appears to be random, in
pups that develop lymphoma, there is a predilection for viral
insertion near genes involved in spindle formation. One of
the mechanisms of lymphoma development, therefore, may
be the alteration in spindle assembly-disassembly pathway.
Up or down regulation of these genes may occur, breaking
the balance of protein production, and causing abnormality
in spindle formation, chromosomal segregation, and sub-
sequent lymphoma production. Although there are many
genes involved in the spindle assembly pathway, we have
studied 6 genes predominately associated with viral genomic
integration in mice with lymphoma including tacc3, aurka,
tpx2, rhamm, ndel1 and p53. Of these 6 genes, we have
observed the highest fold increase of tacc3 followed by aurka.
Figure 13 shows the proteins (gene product) associated with
spindle formation.

All tumor samples showed increases in mRNA expression
of tacc3 gene compared to the control group. Out of
the 6 genes reported in this study, two were upregulated,
including tacc3 and aurka. As previously reported, tacc3
showed the highest mRNA expression levels with an average
of 9.16-fold increase [4]. tacc3 is associated with centrosome
and microtubule-associated proteins that are essential for
mitotic spindle formation [60] and have been associated
with dysfunction in a variety of tumors. Tacc3 was also
identified as a novel prognostic marker in nonsmall cell
lung cancer [61]. Dysregulation of Tacc3 proteins have also
been related to ovarian cancer [62]. Schnieder et al. [63]
demonstrated the important role of Tacc3 in spindle assem-
bly and cellular survival, thus introducing it as a potential
therapeutic target in cancer cells. Deficiency of Tacc3 leads
to p53-mediated apoptosis [64]. Therefore, overexpression

of tacc3, as observed in our mouse model may cause the
downregulation of p53, causing inhibition of apoptosis, thus
leading to lymphoma.

Aurka connects microtubules to kinetochore and phos-
phorylates Tacc3, leading to its localization to spindle micro-
tubules during metaphase and promoting its growth from
centrosomes. Aurka is essential for accurate chromosome
segregation. Overexpression of Aurka leads to spindle defects,
aneuploidy, and tumor formation. Tpx2 and Rhamm helps
with stable bipolar spindle formation through its association
with Aurka [65–67]. Decrease in expression of these proteins
may cause spindle fragmentation, while increased expression
may cause disorganized, multipolar spindles coupled with
inability to appropriately align and segregate chromatids.
Ndel1 has a high affinity for Tacc3, and its disruption
decreases centrosome targeting of Tacc3 [68]. p53 is a cell-
cycle checkpoint protein. DNA damage generally results
in phosphorylation of p53 leading to its dissociation from
MDM2 and acts as a transcription factor, arresting the cells
in the G1 phase of the cell cycle. Mutated or downregulated
p53 results in continued proliferation in damaged cells
and subsequent development of cancer. Upregulation of
aurka and tacc3 and downregulation of p53 are consistent
with abnormal cell division, aneuploidy, and tumorigenesis.
Downregulation of tpx2 is associated with abnormal spindle
formation with the presence of giant cells and the absence
of mitotic figures in histological specimens of lymphoma
tissue. However, spindle pathway disruption is not the only
mechanism by which malignancies develop or progress, but
it may be an important factor for breast milk-transmitted
retrovirus-induced cancer in the ts-1 mouse model.

4. Conclusion

A well-developed animal model can be extremely important
in the study of viral-induced cancer and immunodeficiency.
Although there are obvious differences between murine
and human cells, an appropriate mouse model can provide
important clues to the possible pathways of molecular
mechanisms of retroviral transmission and cancer devel-
opment and progression. While this paper reviews ts-1
as a small animal model of perinatal HIV transmission
and ts-1 in lymphomagenesis, it also raises a number of
questions that need further study. We believe that this
is a unique murine model for the study of retrovirus-
induced lymphomagenesis for multiple reasons. Mice have
been used extensively for genetic, physiological, biochemical,
immunological, endocrinological, and reproductive research
and an enormous body of background data—including the
entire murine genome—is already available. In our unique
murine model, breast milk transmission is near 100%, but
lymphoma development occurs in only 50% of infected pups
across all litters; therefore, an ideal internal control exists in
which to study causative genetic factors. Study of this model
may contribute to the understanding of molecular mecha-
nisms of spindle formation, chromosomal segregation, and
interactions between many centrosomal proteins and may
help clarify some of the cellular abnormalities leading to
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cancer. Some of these proteins and their inhibitors can be
used for diagnostic and/or therapeutic development.
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Xenotropic murine leukemia virus-related virus (XMRV) was first reported in 2006 in a study of human prostate cancer patients
with genetic variants of the antiviral enzyme, RNase L. Subsequent investigations in North America, Europe, Asia, and Africa have
either observed or failed to detect XMRV in patients (prostate cancer, chronic fatigue syndrome-myalgic encephalomyelitis (CFS-
ME), and immunosuppressed with respiratory tract infections) or normal, healthy, control individuals. The principal confounding
factors are the near ubiquitous presence of mouse-derived reagents, antibodies and cells, and often XMRV itself, in laboratories.
XMRV infects and replicates well in many human cell lines, but especially in certain prostate cancer cell lines. XMRV also traffics
to prostate in a nonhuman primate model of infection. Here, we will review the discovery of XMRV and then focus on prostate
cancer-related research involving this intriguing virus.

1. Introduction

The retrovirus, xenotropic murine leukemia virus-related
virus (XMRV), has generated both interest and debate
within the scientific community and also among physicians,
patients, and those concerned with maintaining the safety
of blood and tissue banks around the world (reviewed in
[1–3]). Its discovery was based on the hypothesis that viral
infections might contribute to hereditary prostate cancer [4].
Currently, seven types of viruses (HPV, EBV, HHV-8, HTLV-
1, HBV, HCV, and MCV) are established etiologic agents
of different types of human cancers [5, 6]. While there is
also evidence for the presence of viral infections in prostate
cancer, including BKV [7], HPV [8, 9], HCMV [10], and
EBV [11], thus far there is no compelling evidence that links
viral infections to this disease. However, family history is
a risk factor for prostate cancer, and in 2002, a combined
positional cloning and candidate gene approach mapped
a hereditary prostate cancer susceptibility locus, HPC1 at
1q24-25 [12, 13], to the gene encoding the antiviral protein,
RNase L [14]. While several studies have described a link
between RNASEL and hereditary prostate cancer [14–18],

other studies have been unable to confirm the association
[19–22]. RNase L is one of the principal antiviral proteins
in innate immunity [23]. Type I interferons produced during
viral infections induce the pathogen recognition receptors,
OAS1 to 3, which produce 2′,5′-oligo(rA) from ATP in
response to viral double-stranded RNA. RNase L is present
in most mammalian cell types and is activated upon binding
to 2′,5′-oligo(rA), thus blocking viral infections by means of
RNA degradation [24]. Many different types of viruses are
susceptible, in particular viruses with single-stranded RNA
genomes, including the retrovirus HIV-1 [25]. The mapping
of HPC1 to RNASEL and the invention of a global viral DNA
microarray (aka virochip) provided the impetus and means
for renewing the search for viruses in prostate cancer [26].

The realization that an HPC gene encoded an antiviral
protein further suggested the possible involvement of viral
infections in prostate cancer. To test this hypothesis, men
with localized prostate cancer were genotyped for the R462Q
(1385nt G→A) variant of RNASEL. A prior study showed
that when homozygous this variant doubled the risk of
prostate cancer and was implicated in up to 13% of cases
[27]. The RNase L Q variant also has about 3-fold reduced
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enzymatic activity compared with the wildtype R variant
[27, 28]. Following radical prostatectomy, RNA isolated from
prostate tumors was converted to labeled cDNA and used
to screen for evidence of viral sequences by hybridization
to virochips composed of the most conserved sequences
of all known human, animal, plant, and bacterial viruses
[4, 26, 29]. Because the array contained highly conserved
sequences within viral nucleic acids, it can detect viruses
not explicitly represented. These studies identified the pres-
ence of a γretrovirus in 8 (40%) of 20 RNase L R462Q
homozygous prostate cancer tissues, and in just 1 (1.5%) of
66 tissues that harbored at least one copy of the wildtype
allele (Figure 1). Three XMRV genomes were completely
sequenced and were found to share >98% nucleotide and
>99% protein sequence identity. Partial sequences were
obtained for another six XMRV strains. XMRV is more
closely related to the xenotropic and polytropic than to
the ecotropic murine retroviruses. XMRV is a canonical
γretrovirus, with gag, pro-pol, and env genes, and is not
closely related to any endogenous human retroviral (HERV)
elements (Figure 2). In addition, XMRV sequences are not
present in any human genomic sequences that have been
reported to date. A complete provirus clone for XMRV strain
VP62 produced infectious virus in LNCaP or DU145 cells
[30, 31]. XMRV is able to vigorously infect these and some
other cell lines, in particular some prostate cancer cell lines
[30, 32–34], allowing for basic virology studies in cell culture
system to be conducted. A timeline of XMRV research shows
that there was a lag prior to 2010 when a large increase in
research papers on the subject appeared in peer-reviewed
scientific journals (Figure 3).

2. Evidence for and against XMRV in
Prostate Cancer

The possibility of laboratory contamination was carefully
considered in the XMRV discovery paper in which several
lines of evidence supported genuine human infections [4].
First, XMRV was detected using (DNase-treated) RNA
directly isolated from fresh frozen, primary human prostate
tumor tissues that were not placed in cell culture nor were
these human samples exposed to any cultured cell products
or cell culture reagents. Second, the extent of sequence
variation between the different gag and pol sequences from
different prostate cancer patients was greater than Taq
polymerase error rates which range from 10−6 to 10−4 (see
[66] and references therein). These finding suggested natural
sequence diversity consistent with independent acquisition
of XMRV infections by humans. Third, fluorescence in situ
hybridization (FISH) identified XMRV nucleic acid in a
small number of stromal cells in tumor-bearing prostate
tissue. Fourth, a similar small number of Gag-positive
stromal cells were detected in prostate tumor tissues using
monoclonal antibody against spleen focus-forming virus
Gag with an enhanced alkaline phosphatase red detection
method. Fifth, no mouse GAPDH DNA sequences were
detected in any of the radical prostatectomy samples pro-
viding evidence against contamination from any mouse-
derived sources. Finally, XMRV was predominantly restricted

to RNase L QQ prostate cancer cases. Therefore, both PCR
based and non-PCR evidence supported genuine infection
of humans.

Recently, however, the human origin of XMRV has been
questioned based in part on the near sequence identity of
XMRV strain VP62, isolated using human prostate cancer
tissue, with XMRV present in a human prostate cancer cell
line, 22Rv1 [33]. The 22Rv1 cells were derived in the 1990s
at Case Western Reserve University from a human prostate
cancer xenograft by serial passage in mice after castration-
induced regression and relapse, raising the possibility that
the virus in those cells originated from the mice rather than
the patient [67]. A recent study shows that variation between
XMRV sequences in the 22Rv1 cell lines exceeded that of
XMRV sequences isolated from human specimens, leading
the authors to propose that XMRV might not be an authentic
human pathogen [59]. In addition, a recent study concludes
that the XMRV in 22Rv1 cells originated from two MLV
genomes present in the mice used to passage the xenografts
([45], 18th Conference on Retroviruses and Opportunistic
Infections).

Additional evidence in favor of genuine infections,
including some of the same prostate cancer patients as in the
discovery study [4], was provided by XMRV integration site
mapping experiments [30, 35]. DNA isolated from human
prostate tissues in a PCR-amplicon-free clean room were
sent to UCLA and used to precisely map and sequence
XMRV integrations sites in nine separate prostate cancer
patients [30, 35]. In these prostate cancer tissues, there was a
greater tendency for XMRV to integrate near cancer-related
genes, microRNA genes, common fragile sites, and cancer
breakpoints in comparison to XMRV integration sites in
DU145 prostate cancer cells infected in the lab [35]. Those
results suggested an in vivo selection process for XMRV
integrations in certain genes. The viral integration sites in
human prostate DNA started precisely after the end of the
right-side LTR repeat (5′-· · ·CTTTCA-3′) demonstrating
correct integration had occurred and ruling out artifactual
fusion. These experiments also effectively ruled out direct
mouse DNA contamination as a source of the XMRV
sequences because LTR sequences were fused to human,
not mouse, DNA. However, two of the integration sites are
identical to XMRV integration sites obtained with XMRV-
infected DU145 cells used in the same studies [35, 68, 69].
Therefore, it remains to be confirmed whether these two
sites, and the other 12 XMRV integration sites, originated
from the patients or from cells infected in the laboratory.

Three independent studies supported XMRV infections
of prostate cancer patients at prevalence rates in the range
of about 10 to 28%. A study from the University of Utah
and Columbia University produced evidence for XMRV
infection of prostatic malignant epithelial cells in vivo [31].
Immunohistochemistry (IHC) performed on 233 prostate
cancer specimens and 101 controls with benign prostatic
hyperplasia showed protein staining for XMRV in 23% of
cancer cases and 4% of controls. IHC was performed using
a polyclonal antibody raised in rabbit against whole virus
XMRV (produced in 293T cells—a human kidney epithelial
cell line). The presence of antibodies against host-derived
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Figure 1: XMRV discovery in prostate cancer study [4]. Human prostate cancer tissues were collected in the operating room at the Cleveland
Clinic and used to isolate RNA at either the Cleveland Clinic or at UCSF. At UCSF, RNA was used to synthesize labeled cDNA, virochips
were probed, RT-PCR was performed for gag sequences, and XMRV cDNAs were sequenced. The RNase L genotypes were determined at the
Cleveland Clinic (also the site of the IHC and FISH experiments, not shown). A hybridization pattern typical of a γretrovirus was obtained
almost exclusively from patients with the RNase L QQ genotype (red bands and VP codes for QQ patients). RNase L RQ and RR genotypes
are shown in black VP codes.

proteins among the anti-XMRV antibodies is a limitation of
this approach and raises questions about whether the signals
detected originated from XMRV infections. Quantitative
PCR data from the same study detected XMRV DNA in 6.2%
of prostate cancer and 2.0% of control specimens, much
lower percentages than through IHC. XMRV associated with
higher Gleason Index of prostate cancer but there was no
correlation with the R462Q RNase L variant [31]. This report
suggested that XMRV is a possible etiologic agent for prostate
cancer, and not just a passenger virus.

An investigation at Emory University confirmed the
presence of XMRV in men with prostate cancer by utilizing
three methods, a novel serum-based assay for neutralizing
antibodies against XMRV, nested PCR for env sequences,
and FISH [53]. The serologic assay detected neutralizing
antibodies in 11 of 40 prostate cancer cases (27.5%). Among
20 RNASEL QQ patients, 8 (40%) had neutralizing antibody
against XMRV, in agreement with the original report of an
association of XMRV infection with the QQ genotype [4].
FISH showed XMRV infection in 5–8% of stromal cells of
positive cases, and none in epithelial cells [53]. All three
methods were in agreement for 5 XMRV positive cases and
2 XMRV negative cases.

Most recently, a study at Baylor University detected
XMRV in 32 of 144 (22%) men from the southern US
with prostate cancer using a nested PCR assay for the env
gene [54]. Patients were more likely to score positive for
the presence of XMRV in both tumor and normal tissue
than in either type of tissue alone. However, there was no
correlation between the presence of XMRV and either the
RNase L genotype or clinical parameters of disease. The
presence of XMRV in normal tissues suggested that infection
might precede prostate cancer.

In support of the presence of XMRV in some prostate
cancer patients, a follow-up study at the Cleveland Clinic
detected XMRV RNA by nested and quantitative RT-PCR of
env RNA in expressed prostate secretions of 4 of 32 unse-
lected prostate cancer cases [70]. These findings suggested
that XMRV might be present in human semen. However,
another study using nested RT-PCR of XMRV gag RNA failed
to detect XMRV in seminal plasma from HIV-1-infected men
in the Netherlands, although some of these subjects were
using antiretroviral drugs [71].

Several research efforts have either failed to detect XMRV
at all, or demonstrated very low prevalence of infection.
In the first of several European studies, an investigation in
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Hamburg, Germany found XMRV RNA by nested RT-PCR
in only one of 87 cases in nonfamilial prostate cancer and one
of 70 samples from a control population of men with benign
prostatic hyperplasia [36]. Both patients contained at least
one copy of the wildtype R462 RNase L allele. A study from
Berlin failed to detect XMRV in 589 prostate cancer tissues
and 146 prostate cancer serum samples utilizing nested PCR
for gag DNA, RT-PCR for gag RNA, and serology assays
for antibodies against XMRV Gag and Env. RNASEL status
was examined in 76 patients in which 12.9% were QQ [42].
Further studies from Europe demonstrated similar negative
results. Using PCR, a study of prostate cancer patients in
Ireland found no evidence of XMRV DNA by PCR in 139
peripheral blood mononuclear cell (PBMC) samples nor in
prostate tissues of seven RNASEL QQ prostate cancer cases
and two RQ cases, although the QQ genotype was associated
with more aggressive disease [72]. A Dutch study of tissue
specimens for 74 sporadic prostate cancer patients showed
low detection (1 in 600 to 7,000 cells) in only three cases
(4%) using RT-PCR for XMRV integrase sequences [73]. An
international collaborative study centered in the UK utilized
nested PCR with gag leader primers on DNA extracted
from formalin-fixed and paraffin-embedded (FFPE) prostate
cancer tissues from the UK, Thailand, and Korea [60].
XMRV-like sequences were detected in 14/292 UK prostate
cancers, 5/139 Korean samples, and 2/6 specimens from
Thailand. However, upon sequencing, some amplified DNA

fragments contained the 24 nt deletion upstream of the
gag ATG start codon while other amplicons more closely
resembled polytropic MLV. Because these results suggested
contamination with mouse DNA, a single PCR assay for
intracisternal A-type particle (IAP) LTR sequences and a
TaqMan qPCR assay for mouse mitochondrial cytochrome
oxidase, cox2, sequences were performed. These assays are
highly sensitive due to large numbers of copies per mouse
cell. The presence of the PCR products using XMRV gag
leader primers in the human DNA samples was completely
concordant with IAP sequences, the more sensitive of the two
assays for mouse DNA contamination. Therefore, all “XMRV
positive” samples were also contaminated with mouse DNA
contamination.

Within North America, negative results have also been
reported. In Mexico, XMRV RNA was assayed by nested
RT-PCR with only a single positive out of 75 controls
with an RNase L RR genotype, and no positives among 55
prostate cancer patients, none of which were QQ genotype
[9]. An investigation of different bacteria and viruses in
prostate cancer found no XMRV DNA in 200 patients
using nested PCR to gag [74]. More recently a report that
included some of the same authors published an absence
of XMRV in over 800 specimens using both RT-PCR and
IHC [55]. A duplex PCR assay was used on DNA from 161
prostatic adenocarcinomas in which XMRV gag sequences
were coamplified with a host gene, but no XMRV was
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Figure 3: Timeline of XMRV research. Highlights of XMRV studies are shown, including many of the investigations discussed in this review.
The mapping of HPC1 to RNASEL was reported in 2002 [14] which led to the discovery of XMRV in 2006 using virochip technology [4]. In
2007, the first infectious clone of was constructed by fusing two overlapping cDNA from prostate cancer patient VP62 [30]. In addition, XPR1
was identified as the receptor for XMRV and the first integration sites in humans were reported [30]. In 2008, additional integration sites
were mapped using human prostate cancer tissues [35]. A very low prevalence of XMRV was reported in sporadic prostate cancer patients
in Germany [36]. In 2009, XMRV was identified in the human prostate cancer cell line 22Rv1, which had been repeatedly implanted and
grown in mice [33]. In addition, a report of XMRV in prostatic malignant epithelium that correlated with tumor aggressiveness appeared
[31]. The same year, a study using multiple methods of detection, including PCR, a serology assay for Env and isolation of live virus,
showed XMRV in blood of CFS-ME patients, with much lower rates in healthy controls [37]. Studies into XPR1 function and specificity
were reported between 2008 and 2010 [34, 38–41], including a study showing that whereas most laboratory strains of mice were resistant to
infections, wild mice were susceptible [39]. A study from Germany that used PCR and antibody detection found no evidence of XMRV in
prostate cancer [42]. In 2010, the androgen stimulatory effect on XMRV transcription and replication was reported [32, 43]. Host restriction
factors, such as APOBEC3G and tetherin, were found to be active against XMRV [44–48]. Antiretroviral drugs were screened and some
found to potently inhibit XMRV replication in cell culture [48–50]. The Asian mouse, Mus pahari, was exploited for studies on in vivo
infection [50]. MLV-related sequences were found to associate with CFS-ME [51]. Meanwhile, several other studies, based on PCR and
serology, failed to detect XMRV in CFS-ME (e.g., [52]). Two studies confirmed XMRV infections of prostate cancer patients [53, 54] while
other studies failed to detect XMRV in prostate cancer patients in the US [55, 56]. Several assays for the detection of XMRV, including a
high-throughput automated assay for antibodies against XMRV proteins, were reported [57]. XMRV was reported at a prevalence of almost
10% in immunosuppressed patients with respiratory tract infections in Germany [58]. Papers were published on laboratory contamination
with mouse DNA that confounded the search for XMRV in humans [56, 59–62]. In early 2011, a study on XMRV in a non-human primate
model showed wide-spread, persistent infection, including the prostate [63]. The crystal structure of the XMRV protease was published [64].
Finally, stimulation of XMRV transcription by proinflammatory cytokines through an NF-κB element in the LTR appeared [65].

detected. The assay was capable of detecting DNA from a
single XMRV infected cell, 22Rv1, in the presence of a large
excess of human DNA. In addition, 596 prostate cancers and
452 benign prostate tissue specimens were screened by IHC
and all were negative. Recently, prostate tissue DNA from
US patients with intermediate- to advanced-stage prostate
cancer were tested by PCR assays for XMRV and MLV
variants [75]. In three of 162 cases (1.9%), XMRV DNA
was detected and sequenced. These samples were negative

for mouse mitochondrial DNA using a highly sensitive assay,
ruling out contamination from mouse DNA. There was
no association with the RNase L QQ variant, plasma was
negative for viral RNA by RT-PCR and all 162 patients
were negative by a Western blot assay for antibody. The
authors concluded that there was no association of XMRV
or MLV variants with prostate cancer. However, they also
concluded that there was a distinctive XMRV strain in 3
cases, demonstrating a broader diversity in this family of
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viruses while supporting the case for human infections.
A recent study of 110 prostate cancer cases and 40 benign or
normal prostate tissues from the Midwestern US concluded
no association with XMRV [56]. Although there were 6 PCR-
positive cases for MLV sequences (5 prostate cancer and
1 nonprostate cancer) all of these were positive for mouse
mitochondrial DNA suggesting contamination. There were
sporadic IHC-positive prostate tissues using anti-XMRV
antibody [31] but not with an anti-MLV antibody, and none
of the serum samples produced strong neutralization of
XMRV infections.

While the reasons for these disparate results have yet to
be fully resolved, there are several possibilities. For instance,
XMRV may be present at extremely low levels in vivo
and therefore the virus could be missed. Because a single
provirus can be transcribed into large numbers of RNA
transcripts, detection of RNA may be more sensitive than
that of DNA. Differences in geographical distribution of the
virus, patient selection criteria, and methodology (e.g., PCR
for env versus gag and tissue processing—e.g., fresh-frozen
tissue versus formalin-fixed and paraffin-embedded tissues)
are other variables. In some instances positive findings could
be tainted by laboratory or reagent contamination, as is
the case for mouse nucleic acids in some preparations of
Platinum Taq polymerase (Invitrogen) used in PCR [1, 61].
Three examples of laboratory contamination have recently
been published, two in prostate cancer specimens already
mentioned [56, 60], the other in CFS-ME [62]. Because of
the close relationship of XMRV sequence to sequences in
mouse genomes, both extraordinary measures to avoid cross-
contamination and ultrasensitive methods for detection of
mouse DNA and RNA are necessary.

3. The Xenotropic and Polytropic Retrovirus
Receptor 1 (XPR1) in Human Prostatic Cells

XPR1 is the cell surface receptor and determinant of viral
infectivity for XMRV, X-MLVs, and P-MLVs [30, 34, 38, 39,
76–78]. It is a 696 aa protein with eight putative transmem-
brane domains and four putative extracellular loops (ECL1–
4) [76–78]. Despite a common receptor, XMRV has host
range and receptor requirements that differ from mouse X/P-
MLVs, suggesting adaptations in humans or in intermediate
hosts. Residues K500 and T582 in XPR1 ECL3 and ECL4,
provide equivalent receptors for X/P-MLV, but not in the case
of XMRV [40]. In addition, mouse X-MLV is able to infect all
mammals, but XMRV is unique in being restricted in gerbil
and hamster cells [40]. There are at least six functionally
distinct variants of the XPR1 receptor with varying abilities
to support entry by X-MLVs and P-MLVs [41]. While it is
unknown whether XMRV found in humans was transmitted
directly from infected mice, direct transmission could be
reflected in the geographical distribution of virus and/or
receptor type in mice, as well as in the worldwide distribution
of prostate cancer cases. Interestingly, the most permissive
Xpr1 receptor allele, Xpr1sxv, is found in areas of high
prostate cancer incidence such as the United States, while
the most restrictive allele, Xpr1m, is found in low tumor rate
areas such as Japan and Eastern Europe [38].

XPR1 RNA was shown to be present in human prostate
stromal fibroblasts but absent in prostatic epithelial and
smooth muscle cell lines [79], consistent with some previous
findings that XMRV viral antigens are present in prostatic
stromal fibroblasts of prostate cancer patients [4, 53].
However, prostate cancer cells of epithelial origin express
XPR1 and are susceptible to XMRV infection [34]. XMRV
was able to infect, at low levels, cells that did not express
detectable levels of XPR1 RNA, suggesting an alternative
pathway of infection [79].

4. Enhancement of XMRV Infectivity by Fibrils
of Prostatic Acid Phosphatase Fragments

Prostatic acid phosphatase is the predominant protein in
human semen, and fragments of this protein form positively
charged amyloid fibrils that significantly increase HIV-1
infectivity [80]. These fibrils, aka “semen enhancers of virus
infection” (SEVI), capture virus particles and greatly increase
viral attachment and entry via cell surface receptors by
neutralizing negative-charge repulsion between the HIV-1
virion and the cell surface [81]. SEVI has also been shown
to enhance XMRV infections via the XPR1 receptor in
human prostate cancer cell line DU145 [70]. SEVI enhanced
XMRV attachment and fusion while lowering the threshold
for infectivity by up to 4,000-fold. XMRV infectivity was
enhanced by SEVI in a wide range of different cell types,
including primary prostatic epithelial and stromal cells [70].
XMRV infectivity in cell culture was similarly enhanced
by human semen, and this was most pronounced at low
viral doses. These results, and the presence of XMRV RNA
in prostate secretions, suggest sexual transmission as a
potential biological mechanism for viral spread, although
confirmation by seroprevalence and other epidemiologic
studies is required before such a conclusion can be made.
However, XMRV infection of rhesus macaques by the IV
route showed that the virus traffics to and infects prostate
epithelium within 6 to 7 days of infection [63]. In addition,
a separate study, reported in this issue by Sharma et al.,
demonstrates that XMRV infects the reproductive tracts
of both male and female macaques further suggesting the
possibility of sexual transmission [82].

5. Host Restriction of XMRV in Prostate
Cancer Cell Lines

Many host restriction factors are IFN regulated and col-
lectively contribute to the IFN-induced antiviral state [83].
For example, IFNs induce OAS proteins that produce the
2′–5′-oligo(rA) activators of RNase L. As a result, RNase
L suppresses replication of a wide range of viruses in cells
exposed to IFN [24]. Sustained activation of RNase L also
drives cells into apoptosis, a potential antitumor cell as well
as an antiviral mechanism [84, 85]. Therefore, RNASEL
mutations could contribute to prostate cancer by allowing
clonal expansion of mutant cells that have escaped apoptosis
and/or by allowing persistent infection by oncogenic viruses.
Accordingly, reduction in RNase L levels by RNAi decreased
the IFN antiviral effect against XMRV in DU145 cells [30].



Advances in Virology 7

However, in another study decreasing levels of RNase L using
an RNAi approach did not enhance XMRV replication in
293T cells [32].

The human APOBEC3 family of cytidine deaminases
includes seven members (A3A to H) encoded on chro-
mosome 22 as a gene cluster [86]. A3G causes cytidine
deamination in viral minus strand DNA causing G→A
hypermutation in the coding strand thus potently inhibiting
infectivity and spread of HIV-1 lacking Vif protein [87,
88]. XMRV lacks an inhibitor such as Vif and is highly
susceptible to inhibition by A3G [44–47]. Accordingly, there
was characteristic G-to-A hypermutation of XMRV DNA in
T cell lines H9 and CEM that express A3G and A3F, but low
levels of such mutations in prostate cancer cell lines, LNCaP,
DU145, and 22Rv1, that lack A3G [45]. Primary prostatic
stromal fibroblasts varied in expression of A3G mRNA
from undetectable to moderate levels [46]. These findings
suggest that prostate cancer cells and stromal fibroblast
might provide a favorable environment for XMRV infection
and replication in vivo.

Groom et al. investigated the effects of the murine
protein Fv1 and the TRIM5α family of proteins [44]. XMRV
was restricted by Fv1n and Fv1b but not restricted by
any of 13 TRIM5 proteins tested. However, XMRV was
highly susceptible to inhibition by the IFN-inducible protein,
tetherin, that links viruses to the plasma membrane during
budding [89].

6. Androgen Regulation of XMRV

Transcriptional control of the XMRV genome is mediated
by cis-acting elements in the 5′-LTR U3 region. This 390-
nucleotide segment contains the promoter and enhancers,
as well as two glucocorticoid response elements (GRE).
Other examples of GREs respond to glucocorticoids, min-
eralocorticoids, progesterone, and androgens. Furthermore,
tropism studies of cultured cells suggest a role for the
androgen receptor in promoting XMRV replication [30, 32,
34, 43]. XMRV was readily able to spread and replicate in
androgen receptor positive LNCaP cells, but not in various
other cell lines that lacked androgen receptor [32]. Dihy-
drotestosterone treatment of LNCaP cells caused a twofold
and threefold increase of XMRV transcription and replica-
tion, respectively [43]. Conversely, the androgen inhibitors,
casodex and flutamide, inhibited XMRV replication by up
to threefold, which suggests that androgen ablation therapy
used in prostate cancer treatment could inhibit viral growth
[43]. A point mutation in one of the XMRV GREs led to
impaired androgen regulation of XMRV transcription and
replication [43]. Enhancer elements in the XMRV LTR could
impart androgen regulation to integrated host genes, thus
potentially contributing to oncogenesis.

7. Conclusions

There are a number of potential mechanisms by which a
retrovirus could cause prostate cancer. Retroviruses generally
transform cells by insertional activation of an oncogene,
transduction of a host-derived oncogene, or oncogenesis

by a viral protein (e.g., the JSRV Env protein) [90, 91].
γretroviruses, which lack a host-derived oncogene, typically
cause cancer by insertion of the LTR near a cellular
proto-oncogene leading to its activation. One can, how-
ever, envision possible alternative oncogenic mechanisms.
For instance, viral infection in stromal cells might alter
the microenvironment thus indirectly promoting neoplas-
tic transformation. Infected stromal cells might induce
cytokines, chemokines, or growth factors, creating a micro-
environment conducive to tumorigenesis [92, 93]. Uncoor-
dinated integration of viral DNA ends is another potential
mechanism through which retroviruses may induce genomic
alterations. However, it was recently shown that XMRV
integration proceeds with high fidelity and involves a
coordinated joining of the two viral DNA termini in the host
genome flanked by a 4 bp direct repeat of host DNA [68].

XMRV does not have direct transforming activity in
standard focus formation assays in fibroblast and epithelial
cell lines [94, 95]. However, XMRV did rarely induce
transformation of a rat fibroblast line, suggesting an indirect
mode of action. Most likely, in order for XMRV to contribute
to tumorigenesis through this mechanism, active viral repli-
cation with multiple integration events would be required
until integration occurred in a cellular oncogene [94].

Claims of novel human retroviruses have often been
met with considerable skepticism and resistance, earning the
moniker human “rumor viruses” and XMRV is certainly no
exception. While both PCR and non-PCR based evidence
from several different laboratories collectively provide sup-
port for infections of some prostate cancer patients with
XMRV, or similar viruses, an extreme level of caution is
required to avoid laboratory contamination. Finally, only
hypothesis-driven research that directly tests for infection
and modes of pathogenesis for this virus can answer
questions about its importance in disease.
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Xenotropic murine leukemia virus-related virus (XMRV) is a newly identified gamma retrovirus and may be associated with
prostate cancer- (PC) and chronic fatigue syndrome (CFS). Since its identification in 2006 and detection of polytropic murine
lenkemia virus (MLV)-like sequences in CFS patients in 2010, several test methods including nucleic acid testing methods and
serological assays have been developed for detection of XMRV and/or MLV-like sequences. However, these research assays have
not yet been validated and evaluated due to the lack of well-characterized reference materials. Mouse DNA contamination should
be carefully checked when testing human specimens in order to avoid false-positive detection of XMRV or MLV-like sequences.

1. Introduction

When XMRV was first identified in PC patients in 2006 [1],
it did not get much public attention until a science paper
published in 2009 reported its detection in a majority (67%)
of CFS patients and about 4% of healthy Americans [2]. In
this report, XMRV was shown to be infectious and could
be isolated from peripheral mononuclear cells (PBMCs)
and plasma, indicating that it is the first gamma retrovirus
that infects humans and may be associated with human
diseases [1, 2]. Furthermore, if confirmed, it was thought that
millions of persons worldwide may harbor the new virus and
thus pose a serious concern to public health and the safety of
blood transfusion and organ transplantation. These findings
greatly stimulated the interest of scientists in academia and
government agencies to address both public health and
scientific concerns about the newly identified retrovirus and
its possible association with human diseases. However, the
studies that followed the original publications have yielded
conflicting findings and generated more controversy than
consensus about XMRV detection and its potential disease
association (see reviews [3–11]). In 2010, Lo et al. reported
the detection of polytropic MLV-like sequences in 87% of
CFS patients [12]. MLV-like sequences are different from, but

very similar to, XMRV [12]. The detection of polytropic MLV
in CFS patients suggested that XMRV may be only one of
an apparent cluster of MLV-like viruses identified in patient
specimens. In this paper, we describe and summarize the
various testing methods and assays that have been employed
for detection of XMRV and/or MLV-like virus infection in
the studies that have been published until the present time.

2. XMRV Testing Methods

A variety of test methods have been employed to detect
XMRV in cell culture studies and clinical specimens. Poly-
merase chain reaction (PCR) assay (nested and real-time
PCR), transcription-mediated amplification assay (TMA),
and fluorescence in situ hybridization (FISH) have been
used for direct detection of viral sequences. Several serologic
assays for detection of circulating antibodies against XMRV
have been reported, including flow cytometry (FACS), West-
ern blot (WB), chemiluminescence-based immunoassays
and enzyme linked immunosorbent assay (ELISA), and so
forth. Immunohistochemical staining (IHC) has been used
for direct detection of viral proteins, while cell culture assays
were used for isolation and detection of infectious virus.
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2.1. Nucleic Acid Testing (NAT). Viral nucleic acid detection
by reverse transcription- (RT-) based PCR or DNA PCR
methods has been widely used for detection of XMRV
and/or MLV-like sequences, but the results have generated
controversial findings partly because of the differences in
detection sensitivity and specificity [11, 13, 14]. Several issues
need to be considered when using PCR to detect XMRV
and/or MLV-like sequences. Mikovits et al. emphasized that
the PCR template is critical for successful amplification and
relatively high-detection rate of XMRV [15, 16]. They found
that by using DNA extracted from inactivated PBMCs as
template, only 7% and 21% of CFS patients were positive
in single-round and nested PCR, respectively. By using
viral RNA template from activated PBMC and cocultured
cells and RT PCR, the detection rate was 72% and 89%,
respectively [15, 16]. Using activated PBMC can significantly
improve detection sensitivity because MLVs and other closely
related retroviruses rely on mitosis to access the host cell
chromosomes [17] and the copies of XMRV in activated
cells are increased. Their results suggested that it may be
more sensitive to detect viral RNA rather than proviral DNA,
which was done in their original science paper [2]. The
amount of DNA in the template is also critical. Danielson
et al. found that XMRV was detected in 3.2% of the
patients when 100–140 ng of prostate tissue DNA were used,
compared with the positivity of 22.2% when 650 ng DNA
were used [18]. However, Lo et al. reported that 87% of
CFS patients were positive for MLV-like viral sequences
when less than 50 ng of DNA per reaction and similar
primers from XMRV were used [12]. The selection of PCR
primers is another crucial factor that may affect detection
of XMRV-specific sequences. The PCR primers previously
claimed to be specific for XMRV have been found to be able
to readily amplify MLV sequences from a variety of mice
and some human cell lines [19–22], including polytropic
MLV-like sequences identified by Lo et al. [12]. The typical
24 nucleotide deletion within the gag leader region of the
XMRV genome is also found in some MLV sequences,
endogenous retroviruses and in several mouse strains [19,
22]. In addition, Chow and Ikeda did not detect the 24-
nt deletion in the gag leader region in their studies [14].
These results indicate that it may be difficult to design PCR
primers that are exclusively specific for XMRV due to the
high-sequence homology between XMRV and MLVs and
even endogenous retroviral sequences. However, Schlaberg
et al. reported a quantitative PCR for specific detection of
XMRV by using primers from XMRV integrase gene, which
are 100% conserved in 3 published XMRV sequences (VP35,
VP42, and VP62) and share only 80–85% sequence identity
with the most similar murine retroviruses [23]. They could
consistently detect 50 copies of the XMRV proviral clone
and 5 copies at 50% of hit rate [23]. Van Kuppeveld et al.
also observed that both the real time PCR assay and the
nested PCR assay could detect at least 10 copies of XMRV,
indicating similar sensitivity [24]. Some studies found that
XMRV could only be amplified by gag primers but not env
or pol primers, or vice versa; or that detection sensitivity
relies on primer sequences and locations. Danielson et al.
reported that XMRV gag primers were at least 10-fold less

sensitive than env primers; and pol primers tended to amplify
a competing region from the human genome. They could
not detect XMRV in patient tissue samples by nested RT-
PCR with primers specific for gag and pol genes, regardless
of whether 100 or 650 ng of DNA was used as template [18].
Stoye et al. reported that the XMRV env primers yielded
the most positive results [14]. However, Lo et al. found
gag primers were more sensitive than env primers when
detecting MLV-like sequences [12]. Oakes et al. found that
53% (19/36) of the healthy volunteers and 1.8% (2/112) of
the CFS patients yielded PCR products when using XMRV
gag primers, but no positive amplification was observed
when using qPCR with pol primers [20]. Switzer et al.
[36] tested 162 PC patients and found that PCR products
were obtained for gag, pol, and env from one patient, from
pol and env from a second, and pol alone from a third
case. Furthermore, PCR was not successful in all replicates
on individual samples, indicating that multiple primer sets
and repeats may be necessary for accurate detection of
XMRV, possibly due to the very low viral titers in clinical
samples [14]. The real reasons are not clear due to lack
of consensus results. Although XMRV sequences appear
to be highly conserved, variations have been consistently
mentioned and may account for some of the negative results
[5, 15, 25].

A major concern in regard to XMRV detection by PCR
is false-positive results caused by contamination. Recently,
four publications that appeared in the journal Retrovirology
identified three potential sources of contamination in PCR-
based studies of XMRV. Robinson and Oakes et al. reported
independently that all XMRV-positive samples in their
analysis were also positive for mouse DNA when assayed
using a mouse mitochondrial DNA PCR or intracisternal A
particle (IAP) assay [19, 20]. Hue et al. confirmed that 2.2%
(5/411) of human cell lines screened were positive for MLVs
[22]. Sato et al. found that commercial RT-PCR reagents
were contaminated with MLV RNA [21]. The contamination
was thought to originate from the hybridoma cell line from
which the monoclonal antibody used in the polymerase
reaction mixture to facilitate hot-start PCR was prepared.
These results indicate that mouse DNA contamination is
widespread and can confound XMRV detection in human
samples. Furthermore, Hue et al. compared the published
XMRV sequences with those from XMRV positive 22Rv1
cell, and found the genetic distance among 22Rv1-derived
sequences exceeds that of XMRV sequences from patients,
indicating that XMRV detected in patients may result
from laboratory contamination rather than a true human
infection [22]. Interestingly, 22Rv1 cell line was derived
from a human prostate cancer xenograft (CWR22) that
was serially passaged in nude mice in 1990s. Paprotka et
al. recently reported that XMRV was the recombinant of
two endogenous MLVs during passage of the CWR22 PC
xenograft [26], suggesting that XMRV is a laboratory-derived
virus and may have contaminated samples for more than a
decade, but it may not infect people. These results clearly
show that extraprecautions must be taken to avoid mouse
DNA contamination and false-positive amplification from
human cell lines that harbor xenotropic MLVs since they are
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closely related to XMRV. PCR methods have been used to
detect mouse mitochondrial DNA [12], cox2 DNA [20], and
IAP [19, 20]. IAPs are endogenous transportable elements
present at the level of about 1000 copies per mouse genome
[27]. Robinson et al. found the mtDNA PCR was 100-fold
less sensitive than that for IAP when testing in both McCoy
cell and RAW 264.7 cell DNA [19], suggesting that IAP PCR
may be more suitable for finding contamination of murine
sequences.

Due to concerns about variations in nucleic acid-based
methods that have been used to study XMRV, the National
Heart, Lung, and Blood Institute (NHLBI) under the leader-
ship of the Health and Human Services (HHS) sponsored an
XMRV Blood Scientific Working Group (BSWG) to validate
the testing assays that have been developed and used in
different laboratories for CFS and blood donor testing [28].
Preliminary results of this working group indicated that most
nucleic acid testing assays used in different labs were able to
achieve similar levels of sensitivity and specificity based on
the spiked XMRV panels [28]. However, when testing CFS
samples, no consensus of results was observed. Therefore, it
is still not clear if assay methodology alone could account for
the large differences observed when testing clinical samples.

2.2. Serology. Antibody detection is considered as strong
evidence of XMRV infection, in particular, in the absence of
positive PCR results, or when the PCR results are not very
reliable due to differences in assay sensitivity and specificity.
High-throughput serologic assays that detect XMRV-specific
antibodies would be of great value for determining the
epidemiology of possible XMRV infection and for addressing
the association of XMRV infection and human diseases if
they exist at all. However, the nature and kinetics of the
antibody response to XMRV infection have not been well-
characterized; or it may be premature to discuss the antibody
responses since XMRV infection of humans has yet to be
proven.

Lombardi et al. first reported on specific immune
responses to XMRV in CFS patients [2]. They used FACS
to measure the antibody against XMRV by mixing patient
plasma with a mouse B cell line expressing recombinant
spleen focus-forming virus (SFFV) env protein. Because
XMRV shares >90% overall nucleotide sequence identity
with known MLVs, cross-reactivity between anti-MLV anti-
bodies and XMRV proteins has been observed and 50%
(9/18) of CFS patients were shown to be reactive [2].
Furthermore, anti-XMRV-positive plasma samples from CFS
patients blocked the binding of anti-SFFV env antibody to
SFFV env on the cell surface. They claimed that FACS was
one of the most sensitive blood-based assays for detection of
anti-XMRV env antibody in patient plasma and could detect
82% (47/57) of XMRV infection in CFS patients [15, 16].
Arnold et al. developed a single-round reporter gene based
on neutralizing antibody assay and found that 27.5% (11/40)
PC patients were anti-XMRV antibody positive [29]. In their
system, anti-XMRV antibody was confirmed by blocking the
binding and infection of XMRV-HIV pseudovirus expressing

XMRV env protein with the reporter cell line JC53BL-
13 that carries the firefly luciferase and β-galactosidase
under the control of the HIV-1 LTR. The results were
in complete concordance with both PCR and FISH for 7
patients in whom 3 assays were conducted [29]. However,
Sabunciya et al. did not find differences in immunoreactivity
between PC patients and controls by ELISA using XMRV
env or gag antigen to capture anti-XMRV antibodies [30].
A similar neutralizing antibody assay developed by Groom
et al. could not detect specific anti-XMRV antibody in
170 CFS patients [31]. These results highlight the con-
troversy in detecting anti-XMRV antibodies due to the
lack of validated assays and well-characterized reference
materials.

Onlamoon et al. infected rhesus macaques with XMRV
to develop an animal model of XMRV infection and
to investigate the viremia and immune response against
XMRV [32]. They found that viremia was detected 4 days
postinfection (PI) with a peak on day 7 for one animal and a
delayed and lower acute viral replication kinetic at days 14–
20 in another animal [32]. The antibody responses to XMRV
were observed during the second week of infection and
boosted upon reexposure, but titers decreased rapidly [32,
33], indicating a weak immune response. The predominant
responses were to the envelope protein gp70 and p15E, and
capsid protein p30 with higher titers to gp70 and p15E than
to p30, especially in acute infection of XMRV. Antibodies
to gp70, p15E, and p30 persisted to 158 days and were
substantially boosted by reinfection, indicating that they may
be useful serologic markers for XMRV infection [33]. Based
on these findings, direct chemiluminescent immunoassays
(CMIAs) on the automated ARCHITECT instrument system
were developed by using recombinant proteins (p15E, gp70,
and p30) for both capture and detection. The prototype
assays showed 100% sensitivity by detecting all Western Blot
positive serial bleeds from the XMRV-infected macaques
and >99% specificity with blood donors [33]. This is the
first study to investigate the nature and kinetics of the
antibody response to XMRV infection in animal model, and
the first immunoassay that has been evaluated by the well-
characterized XMRV-positive animal bleeds.

The US National Cancer Institute (NCI) has invested
considerable effort in developing serological assays for
detection of XMRV infection. They used the Meso Scale
Discovery (MSD) platform and found that reactivity to
XMRV recombinant proteins is statistically higher in XMRV-
positive clinical samples from CFS patients than in normal
donor plasma [34]. Conventional ELISA has been developed
by using recombinant XMRV-proteins to capture antibodies
in samples [30, 35]. In addition, several groups reported the
use of the WB assay for detection of anti-XMRV antibodies
[36, 37].

Unfortunately, all of these assays have not yet been fully
validated due to lack of reference reagents for standardization
of assays; therefore, it is difficult to make comparisons
of results obtained in different laboratories using various-
methodologies. Several groups were unable to detect XMRV-
specific antibodies in PC and CFS patients as well as healthy
control sera [30, 35, 36, 38]. In some studies, the weak
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antibody activity could not be confirmed by other assays,
such as immunofluorescence assay (IFA) or was found to
be nonspecific cross-reactivity [38]. Groom et al. found that
only one of the 26 samples with neutralizing activity came
from a CFS patient, while 14% (22/157) blood donors were
positive by their neutralizing assay [31]. However, most of
the serological positive samples were also able to neutralize
MLV particles pseudotyped with enveloped proteins from
other viruses, including vesicular stomatitis virus, indicating
significant cross-reactivity in serological responses. These
results highlight the danger of overestimating XMRV fre-
quency based on serological assays.

2.3. Other Test Methods. Both FISH and IHC were employed
to localize XMRV within human prostatic tissues, and to
measure the frequency of the infected cells. Urisman et al.
reported that about 0.1∼1.2% of the cells were positive
and most FISH-positive cells were stromal fibroblasts [1].
They also used IHC to stain PC tissues with a monoclonal
antibody against SFFV that was reactive against gag proteins
from a wide range of different ecotropic, polytropic, and
xenotropic MuLV strains. However, they observed that only
stromal but not epithelial cells were infected with XMRV
[1]. In contrast, Schlaberg et al. stained prostate tissues
with anti-XMRV sera and found viral protein expression in
23% (54/233) of cases with PC and in 4% (4/101) controls.
XMRV-specific staining was predominantly observed in
malignant prostatic epithelial cells [23]. However, only 6
out of 54 IHC-positive PC cases were XMRV DNA positive
while none of the controls was positive for the two assays.
Differences between the two methods were argued to be
attributed to very low viral loads, sampling differences, and
varying proportions of XMRV-infected cells [23]. Aloia et al.
reported no staining of 596 prostatic adenocarcinomas and
452 benign prostate tissue specimens by IHC using anti-MLV
antibodies which reproducibly reacted with XMRV proteins
and stained XMRV-containing cells [39]. They were unable
to stain positive samples from the Schlaberg study, raising
the question of whether the findings by Schlaberg et al.
were valid [39]. Barnes et al. used T-cell ELISPOT assay
to test responses of PBMCs to XMRV gag peptides as
an evidence of XMRV infection of PBMCs [40]. For ex
vivo T-cell ELISPOT assays, microtiter plates coated with
anti-interferon-γ immunoglobulin G were used to incubate
with XMRV peptides and PBMCs from patients, followed
by incubation with biotinylated interferon-γ antibody and
streptavidin-labeled chromogen. The number of reactive
cells was counted. They found no positive responses to
XMRV gag in the 63 patients infected with HIV-1 or HCV.
However, patient cells were responsive to other antigens, sug-
gesting that the absence of XMRV gag-specific T cells in their
study. Lee described a novel cell line, Detectors of Exogenous
Retroviral Sequence Elements (DERSE) indicator cells, to
rapidly assess XMRV or XMLV replication in less than 3
days [14]. The DERSE cell uses a retroviral vector containing
an inverted, intron-interrupted green fluorescent protein
(GFP) reporter cassette. XMRV infection permitted GFP
expression, which can be easily monitored by microscopy.

3. Conclusion

Currently, there are no commercially available FDA
approved/licensed tests for detection of XMRV or other
MLV-related human retroviruses. Standards for the diagnosis
of XMRV or MLV-related retrovirus infection based
on laboratory test methods have not been established.
The relative sensitivity and specificity of various assay
methodologies and strategies (i.e., NAT, serology, and
culture) have not been determined and standards for assay
performance have not yet been established. The use of
multiple testing methodologies may be required because
of the biology of the viruses, such as transient viremia and
relatively low-immune response observed in the Macaque
model. In order to avoid false-positive detection, mouse
DNA contamination should be carefully examined and
excluded.
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Xenotropic-murine-leukemia-virus-related virus (XMRV) was the first gammaretrovirus to be reported in humans. The sequence
similarity between XMRV and murine leukemia viruses (MLVs) was consistent with an origin of XMRV from one or more MLVs
present as endogenous proviruses in mouse genomes. Here, we review the relationship of the human and mouse virus isolates and
discuss the potential complications associated with the detection of MLV-like sequences from clinical samples.

1. Endogenous MLVs

Retroviruses are unique in their requirement, as a natural
step in their replication cycle, for integration into the gen-
omes of the host cells they infect [1]. Through infection of
the germ line, exogenous retroviruses can become a part of
the host genome, leading to the generation of endogenous
proviruses. All vertebrate species examined carry remnants
of such prior retroviral infections in their genomes [1, 2].
Humans, for example, carry some 80,000 sequences or about
8% of our total genome, derived from retrovirus infections
dating from some 40 million to a hundred thousand or so
years ago. Mouse genomes contain a large number of more
recently integrated endogenous proviruses; one of the best-
studied groups comprises the murine leukemia viruses
(MLVs). MLVs are thought to have entered the Mus germ
line less than 1.5 million years ago [3, 4], and generation of
new endogenous proviruses continues to this day. They can
be classified based on their host range and sequence into
ecotropic, xenotropic, polytropic and modified polytropic,
MLVs [1, 5]. The host range of MLVs is determined by
the species distribution of the receptors they use for entry.
Ecotropic MLVs (of which there are only a few) use mCAT1,
an allele of the cationic amino acid transporter found only
in mice and a few other rodents [6]. The more common
nonecotropic MLVs, including xenotropic (X-MLV), poly-

tropic (P-MLV), and modified polytropic (MP-MLV) viruses
use distinct alleles of Xpr1, a cell surface protein of unknown
function, with X-MLVs unable to recognize the allele found
in most inbred and a few wild mice, hence the name “xen-
otropic” (reviewed in [7]). The proviruses that correspond
to these different viruses are referred to as Xmv, Pmv, and
Mpmv, respectively. Experimentally, they are distinguished
by hybridization to oligonucleotide probes specific for a
sequence in the SU region of env. P-MLVs can be distin-
guished from MP-MLVs by a 27 bp insertion in their env
genes [1, 5]. Endogenous nonecotropic proviruses are highly
polymorphic in their genome location: inbred mice contain
about 20 of each type and, on average, share about 30
with any other inbred strain. Of the 150 or so identified
proviruses, only a few Xmvs, including Bxv1 (Xmv43), are
known to encode infectious virus [8]. No complete, replicat-
ing P-MLV or MP-MLV has ever been identified, although
their env genes are often found as recombinants [1, 9].

As is the case with most host-pathogen arms races, evo-
lution at the host-virus interface for MLVs and their mouse
hosts is apparent on multiple levels. Xmv proviruses are
considered to be the oldest MLV subgroup, a hypothesis sup-
ported by the genetic diversity among members, their failure
to form a monophyletic clade, and their ancestral location
in phylogenetic analyses (Figure 1) [10]. During the long
course of their coexistence with endogenous and exogenous
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Figure 1: Relationship of proviruses in the sequenced mouse genome. The three groups of nonecotropic MLVs are indicated. Modified from
Jern et al. [10].

MLVs, many Mus subspecies have evolved ways to cope with
such assaults. One example of a resistance mechanism is
the evolution of variants of the Xpr1 receptor so that the
modified allele no longer supports virus entry, conferring a
selective advantage on the host that carries the new variant.
Endogenous X-MLVs derived from proviruses in those mice
could not infect the cells of their host organism. Viruses have
in turn responded by incorporating mutations in their env
genes, allowing them to use the new version of the receptor

and giving rise to the evolution of polytropic and modified
polytropic MLVs, which are also carried in numerous
copies by many mouse genomes (Figure 2). Another level of
resistance is encoded by a set of proteins induced as result
of the expression of interferon (reviewed in [11]). One of
the most important of these is the enzyme family APOBEC3
A-G (in humans) with one homolog in mice, Apobec3.
APOBEC3’s are incorporated into virions and cause high lev-
els of dC to dU deamination on newly synthesized negative
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Figure 2: Schematic cartoon of the hypothetical origin of X-MLV,
P-MLV, and XMRV. The mice illustrate the inferred pattern of MLV-
host evolution, starting with infection of mice with an exogenous
XMLV, its endogenization, selection for the resistant (Xpr1n)
receptor allele, and the subsequent evolution of the polytropic (P-
MLV and MP-MLV) viruses capable of using the mutant receptor.

strand DNA, leading to substantial frequencies of G to A
hypermutation in the positive strand (genome) of many
retroviruses, effectively killing the provirus.

2. Origin of XMRV

Evidence for the presence of XMRV and other MLV-related
viruses in human tissues have so far relied on various
methods including fluorescence in situ hybridization (FISH),
immunological detection of viral antigens and antibodies
against them, isolation of infectious virus from human sam-
ples, and, finally, PCR amplification of MLV sequences [12–
14]. We will discuss here only the last two issues, focusing on
the relationship of XMRV and related sequences to endoge-
nous MLVs and the likely events that gave rise to them. By
the term “XMRV,” we refer only to the infectious viruses
reported in the original papers [12, 13, 15]; related sequences
detected by PCR amplification [14] will be referred to as
“MLV-like” (Figure 1). We first focus on XMRV.

XMRV was originally described in a fraction of prostate
cancer cases [12] and subsequently in a large fraction of

patients with chronic fatigue syndrome (CFS) [13]. The asso-
ciation of XMRV with disease rapidly became controversial,
however, when a large number of the studies in multiple
patient cohorts, prompted by the initial reports, did not find
XMRV, even though very sensitive detection methods were
used (reviewed in [16]). The ensuing debate raised the issue
of whether, on the one hand, the negative studies reflected
poor technique or inappropriate study cohorts, or on the
other, the positive results reflected contamination with a
virus that did not, in fact, circulate in humans.

In contrast to most other irreproducible reports of
human “rumor” viruses dating back to the 1970s, XMRV was
isolated as an infectious virus and grows to high titer on suit-
able human cell lines, from both diseases [13, 17]. An essen-
tially identical virus was also found to be produced in large
amounts by the 22Rv1 cell line [15], which had been derived
from a human prostate cancer by repeated passage, over the
course of 7 years, in the form of xenografts, in nude mice
(Figure 3) [18]. This result was interpreted to imply that the
tumor that eventually gave rise to the cell line was infected
with XMRV at the outset.

XMRV shows high sequence similarity to endogenous
Xmv proviruses [12], suggestive of a shared origin, but it
is not identical to any of them. Despite considerable effort,
we did not find it as a single endogenous provirus in any
mouse genome [19]. However, the fortunate availability of
DNA samples from various passages of the tumor xenografts
from which 22Rv1 had been derived made it possible to trace
the origin of XMRV [19]. Analysis of DNAs from early and
late passages revealed that the virus was undetectable (less
than about 1 provirus per 200 cells) in samples taken through
1993, showing that the original tumor did not contain
XMRV (Figure 3). However, it was present in the xenografts
performed after 1996, suggesting that the tumor had been
infected by XMRV while being passaged through nude mice
some time between 1993 and 1996. Moreover, two XMRV-
related proviruses (PreXMRV-1 and -2) could be detected
in the small amount of mouse DNA in the tumor samples,
showing that the mouse strains used for the xenografts
contained these two previously undescribed proviruses,
whose genomes could recombine to generate a virus virtually
identical to XMRV (Figure 4), providing the most likely
explanation of how, where, and when the virus was created
[19]. Retrovirus recombination is a very frequent event that
occurs following infection of a cell with a virion containing
two distinct genomes, produced by a cell containing the two
parental proviruses. During the course of reverse transcrip-
tion, the enzyme transfers repeatedly from one genome to
the other, on average 4 times in the case of MLVs [20].
In the case of XMRV, a virion containing the PreXMRV-1
and PreXMRV-2 genomes and most likely containing pro-
teins made by both proviruses and produced by a cell of
the mouse host would have infected a human cell in the
xenograft, leading to the infectious XMRV recombinant. The
virus generated in this way could then spread through the
tumor, perhaps conferring some selective advantage (such
as increased growth rate or hormone independence) to the
infected cells. Given the large number of stretches of identical
sequence in the two parental proviruses, the probability of
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Figure 3: Derivation of the 22Rv1 cell line from prostate cancer xenografts in nude mice. Starting in 1992, the CWR22 prostate cancer was
passaged repeatedly in nude mice until 1999, when the cell line was isolated. Samples of the tumor prior to 1996 were negative for XMRV,
but contained small amounts of mouse DNA harboring both PreXMRV-1 and -2. Later samples were also positive for XMRV. Modified from
Paprotka et al. [19].

generating exactly the same recombinant more than once
independently is negligible. These findings lead inexorably to
the conclusion that the XMRV produced by 22Rv1 cells was
created in the laboratory (or, more likely, the mouse room)
and all subsequent isolates are likely to have originated from
this single unique recombination event, almost certainly by
cross-contamination in laboratories handling 22Rv1 cells
and other susceptible cell lines.

As mentioned above, xenotropic MLVs typically cannot
use the nonpermissive Xpr1n receptor variant carried by
most inbred strains [7]. When they encounter a permissive
cell type, however, as happens when human cells are trans-
planted into mice, they can infect the cells of this newly
encountered species. Acquisition of mouse endogenous
retroviruses by heterologous cells occurs frequently, and
many examples have been documented [9, 21–24]. Thus,
the infection of the prostate cancer xenograft by an X-MLV
in mice was far from unprecedented, but the details of the

process, including the specific proviruses involved, had never
before been worked out.

In the decade following its derivation in 1999 [18], the
22Rv1 cell line has been distributed worldwide and widely
used for studies on prostate cancer biology. At the time of
this publication, PubMed listed over 200 papers reporting its
use from many different laboratories, none of which could
have been aware before 2009 that it was producing 109–
1010 of virions per mL [15]. Given the ease with which
viruses can spread from one culture to another even in
virology laboratories that are aware of the problem, it is not
hard to see how XMRV could have contaminated cultures
in many different laboratories. Such contamination not
only can give rise to false associations with human disease,
but also, cause major changes in cellular processes, leading
to alterations in cellular pathways under study. For these
reasons, it is absolutely necessary, and should be routine
practice, to continuously monitor cell lines for contaminat-
ing retroviruses.
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Figure 4: Recombination between PreXMRV-1 and -2 leads to XMRV. The sequences of the two proviruses identified by Paprotka et al. are
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Phylogenetic analysis of XMRV isolates in comparison
with endogenous MLVs also strongly supports the same
series of events. As can be seen in Figure 5, PreXMRV-1
groups with another Xmv subclade; PreXMRV-2 (which may
itself be a recombinant) is closer, but not identical, to Pmvs.
In the enlarged portion of the tree representing all published
XMRV isolates, it can be seen that the inferred recombinant
virus occupies a position ancestral to all XMRVs, followed by
the virus produced by 22Rv1 cells, followed by the prostate
cancer isolates, and followed finally by the CFS isolates,
exactly consistent with the inferred sequence of infection and
contamination events [19].

The two XMRV parents are not unique to nude mice: of
48 laboratory mouse strains tested, PreXMRV-1 is found in
6, PreXMRV-2 in 25 [Cingöz et al. In prep.], as well as in the
NIH3T3 cell line, commonly used for many laboratory pur-
poses, including preparation of MLV-based gene therapy vec-
tors [25]. Three laboratory strains, including the two nude
mice presumably used to passage the original tumor, contain
both proviruses. They are also found in DNA from some
wild-derived mice: PreXMRV-1 in M. m. molossinus and M.
m. castaneus, and PreXMRV-2 in M. m. domesticus. Since
the former mice are native to Asia, and the latter to Europe,
it is improbable that they were ever together in the wild
before human intervention.

In further support of the idea that XMRV has not
infected humans is its high sensitivity to the primate
APOBEC3G restriction factor, an interferon-inducible pro-
tein, which is constitutively expressed in some (but not all)
cell types. Indeed, the extensive hypermutation caused by
A3G makes it impossible to establish spreading infection
of human PBMCs in cell culture [26] and, while proviral
DNA persists in macaques experimentally infected with
XMRV, this DNA is also heavily hypermutated [Kearney et
al. In prep.]. Unlike PBMCs, a number of human cell lines,
including the prostate cancer lines 22Rv1 and LNCaP do
not express APOBEC3G. Combined with a favorable tran-

scriptional environment [17], this property makes these cells
particularly good hosts for XMRV infection, so it is not
impossible that the virus could sometimes bypass the barrier
to infect of blood cells.

3. MLV-Like Sequences

In an attempt to replicate the findings of XMRV in CFS
patients, Lo et al. analyzed plasma and PBMCs from another
cohort of CFS patients as compared to samples obtained
at a different time and place from normal blood donors
[14]. They reported that they were unable to detect XMRV
using a specific PCR assay, but that, with somewhat less
selective primers, they could detect fragments of sequence
identical or closely related to some endogenous P-MLVs
and MP-MLVs. Again, the sequences were detected much
more frequently in samples from CFS patients than from the
poorly matched controls. The close match of these sequences
to endogenous MLVs present in over 100 copies per cell in
laboratory and wild mice immediately raised the possibility
of contamination of the samples with traces of mouse DNA.
To counter this concern, Lo et al. also tested the samples
for mouse mitochondrial DNA and, finding none, concluded
that the results reflected infection of the patients, but not
the controls, with polytropic-like MLV. In further support of
this conclusion, they reported, that later samples from some
of the same patients also contained MLV-like sequences.
These sequences showed genetic differences from the earlier
ones, leading them to conclude that there was ongoing virus
replication and evolution.

The possibility of a human gammaretrovirus circulating
among the population and potentially having an association
with human disease created considerable excitement in the
field. A number of researchers proposed that XMRV- and
MLV-related sequences represented related findings that
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strongly supported the conclusion of the association of MLV-
like viruses with human disease. However, one should be very
cautious about associating the two observations. Xenotropic
and polytropic viruses are distinct MLV subclasses, a fact
readily observed upon comparing the positions they occupy
in phylogenetic trees [10] (Figures 1 and 5). XMRV is not
found as a single endogenous provirus in any mouse strain
tested [19], whereas the partial sequences detected by Lo
et al. are very close or identical to proviruses found in
mice [14]. XMRV sequences detected by Lombardi et al.
are nearly identical to the XMRV sequences described by
Urisman et al. and form a distinct clade among Xmv
proviruses, while the MLV-like sequences of Lo et al. found in
CFS and control samples are dispersed among other mouse
endogenous proviruses [12–14] (Figure 6). The reported
MLV-like sequences are bulk PCR fragments; no full length
viral genome or infectious virus was recovered, as opposed
to the Lombardi et al. study where infectious virus was
recovered upon culturing patient samples. P-MLV fragments
were detected following high numbers of PCR amplification
cycles; no other detection methods were used and the results
have not been replicated by any other study published to date.
The differences between the two studies in the experimental
methods used and the findings reported call for extreme
caution to be taken before widely interpreting the data.
Until we have a better understanding about the relationship
between these viruses, the two studies should be treated
separately and should not be taken as supporting or refuting
each other.

Despite the inclusion of apparently adequate controls,
mouse DNA contamination remains a significant concern.
Extremely small amounts of DNA, from as little as one one-
hundredth of a cell, contain enough provirus sequences to
yield false positives with internal provirus-specific primers
(Figure 6, middle panel). Two recent studies have described
the detection of MLV-like sequences in samples from patients
and/or healthy controls. In the first study by Oakes et al.,
positive amplification results were obtained from only 1 out
of 111 samples tested from CFS patients, but from 18/36
healthy controls, which had been processed at a different time
with a slightly different protocol [27]. In the second study,
Robinson et al. found that 14/282 of UK prostate cancer
cases, 5/139 of Korean, and 2/6 of Thai cases tested positive
for amplification with XMRV primers [28]. As with the Lo
et al. sequences, those of Oakes and Robinson fit perfectly
within the endogenous MLV phylogeny (Figure 6, left panel).
In both cases, some, but not all, MLV-positive samples were
also positive for mouse mitochondrial DNA. To improve the
sensitivity of detection of mouse DNA, we developed an assay
that relies on PCR amplification of a small fragment from the
LTR of intracisternal A particles (IAPs), LTR retroelements
that are abundant (more than 1000 copies) in the mouse
genome and not cross-reactive with any sequence in the
human genome despite the presence of distantly related IAP
elements [29]. Using this assay, both studies found that
all samples that tested positive for MLV DNA sequences
were also positive for IAP LTR sequences, implying sporadic
mouse DNA contamination as the most likely source of the
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former sequences. The exact source of these mouse sequences
has not fully pinned down. Trace amounts of mouse DNA
could be already present in the laboratory reagents used or
contamination could have occurred during sample collection
or storage before they were even sent to the laboratories to
be tested for XMRV. Four other studies further supported
these findings, where potential sources of MLV genome
contaminants, most likely from mouse genomic DNA, were
discovered in commercially available laboratory reagents
and kits, particularly Taq DNA polymerase containing a
mouse monoclonal antibody [30–33]. It is possible that
microtomes used for both laboratory and clinical samples
could carry traces of mouse DNA over to human pathology
samples, perhaps including the fixed and archived prostate
cancer specimens analyzed by Robinson et al. [28]. Cross-
contamination from a laboratory robot used for XMRV more
than a year previously has also been reported [33]. Taken
together, these findings call for caution before interpreting
the data and the need for very sensitive assays to detect mouse
DNA contamination, when endogenous MLV sequences are
detected by PCR from human samples.

It is also important to emphasize that considerable cau-
tion should be exercised when attributing the origin of short
PCR amplicons to a replicating virus, when the virus has
itself not been isolated. Indeed, for reasons that are unclear,
replication-competent P-MLVs have never been identified
in mice, although their envelope genes can be donated to
replication-competent recombinant viruses that arise and
cause lymphoma in some strains of mice [35–37]. Until a
real virus is identified, studies reporting detection of “virus”
sequences must be taken as highly preliminary and sugges-
tive, not definitive, evidence for human infection by P-MLVs.

A final problem with the sequences reported by Lo et al.
is that they do not exhibit the sort of evolution expected for
long-term infection. Although these authors reported that
sequences that appeared to show evolutionary changes were
obtained from some of the same patients ∼15 years after
the initial sampling [14], examination of the sequences made
available in the GenBank database reveals that the “evolved”
sequences are in fact very similar to other endogenous
MLVs. (Figure 6, right panel) [27]. Rather than evolving as
would be expected of a true infecting virus, these sequences
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therefore seem to be simply moving up and down the MLV
phylogenetic tree. The conclusion that they represent MLV
sequences amplified from trace mouse DNA contamination
is inescapable.

4. Particular Issues regarding Detection of
MLVs as Possible Human Pathogens

The initial reports of association between endogenous MLV-
related viruses and human disease were attractive because
of their biological plausibility: MLV-related viruses cause a
similar variety of diseases in mouse models [1]; close contact
between mice and humans can result in zoonotic infection;
the virus isolated is highly infectious for at least some
human tumor cell lines [17, 38]. As the studies presented
here unfolded, however, a number of experimental issues
regarding the possibility of detection of endogenous proviral
sequences and their confusion with replicating viruses infect-
ing human patients came to light. There are a number of
lessons that should be heeded in the development of future
studies.

First, low levels of mouse DNA contamination are very
commonly found in laboratory reagents. In some cases, this
DNA can be attributed to the inclusion of mouse-derived
products, such as monoclonal antibodies in PCR reagents,
or used for isolation of cells [27, 28, 30, 32, 33]; in others, the
source of mouse DNA is less than clear, but given the close
relationship of human and wild mouse activity, it is not hard
to imagine that mice can leave traces in many places that can
find their way into almost any laboratory reagent or supply.

A second, related issue regards the provision of appropri-
ate controls. Given the apparent sporadic nature of this sort
of contamination, it is absolutely essential that controls and
patient samples be exactly matched, not only for personal
characteristics, such as age, gender, geography, and so forth,
but also in the reagents and materials (tubes, needles, etc.)
used to obtain and process the assay samples. Unfortunately,
such caution is often not the case, particularly in retro-
spective studies [14]. Clinical samples are often collected
as at least two separate groups, the simplest example being
patient versus control samples. This lack of caution can result
in detection of a contaminant in one set of samples and not
the other, resulting in false association of virus with human
disease. Differential association between two different groups
of clinical specimens can occur, even if the detected entity
is an artifact. In fact, in the study by Oakes et al. [27],
MLV sequences were detected preferentially in healthy
controls drawn at a later time and processed by a slightly dif-
ferent method. One possible explanation for such erroneous
associations is that the two groups might have been handled
differently, collected at different times by different people
at different locations using different reagents, supplies, or
methods. Furthermore, tubes containing patient samples
may have been accessed more frequently and under different
circumstances than controls. For these reasons, blinding
of investigators to which samples are cases and which are
controls for such studies is crucial. Examples of such false
associations have persisted, even when independent labora-
tories had confirmed findings after the initial report [39].

Third, even in the absence of contaminating mouse DNA,
a different complication arises from retrovirus-contaminated
cell lines used in the laboratory. There are multiple docu-
mented cases of such contamination events, which appear
to be quite common among laboratories working with
retroviruses [8, 15, 40–43]. Even in laboratories that do not
work with retroviruses, there are examples of cell lines pro-
ducing replication-competent retroviruses. Contamination
of cell lines with retroviruses could occur through cross-
contamination of previously uninfected cells with a virus
grown or handled on other cells nearby. As long as the
virus is replication-competent and can establish an efficient
infection, it could eventually take over the entire culture even
with trace amounts of starting virus.

The overall lesson to be learned here is that extreme mea-
sures are required to avoid false associations of mouse viruses
with disease, including: (1) rigorous use of highly sensitive
assays for detecting mouse DNA contamination of supplies
and reagents; (2) frequent testing of cell cultures used in the
laboratory for undetected infection with an MLV or another
virus; (3) the use of controls that are exactly contempo-
raneous to the cases and obtained by precisely the same
methods using the same materials and reagents. As a few
recent papers indicate [30, 32, 33], these conditions are not
easy to achieve, but only laboratories that do so can make
credible claims to the discovery of new human infections.
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In 2009, Lombardi et al. reported their startling finding that the gammaretrovirus xenotropic murine leukemia virus-related
retrovirus (XMRV) is present in 67% of blood samples of patients suffering from chronic fatigue syndrome (CFS), as opposed
to only 3.7% of samples from healthy individuals. However, we and others could not confirm these results, using a nested PCR
assay. An alternative to this highly sensitive, but contamination-prone, technique is to measure the serological response to XMRV.
Thus, we tested the plasma samples from our cohorts of CFS patients and healthy controls for the presence of XMRV-specific
antibodies. Using two novel chemiluminescence immunoassays (CMIAs), we show that none of our samples have any XMRV-
reactive antibodies. Taken together with our previous findings, we conclude that XMRV is not present in any human individual
tested by us, regardless of CFS or healthy control.

1. Introduction

In 2006, Urisman et al. identified a new gammaretrovirus
in prostate cancer samples harboring a mutation in a viral
defense gene known as RNASEL [1]. This new virus, xeno-
tropic murine leukemia virus-related retrovirus (XMRV),
was found to be a close relative to known murine leukemia
viruses (MLVs) and was the first documented case of human
infection with a xenotropic retrovirus. Although XMRV was
originally associated with the mutant variant of the RNASEL
gene, further research could not confirm this association but
did find it in about 10% of prostate cancers [2].

The discovery of a new virus that could infect humans
lead Lombardi et al. [3] to test for the virus in patients
suffering from chronic fatigue syndrome (CFS). CFS is a dis-
ease of unknown etiology that manifests as neurological,
immunological, and endocrinological dysfunctions. A wide
range of viruses have been investigated in the past as caus-

ative agents of CFS; however, findings were mixed, and no
conclusive evidence of one virus causing CFS has been im-
plicated [4]. Using a nested polymerase chain reaction
(PCR), Lombardi et al. found that blood samples of 68 out of
101 (67%) CFS patients contained the XMRV gag sequence,
as opposed to only 8 out of 212 (3.7%) samples from healthy
individuals [3]. The finding of a virus linked to CFS reignited
excitement in the field, leading many laboratories around
the world to test for this new virus, but the excitement has
been short lived. Although some support linking XMRV or
MLVs and CFS has been published [3, 5, 6], it has been
overshadowed by reports failing to detect the virus in CFS
patients [7–20], including a study done by us.

In our original paper [17], we failed to find an association
between CFS patients and XMRV, using PCR technology.
However, we did detect some XMRV sequences as well as
other MLV sequences in some of our samples. Due to the
close relationship between XMRV and MLVs, which are
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present throughout the mouse genome, we tested all of our
samples for mouse DNA using a TaqMan qPCR assay for
murine mitochondrial cytochrome oxidase, cox2 [14], as well
as a single PCR assay for the highly abundant intracisternal
A-type particle (IAP) long terminal repeat sequence, devel-
oped by our group [17]. We found that every sample that
contained an XMRV or MLV sequence was also positive for
mouse DNA contamination. Although we did not claim that
our findings provided a full explanation of the origin of
XMRV, we put forward a cautionary tale about the risks of
mouse DNA contamination in various common laboratory
reagents.

One of the criticisms of our study [17] was that we only
used PCR technology to test for the presence of XMRV, while
the original paper also included serological analyses [3]. Spe-
cifically, some groups have developed novel serological tests
utilizing western blots and ELISAs in the search for anti-
XMRV antibodies, because the presence of antibodies could
not be due to mouse DNA contamination [3, 8, 13, 14, 20,
21]. Recently, two prototype direct format chemiluminescent
immunoassays (CMIAs) were developed to detect XMRV-
specific antibodies [22]. Both CMIAs utilize a direct assay
format in which recombinant p15E or gp70 protein serves
as both capture and detection antigens. The assays demon-
strated excellent sensitivity, detecting early seroconversion
bleeds in XMRV-infected rhesus macaques [22]. Moreover,
these assays were also shown to detect specific antibodies to
MLVs [22]. In this study, we use these two sensitive CMIAs
to screen plasma samples from our blinded cohorts for the
presence of XMRV-specific antibodies. No samples from our
cohort of over 100 CFS patients were positive in either of
these assays, while two samples from the healthy control
cohort tested positive in one of the CMIA assays; however,
reactivity of these same samples was not confirmed by west-
ern blot. Thus, these highly sensitive serological studies have
confirmed our prior conclusion that the positive XMRV PCR
results were a result of mouse DNA contamination, since no
antibodies against XMRV were present.

2. Materials and Methods

2.1. Sample Collection. All samples were collected according
to the institutional guidelines of Tufts University, after re-
ceiving informed consent. The 36 healthy individuals (15
females and 21 males) were recruited on a voluntary basis
by the Huber laboratory and were between 18 and 65 years
of age. The 112 CFS patients (90 females, 20 males, and 3
unknown), recruited by Dr. Susan Levine, were between 18
and 65 years of age and resided in the Northeastern United
States. All patients were diagnosed for CFS according to the
CDC criteria, and the majority was completely disabled. The
cohort comprised a combination of those with an abrupt and
others with a gradual onset of symptoms.

2.2. Preparation of Human Blood and Plasma Samples. Ap-
proximately 30 mL of blood were drawn into three hepar-
inized tubes (Becton Dickinson) and shipped overnight (CFS
patients) or processed immediately (healthy controls). The

blood collection tubes from each individual were consoli-
dated into one 50 mL tube and diluted with PBS, containing
CaCl2 and MgCl2 (sigma) at a 1 : 1 ratio. 15 mL of Ficoll (GE
Healthcare) was added to two new 50 mL tubes, and 25 mL
of the diluted blood was gently layered on top of the Ficoll,
followed by a 30 min centrifugation in a Sorvall RT7 plus
rotor at 2000 rpm at room temperature. The PBMCs were
collected from the interface following the spin and were used
for DNA isolation. Ten mL of plasma were also collected from
each sample and stored at−80◦C. One ml of plasma was sent
to Abbott Labs on dry ice overnight for further testing.

2.3. XMRV Chemiluminescent Immunoassays (CMIAs). A
detailed procedure can be seen here [22]. Briefly, 100 µL of
neat plasma were screened for antibodies to XMRV gp70 and
p15E proteins using two prototype ARCHITECT chemilumi-
nescent immunoassays (CMIAs; Abbott Diagnostics, Abbott
Park, Ill). The CMIAs utilize a direct assay format in which E.
coli-expressed XMRV p15E or mammalian-expressed XMRV
gp70 were used as both capture and detection antigens.
Assay positive controls were derived from XMRV-infected
macaque plasmas at 1 : 1000 (PC1) or 1 : 4000 (PC2). A
pool of normal human plasma was used as negative control
(NC) and as sample diluents. Cutoff (CO) values of the
ARCHITECT CMIAs were calculated based on the following
formulas: CO = 0.45 × (Calibrator 1 Mean Relative Light
Units (RLU)) for p15E CMIA and CO = 0.078 × (Calibrator
2 Mean RLU) for gp70 CMIA. Assay results were reported
as the ratio of the sample RLU to the cutoff RLU (S/CO)
for each specimen. Specimens with S/CO values <1.00 were
considered nonreactive; specimens with S/CO values ≥1.00
were considered initially reactive. The S/CO values of the
NC, PC1, and PC2 were 0.16, 12.8, and 3.5 for the gp70
CMIA and 0.13, 7.4, and 2.2 for the p15E CMIA. Initially
reactive specimens were retested in duplicate by either
ARCHITECT p15E or gp70 CMIAs. Repeatedly reactive
specimens were analyzed at 1 : 100 dilution by investigational
western blot assays using purified XMRV viral lysate as well
as recombinant gp70 protein.

2.4. Western Blot Analysis. Western blot (WB) analysis using
purified XMRV viral lysate as well as recombinant gp70
protein was performed as described [22]. Briefly, viral lysate
(80 µg/gel) or recombinant gp70 protein (20 µg/gel) were
separated by electrophoresis on a 4–12% NuPAGE Bis-Tris
2-dimension gel (Invitrogen, Carlsbad, Calif) in the presence
of sodium dodecyl sulfate (SDS). The protein bands on the
gel were electrophoretically transferred to a polyvinylidene
difluoride (PVDF) membrane (invitrogen). After blocking,
the PVDF membrane was cut into 2 mm strips. Strips were
incubated with human samples diluted 1 : 100 or XMRV-
infected macaque plasma diluted 1 : 200 overnight at 2–8◦C.
After removal of unbound antibodies, strips were incubated
with alkaline phosphatase conjugated goat antihuman IgG
(Southern Biotech, Birmingham, Ala) for 30 minutes at
room temperature. The strips were washed, and chromoge-
nic substrate solution was added.
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Figure 1: Distribution of p15E CMIA (a) and gp70 CMIA (b) log
N of S/CO on 148 samples collected from 112 CFS patients and 36
healthy controls. Numbers of specimens within each log N of S/CO
value are shown above the solid bars. Assay cutoffs were equivalent
to mean 16 SD and 12 SD for p15E and gp70 CMIAs, respectively,
based on blood donor populations [22]. Log N of S/CO, natural log
transformation of S/CO.

3. Results

148 blinded plasma samples from our original CFS and
healthy control cohorts were analyzed for the presence of
XMRV-specific antibodies, using the direct format ARCHI-
TECT p15E and gp70 CMIAs. None of the 148 plasma sam-
ples were reactive in the p15E CMIA (Figure 1(a)). Two of
the 148 samples (ID = 137, 138) were positive in the gp70
CMIA (Figure 1(b)). Both specimens were weakly reactive in
the gp70 CMIA with sample/cut-off (S/CO) values of 7.77
(log N of S/CO = 2.05) and 9.02 (log N of S/CO = 2.20),
respectively. Although the samples were repeat reactive in
the gp70 CMIA, they were not reactive by WB. As shown
in Figure 2, both samples showed no visible WB bands
using either XMRV viral lysate proteins (Figure 2(a)) or
recombinant gp70 protein (Figure 2(b)). Unblinding of the
samples revealed that the two gp70 reactive samples stemmed
from two sequential blood collections of a single healthy
control (Table 1).

4. Discussion

In our original study, we found no specific relationship
between the presence of XMRV and CFS [17]. However,
screening the genomic DNA from peripheral blood lympho-
cytes of both healthy control and CFS cohorts, we did detect
PCR products that were identical to XMRV gag sequences, as
well as other MLV gag sequences. Due to the high number
of MLV sequences in the mouse genomic DNA, we found
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Figure 2: WB analysis of gp70 CMIA reactive samples with (a)
native XMRV viral proteins and (b) recombinant gp70. WB strip
key: 1 & 2: gp70 reactive samples 137 and 138; 3: normal blood
donor plasma as negative control; 4: XMRV-infected macaque
plasma as positive control. The faint white band in the 65–70 kd
region in (B, strips no. 1–3) indicates a lack of specific anti-gp70
antibody.

it prudent to test for mouse DNA contamination in our
samples. Using both a test developed by the Switzer lab at
CDC for mouse mitochondrial DNA [14], as well as a test
developed by the Coffin lab for the IAP [17], we found that
every sample that was positive for XMRV or other MLVs
PCR products was also positive for mouse DNA. Although
these data provide an explanation for the detection of MLV
sequences in our samples, they do not rule out the possibility
that XMRV and mouse DNA contamination could be present
in the same sample. To clarify this issue, we tested our plasma
samples for the presence of XMRV-specific antibodies.

Recent animal studies showed that XMRV infection elic-
ited a potent humoral immune response in rhesus macaques
[22]. The infected macaques developed XMRV-specific anti-
bodies within two weeks of infection and persisted more
than 158 days. The predominant responses were to all three
structural proteins of XMRV: the envelope protein gp70,
the transmembrane protein p15E, and the capsid protein
p30 [22]. Sensitivity of both p15E and gp70 CMIAs was
validated by the animal model; both CMIAs were able to
detect p15E or gp70 specific antibodies as early as day 9 after
infection [22]. In contrast, we were unable to detect XMRV
p15E or gp70 specific antibodies in the 112 CFS patients
and the 36 healthy controls. Although 2 samples from the
same healthy control had weak reactivity in gp70 CMIA,
the reactivity was not confirmed by recombinant gp70 WB.
Furthermore, both samples were nonreactive in p15E CMIA
and had no detectable p15E and p30 antibodies by viral
lysate WB. Considered in combination with the negative
PCR data, the observed isolated and weak gp70 reactivity
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Table 1: Results summary for XMRV positive PCR samples. All samples that tested positive for XMRV gag sequence in original study [17],
as well as the two samples that reacted with the gp70 CMIA, are displayed. Bolded samples showed the VP42 gag sequence but did not react
with the CMIAs. The italic data shows the two samples that were reactive in the gp70 CMIA. CMIA values less than one are considered
nonreactive. XMRV GAG: Nested gag PCR. Mcox: murine mitochondrial cytochrome oxidase qPCR. IAP: Intracisternal A-type particle
PCR.

Initial Initial Repeat

PCR results test test test

XMRV p15E gp70 gp70

ID Unblinded ID GAG Mcox IAP S/CO S/CO S/CO

72 TH72.1 + + + 0.38 0.06

128 TH04.1 + + + 0.16 0.07

129 TH01.7 + + + 0.15 0.06

131 TH01.8 + − + 0.12 0.06

132 TH01.3 + + + 0.15 0.06

134 TH06.1 + + + 0.15 0.07

135 TH01.1 + + + 0.14 0.09

136 TH05.1 + + + 0.16 0.06

137 TH07.1 + + + 0.16 7.77 7.17, 7.21

138 TH07.2 − − − 0.14 9.02 8.65, 8.77

143 TH10.1 + + + 0.14 0.07

144 TH11.1 + − + 0.14 0.06

147 TH02.1 + + + 0.14 0.07

152 TH01.5 + + + 0.13 0.07

153 TH21.1 + + + 0.15 0.07

155 TH20.1 + + + 0.16 0.06

156 TH02.2 + + + 0.17 0.07

158 TH08.1 + + + 0.13 0.07

160 TH03.1 + + + 0.13 0.07

161 TH12.1 + + + 0.11 0.06

163 TH19.1 + + + 0.16 0.72 0.75, 0.72

164 TH16.1 + + + 0.15 0.07

most likely represents nonspecific reactivity since specificity
of the gp70 CMIA was reported as 99.5% [22]. In summary,
the serologic data obtained in this study suggests a lack of
XMRV infection in our CFS patients and healthy controls.
It is theoretically possible that XMRV replicates at very low
levels in humans and fails to induce a humoral immune
response, or, alternatively, that it is sequestered or latent and
specific antibody titers have declined to undetectable levels
over time. Although these possibilities cannot be formally
excluded, they seem unlikely given responses observed to
other human retroviruses. The combination of negative mo-
lecular and serologic data do not support an association be-
tween CFS and XMRV or other MLVs. Furthermore, the
recent demonstration that XMRV is a recombinant of two
murine MLVs (23) raises doubts about the validity (24) of
the original XMRV claims in CFS (3).

5. Conclusion

With the serological data added to our original finding, we
can unequivocally conclude that XMRV is not present in our
CFS patient or healthy control cohort samples. Although we
have detected XMRV gag sequences in three of our samples,

they all tested positive for mouse DNA and tested negative
for XMRV-specific antibodies. Laboratory mouse strains, as
well as wild mice, all carry numerous endogenous MLVs,
and extreme caution must be taken when testing for murine-
related viruses.
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Xenotropic MLV-Related Virus (XMRV) was recently reported to be associated with prostate cancer and chronic fatigue syndrome
(CFS). Infection was also reported in 3.7% of healthy individuals. These highly reported frequencies of infection prompted
concerns about the possibility of a new, widespread retroviral epidemic. The Multicenter AIDS Cohort Study (MACS) provides
an opportunity to assess the prevalence of XMRV infection and its association with HIV-1 infection among men who have sex
with men. Reliable detection of XMRV infection requires the application of multiple diagnostic methods, including detection of
human antibodies to XMRV and detection of XMRV nucleic acid. We, therefore, tested 332 patient plasma and PBMC samples
obtained from recent visits in a subset of patients in the MACS cohort for XMRV antibodies using Abbott prototype ARCHITECT
chemiluminescent immunoassays (CMIAs) and for XMRV RNA and proviral DNA using a XMRV single-copy qPCR assay (X-
SCA). Although 9 of 332 (2.7%) samples showed low positive reactivity against a single antigen in the CMIA, none of these
samples or matched controls were positive for plasma XMRV RNA or PBMC XMRV DNA by X-SCA. Thus, we found no evidence
of XMRV infection among men in the MACS regardless of HIV-1 serostatus.

1. Introduction

Xenotropic Murine Leukemia Virus-Related Virus (XMRV)
is a recently discovered gammaretrovirus reportedly associat-
ed with prostate cancer and chronic fatigue syndrome (CFS)
[1, 2]. Urisman et al. first identified XMRV in 2006 in a
cohort of prostate cancer patients [2], followed by Lombardi
et al. who reported XMRV infection in 67% of patients with
severe CFS and 3.7% of healthy individuals [1]. These initial
reports provided a compelling rationale for further investiga-
tions into the prevalence of XMRV infection in human popu-
lations. However, controversy arose when subsequent studies
failed to detect the virus in similar cohorts [3–7]. It was sug-
gested that inconsistencies in detection of XMRV in patient
samples could result from varied incidence of infection in

different populations, differing criteria for patient selection,
and differing detection methods [8]. It was also proposed
that virus levels may be chronically low or episodic in patient
plasma or tissues, making virus detection difficult [8]. Ad-
ding to the complexity, detection of XMRV by PCR is highly
susceptible to false positive results due to amplification of
closely related endogenous Murine Leukemia Viruses
(MLVs) in the mouse genome and the high prevalence of
contaminating mouse genomic DNA in many specimens and
reagents [9, 10]. Additionally, studies have suggested that
XMRV detection is the result of laboratory contamination
from infected cell lines [11–14]. Paprotka et al. proposed that
XMRV originated as a laboratory artifact when two endoge-
nous mouse proviruses recombined during passaging of a
human prostate cancer tumor in nude mice, an event that



2 Advances in Virology

is highly unlikely to have occurred more than once. The
authors, therefore, concluded that published XMRV sequen-
ces obtained from patient samples must have come from con-
tamination of samples by virus or DNA from cell lines infect-
ed with this recombinant virus [14]. To investigate the hu-
man prevalence of XMRV infection, it is clear that reliable
detection requires the application of several diagnostic meth-
ods used together, including methods that are not influen-
ced by nucleic acid contamination, to avoid reporting poten-
tially high rates of false positives.

Accordingly, we analyzed recently collected blood sam-
ples from participants in the MACS cohort using new tests
that detect XMRV antibodies and nucleic acid in the blood
stream [15]. The MACS cohort provided the opportunity to
assess the association of XMRV with HIV-1 infection and
other clinical outcomes and to evaluate its possible mode of
transmission. We hypothesized that the prevalence of XMRV
infection is higher among men who have acquired HIV-1
infection than among seronegative controls. Previous studies
have evaluated samples from HIV-infected cohorts for the
presence of XMRV nucleic acid with negative results [7, 16,
17], but none has looked for the presence of antibody to
XMRV.

In the current study, we first screened samples for anti-
body reactivity to XMRV. This approach eliminated the risk
that positive results were due to nucleic acid contamination
and mitigated the risk that infection would be missed due to
low-level or episodic viremia. To further minimize the risk of
reporting false-positive XMRV infection status, we required
that antibody and nucleic acid (either viral RNA or DNA)
must both be present to report the patient as being XMRV in-
fected. These criteria are supported by studies performed on
XMRV-inoculated macaques confirming that both antibody
and nucleic acid are readily detectable in longitudinal blood
samples collected after XMRV infection (Kearney et al. in
press; Del Prete et al. in preparation) [15, 18]. Plasma sam-
ples from the MACS cohort were screened for antibody
reactivity by CMIAs and confirmed by Western blot. Reactive
samples and blinded, matched antibody negative controls
from the same cohort were then tested for the presence of
XMRV RNA in plasma and proviral DNA in PBMCs. This
approach to determine the prevalence of XMRV infection
minimizes the risk of reporting false positives that occur
from either cross-reactive antibodies in the bloodstream or
contaminating nucleic acid in samples or reagents.

2. Methods

2.1. Clinical Samples. Plasma and PBMC samples were ob-
tained from 332 individuals in the MACS cohort. All samples
were collected from clinical visits in 2006–2009. Half of the
332 men were HIV-1 seropositive, of whom 89 were users of
antiretroviral therapy (ART) and 77 were ART naı̈ve. HIV-1-
seronegative men of similar age, date of study entry, center,
and hepatitis status were selected from the same visits as the
HIV-1-seropositive men. The median age (interquartiles
(25%, 75%)) of both the HIV-1-seropositive and -seronega-
tive men was 50 years (45, 55.5), and the median (IQR) CD4

cell count and HIV-1 RNA levels of the HIV-1 seropositives
were 578 (418, 786) cells/mm3 and <50 (<50, 12408) copies/
mL, respectively. Plasma samples were screened at Abbott
Laboratories for the presence of XMRV antibodies by newly
developed XMRV CMIAs (ARCHITECT platform) [15].
Samples with positive CMIA results were tested by Western
blot [15]. Samples that were positive for XMRV antibodies by
CMIA were matched 1 : 3 by age, HIV serostatus, antiretrovi-
ral therapy, and pre-ART CD4 cell count for those who had
initiated therapy, with CMIA negative samples. All samples
were then assayed blinded for the presence of XMRV plasma
RNA and proviral DNA in PBMCs using highly sensitive
XMRV qPCR assays (X-SCA) (Kearney et al. submitted in
press).

2.2. XMRV Chemiluminescent Immunoassays (CMIAs) and
Western Blot. A detailed procedure has been described pre-
viously [15]. Briefly, 100 μL of neat plasma were screened for
antibodies to XMRV gp70 (SU) and p15E (TM) proteins
using two prototype ARCHITECT chemiluminescent im-
munoassays (CMIAs; Abbott Diagnostics, Abbott Park, IL).
The CMIAs utilize a direct assay format in which E. coli-ex-
pressed XMRV p15E or mammalian-expressed XMRV gp70
was used as both capture and detection antigens. Assay posi-
tive controls were derived from XMRV-infected rhesus maca-
que plasma at 1 : 1000 (PC1) or 1 : 4000 (PC2). A pool of nor-
mal human plasma was used as negative control (NC). Cutoff
(CO) values of the ARCHITECT CMIAs were calculated bas-
ed on the following formulas: CO = 0.45 × (PC2 Mean Rela-
tive Light Units (RLU)) for p15E CMIA and CO = 0.078 ×
(PC1 Mean RLU) for gp70 CMIA. Assay results were report-
ed as the ratio of the sample RLU to the cutoff RLU (S/CO)
for each specimen. Specimens with S/CO values <1.00 were
considered nonreactive; specimens with S/CO values >1.00
were considered initially reactive. Reactive specimens were
further analyzed by ARCHITECT p30 CMIA and by inves-
tigational western blot assays.

ARCHITECT p30 CMIA also utilizes the direct assay
format with E. coli-expressed XMRV p30 (capsid protein) to
capture and detect anti-p30 antibodies [15]. The same sam-
ple volume (100 μL), calibrator, and controls were used for
the p30 CMIA. CO of p30 CMIA was calculated based on the
formula: CO = 0.27 × (PC1 Mean RLU).

Western blot (WB) analysis using purified XMRV viral
lysate as well as recombinant gp70 protein was performed as
described [15]. Briefly, viral lysate (65 μg/gel) or recombinant
gp70 protein (25 μg/gel) was separated by electrophoresis on
a 4–12% NuPAGE Bis-Tris 2-dimension gel (Invitrogen,
Carlsbad, CA) in the presence of sodium dodecylsulfate
(SDS). The protein bands on the gel were electrophoretically
transferred to a polyvinylidene difluoride (PVDF) mem-
brane (Invitrogen). After blocking, the PVDF membrane was
cut into 2 mm strips. Strips were incubated with human
plasma samples diluted 1 : 100 or XMRV-infected macaque
plasma [18] diluted 1 : 250 overnight at 2–8◦C. After removal
of unbound antibodies, strips were incubated with alkaline
phosphatase conjugated goat antihuman IgG (Southern Bio-
tech, Birmingham, AL) for 30 minutes at room temperature.
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The strips were washed, and chromogenic substrate solution
was added to visualize the reactive bands.

2.3. Nucleic Assay Detection with XMRV Single-Copy Assays
(X-SCA). Similar to the HIV-1 single-copy assay (SCA) [19],
real-time PCR and RT-PCR assays for detection of XMRV,
called X-SCA (XMRV single-copy assay), were developed to
quantify XMRV RNA in plasma and proviral DNA in PBMCs
(Kearney et al. in press). X-SCA was designed using ampli-
fication primers targeting a conserved gag leader region bet-
ween XMRV and endogenous MLVs allowing detection of
both templates. The TaqMan probe was designed to span the
signature 15–24 nt deletion (derived from PreXMRV-2 [14]
in the XMRV gag leader region compared to other MLV seq-
uences). This probe design results in a lower plateau level of
fluorescence from non-XMRV templates than from XMRV
templates, thus distinguishing the source of product that is
being detected in the assay (Kearney et al. in press). To con-
firm any positive result, PCR products are run on a 2% aga-
rose gel, allowing distinction between the 86 nt XMRV X-
SCA product and the 110 nt non-XMRV product.

Patient samples from the MACs cohort were tested by X-
SCA in triplicate with equal numbers of no template controls
(NTC) to monitor the level of false positives due to common
mouse genomic DNA contamination. An internal RCAS
(avian retrovirus) control was spiked into each plasma sam-
ple to quantify nucleic acid recovery from plasma samples as
described previously [19]. X-SCA was performed on 0.1-
0.2 mL of plasma resulting in a limit of detection of 9–18
RNA copies/mL and on 1× 106 PBMCs resulting in a limit of
detection of 1 DNA copy/1 × 106 cells.

2.4. Criteria for Determining XMRV Infection Status. There is
a high risk of obtaining false positive results from CMIAs and
PCR diagnostic tests [9, 10]. Therefore, we set strict criteria
for declaring a sample positive for XMRV. We required that
the sample must test positive for both XMRV antibody by
CMIAs or Western blot and nucleic acid (either RNA or
DNA) by X-SCA. A positive X-SCA test required detection of
virus in all triplicate PCR reactions. If discordant results were
obtained from triplicate wells, then the result was considered
indeterminate.

2.5. Data Analysis and Sample Size Calculations. The sample
sizes of 200 HIV-1-seropositive and 200 seronegative partici-
pants initially were chosen with arcsine approximation to
provide 86% power to detect a difference in XMRV preva-
lence assuming 12% XMRV prevalence in HIV-1 seroposi-
tives versus 4% in seronegatives, with α = 0.05. The 4% rate
among HIV-1 seronegatives corresponded to the 3.7% pre-
valence observed in published control series [1]. Selection of
HIV-1-seropositive men in the current ART era limited the
inclusion of ART-naı̈ve men, and the need for unthawed
PBMC pellets and EDTA plasma further reduced the sample
size to 332. Given the small number of positive results, simple
frequencies are used to describe the data.
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Figure 1: XMRV Western Blot Analysis. WB analysis of CMIA
reactive MACS subjects using native XMRV viral lysate and recom-
binant gp70 protein. XMRV-infected macaque plasma was used as
positive control (PC). Sample 222 tested positive for p15E by CMIA;
all the others were positive for gp70 (Table 1).

3. Results

3.1. XMRV Serology with ARCHITECT CMIAs and Western
Blot. Using the direct format ARCHITECT p15E and gp70
CMIAs, XMRV serology was evaluated on 332 recently
collected plasma samples from patients in the MACS cohort.
Nine samples (5 HIV-1 seropositive, 4 HIV-1 seronegative)
were found to be reactive to XMRV proteins, one against the
p15E transmembrane protein and 8 against the gp70 enve-
lope protein (Table 1), resulting in a frequency of 0.3%
(1/332) positive for p15E and 2.4% (8/332) for gp70. Of note,
however, none of the samples were reactive against both p15E
and gp70. Subsequent testing of the 9 positive samples with
the p30 CMIA showed no detectable anti-p30 antibodies
(Table 1).

By viral lysate WB, the only p15E CMIA-positive sample
222 was reactive to native p15E protein (Table 1, Figure 1).
However, only 1 of the 8 gp70 CMIA-positive samples (215)
was reactive in the recombinant gp70 WB. The low confirma-
tion rate could be due to higher sensitivity of the gp70 CMIA
or the antibodies detected may primarily recognize confor-
mational epitopes which were sensitive to SDS or thermal de-
naturation. Although nonreactive in p30 CMIA, two sam-
ples, 222 and 227 had an apparent p30 band in the viral lysate
WB (Table 1, Figure 1). However, subsequent WB analysis of
CMIA-negative normal blood donors showed the presence
of p30 band indicative of nonspecificity or cross-reactivity
(data not shown). Others have also observed the nonspecific
reactivity against XMRV p30 protein in WB [20].

3.2. Nucleic Assay Detection with XMRV Single-Copy Assays
(X-SCA). XMRV single-copy assays (X-SCA) were conduc-
ted on both plasma and PBMCs from the 9 patients with
CMIA-reactive antibodies, and 25 CMIA-negative controls
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Table 1: XMRV antibody reactivity for the MACS Subjects.

MACS ID
CMIA (S/CO)

WB
p15E
TM

gp70
SU

p30∗

CA

222 1.67 0.08 0.23 p15E+, p30+

217 0.22 28.48 0.17

229 0.18 8.73 0.19

215 0.17 21.36 0.21 gp70+

227 0.20 2.27 0.18 p30+

231 0.17 1.56 0.18

210 0.18 1.65 0.22

211 0.17 1.47 0.20

233 0.19 1.80 0.20

Control

NC 0.17 0.11 0.23

PC1 7.90 12.82 3.70 gp70+, p15E+, p30+

PC2 2.22 3.47 1.10 NA
∗

Samples were tested at 1 : 2.5–5 dilutions due to limited sample volume.

matched for date of MACS entry, HIV serostatus, ART use,
time from ART initiation, and pre-ART CD4+ T-cell count
(Table 2). None of the samples tested were found to be posi-
tive for XMRV nucleic acid by X-SCA (either RNA or DNA)
including the 9 samples that were CMIA reactive. Given the
sample volumes available for testing, X-SCA had limits of
detection for XMRV RNA in plasma of 9.2 copies/mL and 1
XMRV DNA copy in one million PBMCs. Sixty-one copies of
RNA were detected in one of triplicates from sample 218,
resulting in an indeterminate X-SCA result for this subject.
The same sample was CMIA nonreactive, and no XMRV
DNA was detected in one million PBMCs. Consequently, the
sample did not meet our criteria for a positive XMRV result.
A single positive well in an X-SCA run is not above the level
of false positives for XMRV real-time PCR assays due to the
high frequency of environmental mouse genomic DNA that
readily amplifies with the X-SCA primers (Kearney et al. in
press).

4. Discussion

The XMRV study by Lombardi et al. published in October
2009 suggested a surprisingly high seroprevalence for XMRV,
even among healthy control subjects [1]. Therefore, we set
out to evaluate the prevalence of XMRV infection in a possi-
ble high-risk cohort. We adopted a multiple diagnostic assay
approach to determine the XMRV status of patient samples
to minimize the possibility of obtaining false positive results
by individual molecular or serologic methods. False positive
PCR results may occur from incidental amplification of en-
vironmental mouse genomic DNA due to the close relation-
ship between XMRV and mouse proviruses [9, 10]. False pos-
itive serology results may occur due to nonspecific or cross-
reactive human antibodies [15]. In fact, a recent study re-
ported that ∼4% of HTLV-I-infected individuals had anti-
bodies that were cross-reactive to XMRV p15E protein [21].

Therefore, we applied stringent criteria for XMRV positivity
aimed at limiting the risk of reporting false positive results.
Our criteria for an XMRV infection required that (1) all re-
plicates from X-SCA must be positive, (2) antibodies must be
detectable by CMIA and/or Western blot, and (3) nucleic acid
and antibody must both be positive. Samples resulting in dis-
cordant results from X-SCA replicates were reported as in-
determinate. Applying these criteria, we did not identify any
samples from the MACS cohort that were consistent with
XMRV infection. Nine samples had positive serology, but no
detectable XMRV nucleic acid. Although one sample was
indeterminate for XMRV RNA by X-SCA, it was antibody
negative. XMRV DNA was not detected in any sample tested.
Because we did not find any patient to be reactive to multiple
XMRV antigens and because all nine patients for whom
serum reactivity was observed were negative for XMRV
nucleic acid, we concluded that follow-up testing by addi-
tional methods, such as virus culture, was not necessary. We
believe that the combined approach of sensitive antibody
screening and sensitive and specific nucleic acid testing ex-
cludes XMRV infection in the cohort studied.

Previous studies have shown that X-SCA is able to detect
XMRV RNA and DNA in spiked control samples and in spec-
imens from inoculated macaques with high sensitivity [22]
(Kearney et al. in press; Del Prete et al. in preparation). In the
samples analyzed here, the sensitivity for detection was limit-
ed by the small sample volumes available for testing. Despite
this, the limits of detection were still adequate to detect
XMRV DNA that has been shown to persist in macaque
PBMC samples following XMRV infection (Del Prete et al. in
preparation). Consequently, proviral DNA would likely have
been detectable in any subject recently infected with XMRV.
It has been argued that XMRV nucleic acid could be missed
in clinical samples from infected individuals due to low-level
or episodic viremia. By testing a large cohort of HIV-infected
individuals for immunity to XMRV and not for viral nucleic
acid alone, we reduced the risk of reporting false negatives
for XMRV infection.

Despite earlier reports that evidence of XMRV infection
was detected in about 20% of prostate cancer patients [2, 23–
25] and 67% of CFS patients [1], we did not find clear evi-
dence for XMRV infection in a cohort of men with HIV-1
infection or at high risk for HIV-1 infection. These results are
consistent with prior reports that failed to detect XMRV
nucleic acid in HIV-1-infected patients [7, 16, 17, 26].

Findings from previous studies reporting higher preva-
lence for XMRV infection in cohorts typically involved test-
ing by a single diagnostic method. In the current study, if we
had based XMRV infection on a single diagnostic method
(either PCR or serology), the apparent XMRV prevalence
would have been 1.2%; 0.3% (1/332) by PCR and 0.9%
(3/332) by serology. Given the potential for false positive re-
sults in PCR and serological assays for XMRV, our results
suggest that applying multiple diagnostic methods including
measuring levels of proviral DNA in blood cells provides a
more reliable approach for investigating the prevalence of
XMRV infection. We hypothesized that the prevalence of
XMRV infection would be higher among men who have ac-
quired HIV-1 infection than among seronegative controls.
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Table 2: XMRV nucleic acid and antibody results.

Subject ID
XMRV average RNA
copies/mL by X-SCA

XMRV DNA copies per 1e6
cells by X-SCA

ARCHITECT
antibody serology

Western blot XMRV status

201 <10 <1 neg NT neg

202 <10 <1 neg NT neg

203 <10 <1 neg NT neg

204 <9 <1 neg NT neg

205 <18 <1 neg NT neg

206 <9 <1 neg NT neg

207 <9 <1 neg NT neg

208 <9 <1 neg NT neg

209 <9 <1 neg NT neg

210 <9 <1 gp70+ neg neg

211 <9 <1 gp70+ neg neg

212 <9 <1 neg NT neg

213 <9 <1 neg NT neg

214 <9 <1 neg NT neg

215 <18 <1 gp70+ gp70+ neg

216 <9 <1 neg NT neg

217 <9 <1 gp70+ neg neg

218 61 <1 neg NT neg

219 <9 <1 neg NT neg

220 <9 <1 neg NT neg

221 <9 <1 neg NT neg

222 <9 <1 p15E+ p15E+, p30+ neg

223 <9 <1 neg NT neg

224 <9 <1 neg NT neg

225 <9 <1 neg NT neg

226 <9 <1 neg NT neg

227 <9 <1 gp70+ p30+ neg

228 <9 <1 neg NT neg

229 <9 <1 gp70+ neg neg

230 <9 <1 neg NT neg

231 <9 <1 gp70+ neg neg

232 <9 <1 neg NT neg

233 <9 <1 gp70+ neg neg

234 <9 <1 neg NT neg
∗

NT indicates that MACS ID was not tested by Western blot assay.

The negative data from our study clearly refute this hypothe-
sis. Individuals at risk for HIV-1 infection and sexually trans-
mitted infections are not at risk for XMRV infection.
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[12] S. Hué, E. R. Gray, A. Gall et al., “Disease-associated XMRV
sequences are consistent with laboratory contamination,”
Retrovirology, vol. 7, article 111, 2010.

[13] K. Knox, D. Carrigan, G. Simmons et al., “No evidence of mu-
rine-like gammaretroviruses in CFS patients previously identi-
fied as XMRV-infected,” Science, vol. 333, no. 6038, pp. 94–97,
2011.

[14] T. Paprotka, K. A. Delviks-Frankenberry, O. Cingöz et al.,
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Xenotropic murine leukemia virus-related virus (XMRV) is a gammaretrovirus reported to be associated with human prostate
cancer and chronic fatigue syndrome. Since retroviruses cause various cancers, and XMRV replication might be facilitated by HIV-
1 co-infection, we asked whether certain patients with HIV-associated lymphomas are infected with XMRV. Analysis of PMBCs
and plasma from 26 patients failed to detect XMRV by PCR, ELISA, or Western blot, suggesting a lack of association between
XMRV and AIDS-associated lymphomas.

1. Introduction

A gammaretrovirus, xenotropic murine leukemia virus-
related virus (XMRV), was recently discovered and reported
to be associated with human prostate cancer (PC) [1]. In the
initial report in PC patients, there was a strong correlation
between detection of XMRV and a genetic defect in the
innate immunity gene RNASEL [1]. However, subsequent
studies in PC patients showed either no such association
[2] or little or no evidence of XMRV infection (reviewed
in [3]). Interest in XMRV was increased by the finding
that a high percentage of patients with chronic fatigue
syndrome (CFS) as well as some asymptomatic patients
were infected with XMRV [4]. However, other studies have
failed to find such an association (reviewed in [3]). XMRV
has been shown to infect peripheral blood mononuclear
cells (PBMCs) and CD4+ T cells in vitro, indicating that
XMRV can infect the same target cells as HIV-1 ([4] and
data not shown). However, our recent studies showed that
productive replication of XMRV in PBMC and spread in

culture are severely restricted by APOBEC3 proteins and
perhaps other host defense mechanisms [5]. It remained
possible, however, that target cells infected with HIV-
1 might provide a favorable environment for XMRV to
replicate by depleting cellular host restriction factors such
as APOBEC3G, known to inhibit XMRV infection [6, 7].
Several factors led us to explore the possibility that certain
patients with HIV-associated lymphoma might be infected
with XMRV. Gammaretroviruses can cause lymphomas in
other species (reviewed in [8]), and it has been postulated
that a number of cases of HIV-associated lymphomas might
be caused by an as-yet-unidentified virus [9]. It is also
important to note that patients with HIV infection have a
higher prevalence of infection with other viruses, and their
immunocompromised state might permit more efficient
replication of other viruses, including XMRV [9]. Because
of the high degree of concern regarding potential XMRV
infection and spread in the human population, we sought to
investigate whether XMRV might be present in a subset of
patients with HIV-associated lymphomas.
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Table 1: HIV-1 Lymphoma Patient Cohort Characteristics.

No. of patients 26

Sex, male/female 24/2

Age, median years (range) 38 (21–58)

CD4 count, cells/mm3,
median (range)

76 (0–713)

HIV viremica, No.
postitive/No. tested

12/21

On anti-HIV drugs 24/26

On AZT 14/26

Lymphomas studied (No.
of patients):

PCNSLb (11)

Diffuse large B cell
lymphoma (8)

Burkitts (1)

Plasmablastic (1)

Primary effusion
lymphoma (1)

Primary intraocular (1)

Hodgkin lymphoma (2)

Head mass- presumptive
PCNSL (1)

a
Detectable p24 Ag or HIV RNA.

bPrimary Central Nervous System Lymphoma.

2. Analysis and Results

Total nucleic acids from PBMCs were isolated (Qiagen DNA
Blood Mini Kit) from 26 HIV-1 infected patients previously
diagnosed with AIDS-associated lymphomas (Table 1). The
study was approved by the National Cancer Institutional
Review Board, and all patients and donors gave written
informed consent. Using a real-time quantitative PCR
(qPCR) assay that employed primers specific for a unique 24-
nucleotide gap in XMRV gag (primer and probe sequences
as reported in, [10]), 500 ng of patient DNA was tested
in each reaction using the Roche LightCycler 480 Probes
Master mix. Cycling conditions using the LightCycler 480
Roche instrument (Roche Diagnostics) were 95◦C for 30 sec
followed by 50 cycles at 95◦C for 15 sec and 60◦C for
60 sec. Genomic DNA from the XMRV-expressing cell line
22Rv1 (ATCC) was used to generate a standard curve for
XMRV (∼20 proviral copies/cell). The standard curve was
spiked with 500 ng 293T DNA to ensure similar amplification
efficiencies as the patient samples. The qPCR had detection
sensitivity of <5 XMRV copies/75,757 cells. The quality
and quantity of input DNA were confirmed by detection
of human GAPDH by qPCR. Using this assay, all 26 HIV-
1 lymphoma patients tested were negative for XMRV gag
sequences (Figure 1).

Patient plasma was also screened by ELISA (Bagni,
Protein Expression Laboratory, SAIC-Frederick Inc., NCI-
Frederick, unpublished results) for antibodies against XMRV
capsid (CA) and envelope (transmembrane, TM) proteins
(Figure 2). Due to the absence of definitive XMRV positive
patient control samples, sera from macaques before and after
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Figure 1: Real-time PCR analysis of HIV-1 lymphoma positive
patients for XMRV. XMRV gag qPCR failed to detect XMRV from
DNA isolated from PBMCs for the 26 HIV-1 lymphoma patients
(green lines). Inset shows single-copy sensitivity of the assay.

experimental XMRV infection served as controls for baseline
and positive reactivity (Lifson and Del Prete, AIDS and
Cancer Virus Program, SAIC-Frederick, Inc., unpublished
results). Briefly, plasma samples were collected before and
after-inoculation (119 days) from two pigtail macaques inoc-
ulated with 4.8 × 109 XMRV RNA equivalents derived from
22Rv1 cell supernatants (Lot SP1592, Biological Products
Core, AIDS and Cancer Virus Program, SAIC Frederick, Inc.,
NCI-Frederick). Samples were considered reactive if they
were at least 50% reactive relative to the macaque samples
following XMRV infection (positive control sera). None of
the 26 HIV-1 lymphoma patient, nor the 10 healthy donors,
tested positive for the CA (Figure 2(a)) or TM protein
(Figure 2(b)), although 2/26 patients had slight reactivity
to TM (asterisk, Figure 2(b)). To evaluate these 2 patients,
Western blot analysis was performed to assess whether the
TM-reactive ELISA test reflected an immune response to
XMRV. Endpoint dilution analysis indicated that a 1 : 2000
dilution of the positive macaque sera produced reproducible
positive bands on the western blot with a high signal to
noise ratio (Lifson and Del Prete, AIDS and Cancer Virus
Program, SAIC-Frederick, Inc., unpublished results). Sera
from patients (diluted 1 : 50 or 1 : 200) and positive sera from
macaques (diluted 1 : 2000) were tested against XMRV viral
lysates obtained from the 22Rv1 cell line. The sera from
both TM-reactive patients (10- to 40-fold more concentrated
than the macaque) failed to detect capsid, TM, or other
XMRV proteins (data not shown), indicating that the TM-
positive ELISA test was most likely due to the presence of
crossreactive nonspecific antibodies.

3. Discussion

Our studies show a lack of association between XMRV
and AIDS-associated lymphomas and complement other
studies that have failed to detect XMRV in the PBMCs,
plasma, or seminal plasma from HIV-1 infected patients
[11–16]. A potential link between XMRV and cancer is
hypothesized in that gammaretroviruses can cause sarcomas
and leukemias in rodents, felines, and primates (reviewed
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Figure 2: Patient reactivity to XMRV proteins CA and TM. Plasma from the 26 HIV-1 lymphoma positive patients (green diamonds) were
assayed by ELISA versus plasma from ten healthy donor controls (light blue diamonds) and two Macaques infected with XMRV pre- (dark
blue diamonds) and post- (red diamonds) infection. ∗indicates two patients with minimal TM reactivity.

in [8]). However, it is unclear whether XMRV infection is
associated with prostate or other human cancers. A survey
of 800 and 539 PC samples from the United States and
Germany, respectively, showed no association with XMRV
[17, 18]. A survey of 134 prostate cancer patient plasma
samples by us and our collaborators also failed to detect any
evidence of XMRV (Kearney et al., under review for this
issue of Advances in Virology). Several recent studies have
reported that contamination of human samples with mouse
DNA may have contributed to XMRV’s reported association
with human disease [19–22]. Garson et al. [23] also reported
that two integration site sequences, previously shown to
demonstrate XMRV integration into patient DNA, likely
were the result of contamination of identical integration
sites from infected DU145 cells reported by the same
lab. Furthermore, our recent studies provide compelling
evidence that XMRV was generated through recombination
of two endogenous murine leukemia viruses during the
passage of a PC xenograft in nude mice, and therefore all
detection of XMRV from human samples are likely to be due
to contamination that originated from this recombination
event [24]. It has been hypothesized that this lab-derived
virus may have escaped from the lab and is now circulating
in the human population. However, our failure to detect
XMRV in HIV-1-associated lymphoma patients, along with
>10 other studies of different patient cohorts performed by
independent investigators, argues against this possibility.

In Summary, we were unable to detect XMRV DNA or
XMRV-specific antibodies in the PBMCs or plasma from
HIV-1-associated lymphoma patients, further supporting
the absence of a link between XMRV and human cancer.
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Xenotropic murine leukaemia virus-related virus (XMRV) is a recently described retrovirus which has been claimed to infect
humans and cause associated pathology. Initially identified in the US in patients with prostate cancer and subsequently in patients
with chronic fatigue syndrome, doubt now exists that XMRV is a human pathogen. We studied the prevalence of genetic sequences
of XMRV and related MuLV sequences in human prostate cancer, from B cell lymphoma patients and from UK blood donors.
Nucleic acid was extracted from fresh prostate tissue biopsies, formalin-fixed paraffin-embedded (FFPE) prostate tissue and FFPE
B-cell lymphoma. The presence of XMRV-specific LTR or MuLV generic gag-like sequences was investigated by nested PCR. To
control for mouse DNA contamination, a PCR that detected intracisternal A-type particle (IAP) sequences was included. In
addition, DNA and RNA were extracted from whole blood taken from UK blood donors and screened for XMRV sequences
by real-time PCR. XMRV or MuLV-like sequences were not amplified from tissue samples. Occasionally MuLV gag and XMRV-
LTR sequences were amplified from Indian prostate cancer samples, but were always detected in conjunction with contaminating
murine genomic DNA. We found no evidence of XMRV or MuLV infection in the UK blood donors.

1. Introduction

In 2006, a new gammaretrovirus, xenotropic murine leukae-
mia virus-related virus (XMRV), was discovered by the Viro-
chip analysis in prostate cancer tissue from patients homozy-
gous for an RNase L mutation [1]. In these patients, the
innate antiviral defence RNase L pathway is defective; hence,

these patients are likely to be susceptible to viral infection
and a population more likely to find a novel virus with
disease association in. When a second US study found that
6% of all prostate cancer patients, independent of RNase
L mutations, were infected with the virus, thus broadening
the population at risk [2], interest in XMRV intensified.
However, subsequent studies from the USA [3, 4] and all
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European studies [5–7] failed to confirm the presence of
XMRV in prostate tissue. More recently it has been suggested
that XMRV detection in prostate tissue in the US could be
related to the specificity and conditions of the PCR used [8].

In 2009, Lombardi and colleagues reported the presence
of XMRV proviral DNA in peripheral blood leucocytes from
3.7% of healthy controls and 67% of patients with chronic
fatigue syndrome (CFS) [9]. The detection rate by PCR
amplification of XMRV proviral DNA subsequently reduced
the estimated CFS prevalence to 7%, with the explanation
that RNA extraction and cDNA synthesis had been required
to achieve the 67% prevalence originally reported [10]. Lo
and colleagues (2010) using predominantly archival material
from patients with CFS detected a high prevalence (86.5%)
of pMuLVs. These are similar to, but constitute a different
group from, the xenotropic endogenous MuLVs to which
XMRV belongs [11]. However, questions were raised about
how these data were generated [12], and a number of other
studies have failed to demonstrate a link between XMRV or
pMuLV infection and CFS [13–19].

The causes of B-cell lymphoma are not fully understood
[20], but the clinical and epidemiological characteristics
are suggestive of the involvement of an infectious agent
[21]. Several viruses [22, 23] have been linked to the
risk of B-cell lymphoma, most notably EBV [24–26], and
retroviruses are implicated in animal leukaemias. Retroviral
integration could cause somatic DNA changes leading to
clonal expansion of B cells resulting in leukaemia as has been
previously described for adult T-cell leukaemia (ATL) and
HTLV-1 [27].

The geographical discrepancy of XMRV and pMuLV
prevalence remains unexplained. To explore this further, we
have tested a variety of tissues from diverse populations;
prostate cancer (PC) formalin-fixed paraffin-embedded
(FFPE) tissue from Japan and India, fresh prostate tissue
samples received from the Urology Clinic at St Mary’s
Hospital, London, and peripheral blood from English blood
donors.

A series of recent papers [28–31] have demonstrated the
ease with which specimens can be contaminated with murine
DNA sequences. To control for this, all tissue specimens were
tested by PCR specific for intracisternal A particle (IAP), a
retrotransposon present in multiple copies (∼1000) within
the mouse genome [32].

2. Methods and Materials

2.1. Samples and Nucleic Acid Isolation. Prostate biopsies
were collected from 55 patients admitted to the Urology
Department, St. Mary’s Hospital, London, UK to undergo
routine biopsy for prostate cancer screening. All patients gave
written informed consent for their tissue to be banked for the
purposes of research (ethics number 99/CCC/166, August
1999). The DNA was extracted using the QIAamp DNA
mini kit (Qiagen, Crawley, UK) following the manufacturer’s
instructions.

B-cell lymphoma samples were provided by Professor
Kikkiri Naresh, Centre for Pathology, Hammersmith Hos-
pital, London, UK. The DNA from 10 Diffuse Large B-cell

Lymphoma (DLBLC) patients was extracted from FFPE
tissues of lymph nodal or extranodal diffuse large B-cell
lymphoma using the DNeasy Blood & Tissue Kit (Qiagen).
Briefly, two 15 μm sections were cut and transferred to
1.5 mL Eppendorf tubes. Blades were changed between sam-
ples to avoid cross-contamination. Sections were deparaf-
finised with xylene and ethanol, rehydrated, and incubated
with proteinase K and lysis buffer in a shaking water bath at
55◦C overnight and the extraction was completed according
to the manufacturer’s instructions.

Twenty FFPE prostate specimens including 10 prostate
cancer (PC) and 10 benign prostatic hyperplasia (BPH)
samples were supplied by Professor Ganesh Golpalakrishnan
of Vedanayagam Hospital, RS Puram, Coimbatore, India
and sixteen specimens from Dr. Takahiro Kimura of the
Department of Urology, The Jikei University School of
Medicine, Japan. From the Indian blocks, two 10 μM sections
were extracted with the QIAamp DNA FFPE tissue kit
(Qiagen), according to the manufacturer’s instructions. The
Japanese samples were provided presliced on glass slides.

Random anonymous whole-blood samples were obtai-
ned from the Donation Testing Department at the National
Health Service Blood and Transplant (NHSBT) Centre at
Colindale, London, UK. Plasma minipools were similarly
obtained from NHSBT. All blood and plasma samples were
extracted on a Qiagen MDx Biorobot and eluted with 80 μL
of Qiagen buffer AVE.

2.2. XMRV, MuLV, and Control Nested PCR. Samples were
tested for the presence of XMRV and MuLV proviral DNA
using nested PCR, as described previously [14]. Briefly, we
used a set of primers that encompasses the 24 bp deletion
in the XMRV gag leader region, originally described to dis-
tinguish XMRV as a new human virus, along with a second
set of primers reflecting a sequence conserved amongst most
MuLVs. The positive control for the XMRV and MuLV PCRs
was plasmid VP62 [1]. The PCR method has been shown to
be sensitive enough to pick up one copy of XMRV VP62 plas-
mid in a background of 500 ng DNA [28]. As a control for
sample addition and PCR inhibition, primers to the human
beta-globin (hBG) gene were used. DNA extracted from
LNCaP (human prostate cancer cells) was used as a positive
control for human beta globin. To control for contamination
of samples with murine DNA, primers specific to mouse IAP
were used as described previously [28]. The positive control
for IAP was DNA from the McCoy cell (murine fibroblast
cells, ECAAC 90010305). In all PCRs, at least 6 “no template”
controls were set up. All PCR products were visualised on
Ethidium Bromide-stained 2% agarose gels.

2.3. XMRV, MuLV, and Control Real-Time PCRs for Blood
Donor Studies. Real-time PCR was performed as detailed in
Table 1. For the proviral DNA analysis, 10 μL of the nucleic
acid extract were analysed separately in three individual
quantitative PCRs (Q-PCRs).

2.3.1. XMRV Q-PCR and Internal Control. Samples were
tested by Q-PCR for XMRV, as described by McCormick et al.
[33] and modified as detailed in Table 1. In a Q-PCR to
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Table 1: Details of PCRs used to test blood sample.

Sample tested PCR Target Primers and probes Cycles (N) Reagents

540 DNAs from whole
blood

XMRV Taq Man gag XMRV Probe, F, R 60
Qiagen
QuantiTect Probe kit

540 DNAs from whole
blood

SBCMV Taq Man SBCMV plasmid
SBCWMVCPF,
SBCWMVCPR,
SBWMV237F

45
ABgene
ABsolute QPCR ROX
mastermix

540 DNAs from whole
blood

PDH Taq Man PDH human gene PDH Probe, F, R 45
ABgene
ABsolute QPCR ROX
mastermix

600 NAs from whole
blood
400 NAs from plasma
minipools

XMRV/pMuLV RT
Taq Man with BMV
RT Taq Man

gag
BMV

P2, F3, R4
BMV Probe, F, R

45
Qiagen
QuantiTect Probe
RT-PCR kit

The TaqMan assay conditions were 15 min at 95◦C (15 secs 95◦C, 1 min 60◦C) ×N cycles. 400 nM concentrations of primers, and 200 nM probes were used
in all the TaqMan assays with the exception of the CDC MuLV Taq Man where the concentration of each probe was 100 nM and the PDH TaqMan where the
primer concentrations were 50 nM.

control for the extraction efficiency and amplification inhi-
bition coextracted soil-borne cereal mosaic virus (SBCMV)
plasmid DNA was used, (5.4 × 106 copies were added to
the 33 mL of Qiagen lysis buffer AL used for extracting
96 samples on the MDx Biorobot). This reaction was as
described by Ratti et al. [34]. The primer sequences for
this reaction were SBCWMVCPF (5′-CAC TCA GGA CGG
TGA CGA GAT-3′), SBCWMVCPR (5′-GTG ATA CTG TGA
GTC TGG TGA TGA TTT-3′) and probe SBWMV237Fa (5′

JOE-TTT TGT GAC CTT GGA GGT GAG GCA GTT ATG-
BHQ1-3′).

2.3.2. Q-PCR for Quantification of Human DNA. The input
of human DNA in each extract was measured by a Q-PCR for
the Pyruvate dehydrogenase (PDH) gene. Primers used PDH
Taq 1 (5′-TGA AAG TTA TAC AAA ATT GAG GTC ACT
GTT-3′), PDH Taq 2 (5′- TCC ACA GCC CTC GAC TAA CC
-3′) with probe PDHP (5′-VIC-CCC CCA GAT ACA CTT
AAG GGA TCA ACT CTT AAT TGT-Tamra-3′). Positive
control for this reaction was a dilution series of human male
DNA (Applied Biosystems, Warrington, UK, Catalogue no.
4312660). The XMRV Q-PCR results were validated when
the PDH threshold cycle (Ct) value was greater than the
mean Ct minus 3 SD, and the SBCMV control was greater
than the mean Ct minus 2 SD. Samples invalid on either
control were excluded from the analysis.

2.4. Detection of Gag Sequences by Nested PCR in Blood
Donors. Nuclease-free water (Severn Biotech, Kiddermin-
ster, UK) was used throughout for the cDNA and PCR
mix preparations and as no-template controls. Nucleic acid
extracts were tested by nested PCR using the gag primers as
described by Lombardi et al. [9] and Lo et al. [11], but using
Applied Biosystems Taq Gold LD PCR enzyme (Table 1) to
overcome the problem of false positives that have arisen from
the use of Invitrogen Taq Polymerase [30].

2.5. QRT-PCR Amplification of XMRV/pMuLV in Blood
Donors. An XMRV/pMuLV gag QRT-PCR assay described

by Lo and colleagues [11] but modified to detect the pMuLVs
was used to test nucleic acid from whole blood, plasma, and
from plasma minipools. Further details of all QPCR and
QRT-PCR reactions are listed in Table 1. The primers for this
reaction were F3 (5′-ACC GTT TGT CTC TCC TAA AC-
3′) and R4 (5′-AGG GTA AAG GGC AGA TCG-3′), with
probe P2 (5′-Fam-CCG ACA GCT CCC GTC CTC CCG-
Tamra-3′). Nuclease-free water (Severn Biotech) was used
throughout for the RT-PCR mix preparations and as no
template controls. RT-PCR was performed in a total volume
of 50 μL, containing 1x Qiagen QuantiTect RT-PCR buffer
and primers, and probes as detailed in Table 1. Synthesis
conditions were 50◦C for 30 mins, followed by 95◦C for
15 mins and 45 cycles of 95◦C for 15 secs 60◦C for 1 min.
Twenty μl of nucleic acid was analysed in a QRT-PCR which
multiplexed the XMRV/pMuLV TaqMan with the internal
control TaqMan reaction (Brome mosaic virus (BMV)) [35].
The BMV RNA was added to the Qiagen AL lysis buffer
and co-extracted with the sample. A sample was valid if the
BMV Ct value was greater than the mean Ct minus 2 SD.
Samples invalid on the BMV control were excluded from the
analysis. The sensitivity of this QRT-PCR was determined as
150 RNA copies/mL (75 viral particles/mL) by calculation
from the observed frequency of negatives using the Poisson
distribution.

3. Results

3.1. XMRV Detection in Tissue Samples by Nested PCR. A
representative stained gel following nested PCR is shown
in Figure 1. For routine analysis, 0.11 pg of plasmid DNA
(representing approximately 7000 copies/PCR) was used as
positive control for XMRV and MuLV. All samples were
positive for hBG sequences by PCR. The sensitivity of the
IAP PCR has been shown previously to detect as little as
0.0011 pg DNA in a background of 500 ng DNA [28]. The
results are summarised in Table 2(a). No evidence of XMRV
or MuLV was found in any of the FFPE prostate tissue
samples from Japan or the fresh prostate tissues from the
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Table 2

(a) Amplification from fresh and FFPE tissues by nested PCR

Fresh prostate tissue Japan samples Indian samples LCBCL samples

Number of cancerous samples 16/55 16 10/20 10

Number of noncancerous samples (unknown status) 18/55 (21/55) 0 10/20 0

Mean age (range) unknown unknown 72 (62–85) 43 (27–83)

Beta globin + 55/55 16/16 20/20 10/10

XMRV + 0 0 2/20 0

MuLV + 0 0 4/20 0

IAP + 0 0 5/20 0

mtDNA + nd nd 2/10 nd

(b) Specific PCR results from Indian samples

Indian sample number Cancer status
PCR result using specific primers

β-globin IAP mtDNA MLV gag XMRV LTR

6489c/10 cancer + + + + +

5383c/10 cancer + + − + +

5406a3/10 cancer + + − − −
2896c/10 BPH + + + + −
5349c/10 cancer + + − + −

1 2 3 4 5 6 7 8 9 10 11 12

600

300
200
100

(bp)

Figure 1: lane 1: MWM; lanes 2–4: β-globin PCR on LNCaP
DNA template 1st round product, 2nd round product, and no-
template control; lanes 5–7: XMRV LTR PCR on VP62 plasmid
DNA template 1st round product, 2nd round product, and no-
template control; lanes 8–10: MuLV gag PCR on VP62 plasmid DNA
template 1st round product, 2nd round product, and no-template
control; lanes 11-12: IAP PCR on McCoy cell DNA template and
no-template control.

UK. Of the 20 Indian samples, four (20%) produced a PCR
signal with the MuLV gag primers (three prostate cancer,
one benign prostatic hyperplasmia) and of these, 2/4 were
positive with XMRV LTR primers (both prostate cancer).
The IAP PCR was applied to the same samples to see if
the positive signal was due to mouse DNA contamination.
All MuLV/XMRV amplification was concordant with IAP
amplification, except for one prostate cancer sample which
was positive for IAP without MuLV/XMRV amplification.
Confirmation of murine DNA contamination was achieved
using PCR primers specific to mouse mitochondrial DNA
(mtDNA). Although this PCR has been shown to be less
sensitive than IAP PCR [28], 2/20 of the Indian samples

(one prostate cancer, one benign prostatic hyperplasia) were
positive for mtDNA. In both of these samples, IAP and MuLV
gag sequences were amplified. Additionally, one was positive
for XMRV (detailed in Table 2(b)).

No evidence of MuLV or XMRV sequences was discov-
ered in the DLBCL samples and none of the DCBCL samples
gave an IAP specific product.

3.2. XMRV Detection in Whole Blood by Real-Time PCR.
XMRV proviral DNA was not amplified from whole-blood
extracts derived from 540 donors. The average DNA input
for each amplification was 93,000 cells (approx 0.56 μg).
Detection of XMRV/MuLV RNA was undertaken on a
further 600 donors and 400 plasma minipools, derived from
19,200 individual donations. All samples tested negative for
XMRV and MuLV sequences.

4. Discussion

Using highly sensitive PCRs with primers that detect XMRV
and primers that detect MuLV-like sequences, no proviral
DNA was detected in any of the prostate cancer samples
independently of murine DNA contamination. This served
to confirm our previous studies in which FFPE prostate
tissue was tested and XMRV/MuLV sequences failed to be
amplified [28]. Here we have added further data to show that
no XMRV or MuLV-like sequences can be detected in fresh
UK prostate tissue or in prostate cancer samples collected
from Japan. Samples from India showed evidence of MuLV
and XMRV sequences when viral genomic sequences were
amplified by nested PCR. However, this was concordant with
murine genomic DNA contamination detected using primers
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to IAP. IAPs are retrotransposons present at the level of
around 1000 copies per mouse genome [30]. Thus, IAP PCR
represents a highly sensitive detection method for murine
DNA. Although the sample size was small (n = 10), we found
no evidence to suggest that XMRV might be involved in other
cancers, such as diffuse large B-cell lymphoma.

It was reported last year that XMRV had been detected in
greater than 60% of 50 samples from English blood donors
[36]. In contrast, we found no evidence of XMRV or pMuLV
in any of 540 whole-blood samples from unselected NHSBT
donors nor were we able to detect MuLV-like sequences in
either the DNA from whole blood or cDNA prepared from
the plasma minipools from donors in England. There are
three possible explanations for this. Firstly, there are no
MuLV infections in blood donors in England. Secondly, there
are MuLV infections, but that the assays used failed to detect
them, either due to sensitivity or sequence variation. Thirdly,
there are MuLV infections, but the prevalence is too low to be
detected in the sample sizes tested.

Research into the presence of MuLVs in the human
population is contentious, given discrepant findings [37–
39]. Contamination from sequences contained in apparently
XMRV-positive samples, amplified products, or plasmids
has been suggested as a reason for the finding of MuLVs
in human samples [30, 40]. A study of XMRV in patients
with CFS or chronic immunomodulatory conditions, using
Invitrogen Platinum Taq (IPT), reported a gag sequence with
>99% homology to a mouse endogenous retrovirus [19].
This was designated as contamination, although the paper
failed to speculate on the source of this sequence. Sato and
colleagues (2010) recently reported finding predominantly
RNA sequences, related to a pMuLV, in IPT containing
reagents [30]. Another study concluded that the detection
of MuLV-related sequences in human samples could be due
to contamination with mouse DNA, most likely contained
in various laboratory reagents [29]. We have demonstrated
that murine sequences can be present in prostate sections,
resulting in false positive detection of XMRV [28]. A
phylogenetic overview concluded that the proviral sequences
present in the genome of 22Rv1 cell line were ancestral to
the published XMRV sequences [31]; finally, it has been
shown that the mapping of integration sites of XMRV in
prostate cancer tissues, thought to unequivocally confirm the
existence of XMRV in clinical samples, was at least partially
contaminant derived [41], further emphasising the ease with
which contamination can occur.

The sources of contamination are still to be fully
elucidated. However, given that most retroviral laboratories
have worked with MuLV or MuLV-derived vector systems,
or at least used murine reagents, it is essential that sufficient
appropriate controls are included in all PCRs.

The absence of MuLVs from all the samples analysed
in this study, where there was no concomitant detection
of murine genomic sequences, adds weight to the growing
body of data questioning the evidence for murine retrovirus
infection of humans [42]. It is always challenging to prove a
negative result, but it is likely that XMRV will be added to the
long list of RNA rumour viruses [43].
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[31] S. Hué, E. R. Gray, A. Gall et al., “Disease-associated XMRV
sequences are consistent with laboratory contamination,”
Retrovirology, vol. 7, article 111, 2010.

[32] A. Dupressoir and T. Heidmann, “Expression of intracisternal
A-particle retrotransposons in primary tumors of oncogene-
expressing transgenic mice,” Oncogene, vol. 14, no. 24, pp.
2951–2958, 1997.

[33] A. L. McCormick, R. H. Brown, M. E. Cudkowicz, A.
Al-Chalabi, and J. A. Garson, “Quantification of reverse
transcriptase in ALS and elimination of a novel retroviral
candidate,” Neurology, vol. 70, no. 4, pp. 278–283, 2008.

[34] C. Ratti, G. Budge, L. Ward, G. Clover, C. Rubies-Autonell,
and C. Henry, “Detection and relative quantitation of Soil-
borne cereal mosaic virus (SBCMV) and Polymyxa graminis
in winter wheat using real-time PCR (TaqMan�),” Journal of
Virological Methods, vol. 122, no. 1, pp. 95–103, 2004.

[35] R. B. Ferns and J. A. Garson, “Development and evaluation of
a real-time RT-PCR assay for quantification of cell-free human
immunodeficiency virus type 2 using a Brome Mosaic Virus
internal control,” Journal of Virological Methods, vol. 135, no.
1, pp. 102–108, 2006.

[36] J. P. Stoye, R. H. Silverman, C. A. Boucher, and S. F. J.
Le Grice, “The xenotropic murine leukemia virus-related
retrovirus debate continues at first international workshop,”
Retrovirology, vol. 7, article 113, 2010.

[37] R. A. Smith, “Contamination of clinical specimens with MLV-
encoding nucleic acids: implications for XMRV and other
candidate human retroviruses,” Retrovirology, vol. 7, article
112, 2010.

[38] Editorial, “Cause for concern,” Nature, vol. 471, p. 366, 2011.
[39] L. Menéndez-Arias, “Evidence and controversies on the role

of XMRV in prostate cancer and chronic fatigue syndrome,”
Reviews in Medical Virology, vol. 21, no. 1, pp. 3–17, 2011.

[40] P. W. Tuke, K. I. Tettmar, A. Tamuri, J. P. Stoye, and
R. S. Tedder, “PCR Master Mixes Harbour Murine DNA
Sequences,” Caveat Emptor! PLoS ONE, vol. 6, no. 5, p. e19953,
2011.

[41] J. A. Garson, P. Kellam, and G. J. Towers, “Analysis of XMRV
integration sites from human prostate cancer tissues suggests
PCR contamination rather than genuine human infection,”
Retrovirology, vol. 8, article 13, 2011.

[42] J. Cohen, “Retrovirology: more negative data for link between
mouse virus and human disease,” Science, vol. 331, no. 6022,
pp. 1253–1254, 2011.

[43] R. A. Weiss, “A cautionary tale of virus and disease,” BMC
Biology, vol. 8, article 124, 2010.



Hindawi Publishing Corporation
Advances in Virology
Volume 2011, Article ID 272193, 12 pages
doi:10.1155/2011/272193

Research Article

Nucleic Acid, Antibody, and Virus Culture Methods to Detect
Xenotropic MLV-Related Virus in Human Blood Samples

M. F. Kearney,1 K. Lee,1 R. K. Bagni,2 A. Wiegand,1 J. Spindler,1 F. Maldarelli,1 P. A. Pinto,3

W. M. Linehan,3 C. D. Vocke,3 K. A. Delviks-Frankenberry,1 R. W. deVere White,4

G. Q. Del Prete,5 J. W. Mellors,6 J. D. Lifson,5 V. N. KewalRamani,1 V. K. Pathak,1

J. M. Coffin,7 and S. F. J. Le Grice1

1 HIV Drug Resistance Program, National Cancer Institute at Frederick, Frederick, MD 21702-1201, USA
2 Protein Expression Laboratory, SAIC-Frederick, Inc., NCI-Frederick, Frederick, MD 21702, USA
3 Urologic Oncology Branch, National Cancer Institute, Bethesda, MD 20892, USA
4 UC Davis Cancer Center, Sacramento, CA 95817, USA
5 AIDS and Cancer Virus Program, SAIC-Frederick, Inc., National Cancer Institute, Frederick, MD 21702, USA
6 Department of Medicine, University of Pittsburgh, Pittsburgh, PA 15260, USA
7 Department of Molecular Biology and Microbiology, Tufts University, Boston, MA 02155, USA

Correspondence should be addressed to M. F. Kearney, kearneym@mail.nih.gov

Received 21 June 2011; Revised 8 August 2011; Accepted 27 August 2011

Academic Editor: Yoshinao Kubo

Copyright © 2011 M. F. Kearney et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

The MLV-related retrovirus, XMRV, was recently identified and reported to be associated with both prostate cancer and chronic
fatigue syndrome. At the National Cancer Institute-Frederick, MD (NCI-Frederick), we developed highly sensitive methods to
detect XMRV nucleic acids, antibodies, and replication competent virus. Analysis of XMRV-spiked samples and/or specimens
from two pigtail macaques experimentally inoculated with 22Rv1 cell-derived XMRV confirmed the ability of the assays used to
detect XMRV RNA and DNA, and culture isolatable virus when present, along with XMRV reactive antibody responses. Using
these assays, we did not detect evidence of XMRV in blood samples (N = 134) or prostate specimens (N = 19) from two
independent cohorts of patients with prostate cancer. Previous studies detected XMRV in prostate tissues. In the present study,
we primarily investigated the levels of XMRV in blood plasma samples collected from patients with prostate cancer. These results
demonstrate that while XMRV-related assays developed at the NCI-Frederick can readily measure XMRV nucleic acids, antibodies,
and replication competent virus, no evidence of XMRV was found in the blood of patients with prostate cancer.

1. Introduction

Xenotropic murine leukemia virus-related virus (XMRV) is
a recently discovered gammaretrovirus reportedly associated
with prostate cancer and chronic fatigue syndrome (CFS) [1,
2]. The discovery of XMRV arose from studies investigating a
potential viral cause for diseases in patients with an RNAseL
gene variant. This genotype, which is observed in a varying
subset of patients in cohorts with prostate cancer [1, 3–
8], has been associated with impairment of innate immune
responses to viral infections [5]. Seeking an etiologically
significant viral infection associated with impaired RNAse L-
dependent responses, Urisman et al. first identified XMRV

in 2006 in a cohort of prostate cancer patients [2]. The
association of XMRV with prostate cancer, but not its
association with the RNAseL variant, was corroborated by
Schlaberg et al. in 2009 [9]. The prostate cancer studies
were followed by a report from Lombardi et al. presenting
evidence for XMRV infection in 67% of individuals with
severe CFS, compared to 3.7% of healthy individuals [1].
These high reported frequencies of XMRV infection and
putative linkage to a debilitating illness prompted concerns
about the possibility of a new, widespread retroviral epidemic
and stimulated additional research towards determining
the prevalence of XMRV infection in different populations
worldwide.
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Several studies supporting high prevalence of XMRV
infection followed. For example, Arnold et al. detected anti-
XMRV antibodies in 27% of individuals with prostate cancer
[10], Schlaberg et al. found XMRV nucleic acid in 23% of
prostate cancers and 4% of controls [11], and Danielson et al.
detected XMRV in 22.8% of extracted prostate tissues from
individuals who had radical prostatectomies [12]. However,
controversy arose when other laboratories could not demon-
strate comparable findings in similar cohorts not only in
the US [13] but in Germany [14], The Netherlands [15],
and England [16, 17]. Adding to the controversy, Lo et al.
reported the presence of mouse retroviral sequences, but not
XMRV, in 86.5% of CFS patients [18]. Claims were made that
such findings supported the association of XMRV infection
with CFS, complicating an already controversial field.

Several factors were speculatively proposed to contribute
to the differential detection of XMRV/MLVs by different lab-
oratories. It was suggested that inconsistencies in detection
of XMRV/MLVs in patient samples could result from varied
prevalence of infection in different populations, differing
criteria for patient selection, and differing detection method-
ologies utilized [19]. It was also proposed that virus levels
may be chronically low or episodic in patient plasma or tis-
sues, making virus detection difficult [19]. Adding to the
complexity, detection of XMRV by PCR is highly susceptible
to false positive results due to the very close genetic re-
lationship of XMRV with endogenous MLVs and the high
prevalence of contaminating mouse genomic DNA in many
specimens [20, 21]. Indeed, studies have suggested that
XMRV detection is the result of laboratory contamination
from infected cell lines [22–25] or contaminated reagents
[26]. Further suggestions of laboratory contamination came
after publication of a study by Paprotka et al. [25], showing
that XMRV originated in a human cancer cell line generated
by passaging prostate cancer cells through immunocompro-
mised mice. This result indicates that XMRV could not have
entered the human population until recently, yet was already
being reported as prevalent in a sizeable fraction of prostatic
cancers. Furthermore, it showed that most “XMRV-specific”
detection assays could, in fact, detect one or the other of the
two parental proviruses (PreXMRV-1 and 2) that gave rise to
XMRV and are endogenous to some inbred and wild mice.
In assessing this situation, it became clear that to rule out
false positive results and reliably detect XMRV infection, one
must apply several diagnostic methods used in conjunction
with known positive and negative controls.

At the NCI-Frederick, we sought to help clarify the
XMRV controversy by generating multiple assays, including
rigorous methods to measure antibodies to XMRV through
ELISA-based methods, to quantify XMRV proviral DNA and
viral RNA through quantitative PCR and RT-PCR methods,
and to measure infectious virus by viral isolation cultures
using an indicator cell line system. We characterized these
assays using available positive and negative control samples,
including spiked samples and specimens from two pigtail
macaques experimentally inoculated with XMRV. We then
applied these methods to specimens from two cohorts of
prostate cancer patients to determine the levels of XMRV in
their blood. Overall, we observed a high level of concordance

between detection methods and were able to rule out false
positive results by applying multiple assays on the same pa-
tient samples. Applying this approach, we did not find ev-
idence of XMRV infection in any of the prostate cancer pa-
tient-derived specimens studied.

2. Methods

2.1. Clinical Prostate Cancer Samples. The XMRV detection
assays developed at the NCI-Frederick were applied to
samples collected from two cohorts of prostate cancer pa-
tients. In total, 134 patients were studied. Plasma samples
from 108 patients were obtained at the UC Davis Cancer
Center. Samples were collected between 2006 and 2010 from
prostate cancer patients who were either newly diagnosed, on
active treatment, or undergoing post-treatment monitoring.
Plasma from all 108 patients was tested for XMRV RNA
and antibodies to CA and TM. Institutional Review Board
(IRB) approval was obtained from the UC Davis Cancer
Center Biorepository, and all study subjects provided written
informed consent.

Samples from an additional 26 recently diagnosed pros-
tate cancer patients were obtained from the Urologic Oncol-
ogy Branch, NIH Clinical Center, Bethesda, MD. All 26
blood samples were tested for the presence of XMRV RNA in
plasma and DNA in whole blood. Tests for XMRV proviral
DNA were also performed on prostate tissue from 19 of
the 26 individuals in this cohort who had radical prosta-
tectomies. Twenty-two of 26 blood samples were tested for
antibodies to CA and TM. A subset of 12 samples was tested
by virus rescue culture including those that had positive
or indeterminate results by X-SCA or ELISA and matched
negative controls. The study was approved by the IRB of NCI,
NIH, Bethesda, MD, and all study subjects provided written
informed consent.

2.2. XMRV Nucleic Assay Detection with XMRV Single-Copy
Assays (X-SCA). Similar to the single-copy assay (SCA) for
human immunodeficiency virus (HIV) [27], quantitative
real-time PCR and RT-PCR assays for detection of XMRV,
called XMRV single-copy assays (X-SCA), were developed to
quantify XMRV nucleic acid in plasma, whole blood, and
cell suspensions obtained from blood or tissue samples. The
assays were designed using amplification primers targeting
a gag leader region conserved between XMRV (as well
as PreXMRV-2 [25]) and non-XMRV endogenous MLVs
(forward 5-TGTATCAGTTAACCTACCCGAGT-3′, reverse
5-AGACGGGGGCGGGAAGTGTCTC-3′). Consequently,
efficient amplification is achieved from both target templates
allowing detection of either XMRV or MLVs present in
patient samples. The Taqman probe (5′fam-TGG AGT GGC
TTT GTT GGG GGA CGA- tamra3′) used for detection
of amplified products was designed to span a signature
24 nucleotide deletion in the XMRV (PreXMRV-2) gag
leader that differentiates these from all other MLV sequences
(Figure 1(a)). In the event that a positive sample is identified
by X-SCA, single-genome sequencing should be performed
to confirm that the source of amplification was XMRV and
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Figure 1: XMRV single-copy assay (X-SCA). X-SCA primers anneal to conserved regions in XMRV/MLV gag leader region while the probe
spans a 24 nt deletion in XMRV compared to MLV (a) allowing for differential amplification profiles for XMRV and MLV (b). X-SCA
amplification products run on a 2% agarose gel distinguish between the products being amplified since the XMRV product is 24 nt smaller
than the MLV product. Lane 1 is the X-SCA product from the XMRV standard curve, Lane 2 is the MLV product from the genomic DNA
extracted from TA3.Cyc-T1 mouse cells, and Lane 3 is the “no template” negative control (c).

not contaminating mouse DNA with a similar gag deletion,
such as PreXMRV-2.

XMRV RNA was extracted from plasma samples follow-
ing ultracentrifugation exactly as described for HIV SCA
[27] and genomic DNA was extracted and whole blood
samples using the Promega genomic DNA Extraction Kit
(Cat no. A1120) according to the manufacturer’s suggested
protocol. Reaction conditions for synthesizing cDNA and
measuring RNA copy number were exactly as described
previously for HIV SCA [27]. XMRV proviral copy number
was determined using the Lightcycler 480 Probes Master (Cat
no. 04707494001) according to protocol and by performing
45 cycles of 95◦C for 15 seconds, 60◦C for 1 minute after an
initial 10 minute, 95◦C polymerase activation step. Accurate
detection of XMRV by X-SCA was verified by testing spiked
human blood products [28] and by testing blood samples
collected from XMRV inoculated macaques (Del Prete et
al., in preparation). Pigtail macaques were experimentally
inoculated with XMRV (∼4.8 × 109 RNA copy equivalents)

prepared from the supernatant of 22Rv1 cells (Lot SP1592,
Biological Products Core, AIDS and Cancer Virus Program,
SAIC-Frederick, Inc, NCI-Frederick). Plasma and PBMC
samples were collected prior to inoculation and through
119 days after inoculation. These pre- and post-inoculation
specimens were used as reference control samples in eval-
uating X-SCA methods for detection of XMRV. Details of
the macaque infection study will be reported elsewhere (Del
Prete et al. in preparation). Animals were housed and
cared for in accordance with American Association for Ac-
creditation of Laboratory Animal Care (AALAC) standards
in an AAALAC accredited facility, and all animal proce-
dures were performed according to a protocol approved by
the Institutional Animal Care and Use Committee of the
National Cancer Institute. Detection of MLV was qualified by
extracting mouse genomic DNA from TA3.Cyc-T1 cells using
the Promega genomic DNA Extraction Kit (Cat no. A1120)
and performing X-SCA in duplicate on dilutions of 3000 to
0.03 cell equivalents.
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All patient samples were tested by X-SCA in duplicate
or triplicate with equal numbers of no template controls
(NTC) to monitor the level of false positives due to either
viral or mouse genomic DNA contamination. The level of
detection for XMRV nucleic acid in clinical samples was
determined by the volume of sample available for testing
(100 µL to 3 mL). Therefore, X-SCA sensitivity varied from
0.6 to 20.6 copies/mL of plasma and 0.9–10 copies/mL in
whole blood. Because of the high frequency of false positives
due to contaminating mouse DNA, we set strict criteria for
declaring a sample positive for XMRV, requiring detection
of viral sequence in all replicate PCR reactions from the
samples being tested. These criteria result in a minimum
detection of 1.8–41.2 copies XMRV RNA/mL in plasma and
2.7–30 copies XMRV DNA/mL in whole blood for a positive
X-SCA test, depending on the volume of sample being tested.
If discordant results are obtained from duplicate or triplicate
wells, then the result is considered indeterminate and is
repeated where sufficient sample is available.

2.3. XMRV Serology. XMRV antigens were prepared in the
Protein Expression Laboratory, SAIC-Frederick, MD, as pre-
viously described [29]. Purified XMRV antigens were used
to develop and optimize ELISA-based protocols (Bagni et al.,
in preparation). Briefly, purified CA and TM were spotted
onto Meso Scale Discovery (MSD) (Gaithersburg, MD)
standard 96-well plates at 8 µg/mL and 2 µg/mL, respectively.
Samples were diluted 1 : 100 and incubated with individual
XMRV antigens. Human antibodies were detected using
biotin labeled anti-human IgG (Jackson ImmunoResearch,
West Grove, Pa) and MSD-proprietary Sulfo-tagged strep-
tavidin detection reagent and read on a SECTOR Imager
6000 (MSD) plate reader. The XMRV serology assays were
qualified with samples obtained from XMRV-inoculated ma-
caques (Del Prete et al., in preparation). Patient samples were
considered reactive if the MSD electrochemiluminescent
signal (ECL) was at least 50% relative to the ECL signal of the
macaque positive control sera. Less reactive patient samples
that were at least 2 standard deviations above the average
negative human sample were considered indeterminate.

2.4. XMRV Culture Detection. The presence of replication-
competent XMRV was determined in a virus rescue coculture
assay using indicator cells designated DERSE (Detectors of
Exogenous Retroviral Sequence Elements) and using expres-
sion of a GFP reporter as the readout. DERSE.LiGP cells are a
subclone of LNCaP cells (gift from Dr. Francis Ruscetti, NCI)
stably transfected with pBabe.iGFP-puro and screened for
susceptibility to XMRV infection (Lee et al., in preparation).
pBabe.iGFP-puro is an MLV proviral vector that encodes an
intron-interrupted reporter GFP gene and is only expressed
after mobilization by an infecting gammaretrovirus for a
second round of infection of DERSE.LiGP cells. Similar MLV
vectors that only express a reporter after being propagated in
infection have been described previously using HEK293 cells
[30]. The DERSE.LiGP assay will detect any MLV-related
viruses that are capable of replicating in human prostate
cancer cells. Virus replication can be detected by monitoring

GFP-positive cells either by fluorescence microscopy or FACS
analysis.

DERSE.LiGP indicator cells were maintained in Roswell
Park Memorial Institute (RPMI) media 1640 (Invitrogen)
supplemented with 15% fetal bovine serum (FBS) (Hyclone),
1x Pen/Strep/Glutamine (100 U/mL Penicillin, 0.1 mg/mL
Streptomycin, and 0.292 mg/mL Glutamine, Invitrogen) and
1 µg/mL puromycin (Calbiochem). DERSE.LiGP cells were
plated at 1 × 105 cells/well in a 24-well tissue culture plate
one day before infection. As a positive control, 22Rv1 cell
supernatants were diluted in RPMI media and added to
cells the next day in the presence of 5 µg/mL of polybrene
[31]. Culture medium was refreshed the following day by
replacement or splitting cells at a 1 : 3 ratio depending on cell
density. Although GFP can be detected in positive control
samples within 3 days of infection, to maximize sensitivity
for detection of low levels of virus, DERSE.LiGP cells exposed
to clinical specimens were maintained in culture for at least
two weeks and observed at intervals by fluorescence mi-
croscopy. After two weeks, cells were resuspended in a
2% paraformaldehyde (PFA) solution and GFP expression
was measured by FACS (FACSCalibur, Becton Dickinson),
indicative of a spreading infection. While DERSE.LiGP
cells are relatively insensitive to heparin, plasma samples
containing EDTA are toxic to the cultures. To mitigate
toxicity, 200 µL of EDTA containing plasma samples were
distributed into Eppendorf tubes in the presence of 7.5 mM
CaCl2 to neutralize the EDTA and 30 U/mL heparin salt to
minimize sample clotting. Tubes were incubated for 4 hrs at
4◦C to separate the plasma from residual clotting. Accurate
detection of XMRV by virus culture was verified using a
dilution series of supernatants from 22Rv1 cells and XMRV-
spiked human plasma samples containing approximately 107

to 10 copies of XMRV RNA. Using XMRV-spiked samples,
we noted a loss of detection sensitivity of three- to fivefold
in EDTA containing plasma samples treated in the above
manner. A recent report of XMRV inactivation by human
complement may explain in part the loss of infectivity
after addition of plasma [24]. Prostate cancer samples with
indeterminate results by X-SCA or ELISA were matched with
negative samples and tested blinded in the virus culture assay.

We required that samples test positive for XMRV nucleic
acid (RNA or DNA) and by at least one other detect method
(immunoassay or culture assay) to be declared positive for
XMRV infection.

All reagents developed at the NCI-Frederick and de-
scribed here are being made available to the extramural
research community through the NIH AIDS Research and
Reference Reagent Program or AIDS and Cancer Virus
Program, SAIC-Frederick, Inc., National Cancer Institute,
Frederick.

3. Results

3.1. Differentiating between XMRV and MLV with X-SCA
Probe. The X-SCA probe used for detection of amplified
products spans a signature 24 nucleotide deletion in the
XMRV [1] and in the PreXMRV-2 [32] gag leader that
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differentiates these from all other MLV sequences (Fig-
ure 1(a)). Amplifications of XMRV from 22Rv1 DNA and
MLV from mouse genomic DNA (extracted from TA3.CycT1
cells) show that the probe design results in a lower level
of plateau fluorescence from non-XMRV MLV templates
than from XMRV templates (Figure 1(b)), likely due to
inefficient binding and/or degradation of the probe during
MLV extension compared to XMRV extension. The result
of the probe design is differential amplification profiles for
XMRV and MLV, indicating which product is being detected
in the assay and the proportions of each if both templates are
detected. To confirm the result, the products were run on an
agarose gel (Figure 1(c)). The XMRV X-SCA product is 86 nt
long and the MLV product 110 nt, easily distinguishable on a
2% agarose gel.

3.2. Qualifying XMRV Assay Detection Capabilities with
Spiked Human Samples. Assays for detection of XMRV nu-
cleic acid and replication-competent virus were established
using XMRV-spiked samples as positive control specimens.
To determine the accuracy and sensitivity of X-SCA methods
to detect XMRV in human blood products, we tested a full
panel of plasma and whole blood samples that were spiked
or not spiked with XMRV derived from 22Rv1 cells. The
panel was blinded as to which samples were XMRV positive
and which were XMRV negative and were provided to
us by the XMRV Scientific Research Working Group for
testing by X-SCA [28]. Results from the blinded panel of
spiked samples were described previously by Simmons et al.
[28] and demonstrated that we detected XMRV RNA and
proviral DNA using X-SCA with 100% accuracy. The level
of sensitivity for detecting XMRV RNA in the spiked plasma
panel was limited by the volume of sample tested for XMRV
(270 µL) to 3.3 RNA copies/mL. The level of sensitivity for
detecting XMRV proviral DNA was a single XMRV-infected
22Rv1 cell in whole blood samples. All unspiked samples
were properly reported as negative for XMRV detection
indicating a very low rate of false positivity.

The use of DERSE.L-iG-P cells to detect XMRV was ver-
ified using 22Rv1 culture supernatants and XMRV-spiked
human plasma. Figure 2 shows the results from virus rescue
experiments performed under the following conditions (i)
22Rv1 supernatant alone, (ii) 22Rv1 supernatant treated
with CaCl2 and heparin, (iii) 22Rv1 supernatant spiked into
human plasma treated with CaCl2 and heparin. DERSE.LiGP
cells treated with EDTA-containing human plasma alone
are not viable. Proportions of GFP-positive cells detected
by FACS at day 4 and day 8 after infection are shown in
Figures 2(a) and 2(b). DERSE.LiGP cells exposed to 0.01 µL
of 22Rv1 supernatant were GFP-positive by microscopy
within 4 days of infection (Figure 2) demonstrating the
sensitivity of this assay for detection of replication competent
XMRV. The sensitivity of this detection decreased 3–5-fold
in the presence of EDTA-containing plasma samples treated
as described above. This decrease could in part be due to
the presence of human complement as has been recently
reported [24]. Additional days of culture increased the
number of GFP-positive cells exposed to virus in the presence

Table 1: X-SCA Results on XMRV-inoculated macaques.

Monkey ID
Days after

inoculation
Plasma XMRV

RNA copies/mL

Copies of
XMRV DNA per

106 PBMCs

14232 0 <1.1 0

14232 5 534.11 197

14232 119 <1.1 23

8242 0 <1.1 0

8242 13 2153.56 2833

8242 119 <1.1 645

Table 2: Immunoassay of plasma from XMRV-inoculated maca-
ques.

Monkey ID Days after inoculation
Reactivity with

CA TM

8242 0 19.5 248.5

8242 76 12713 544405

14232 0 14.5 145

14232 76 20108 285277

or absence of plasma. For this reason, cultures infected with
human specimens were carried out for a minimum of two
weeks.

3.3. Verifying Assay Detection Capabilities with Blood Samples
from XMRV-Inoculated Macaques. To validate the specificity
of X-SCA and ELISA, we used specimens from two pigtail
macaques experimentally inoculated with XMRV. Detailed
results from the macaque study will be reported elsewhere
(Del Prete et al., in preparation). In short, samples tested
by X-SCA revealed that peak viremia was achieved at 5
days after inoculation in one animal and at 13 days in
the second (Table 1). By day 28, levels of XMRV RNA
in plasma had declined to <1 copy/mL in both animals.
PBMC-associated XMRV DNA was also measured by X-SCA.
DNA levels peaked with similar kinetics as plasma viremia
but persisted with levels of 23 and 645 copies/106 PBMC
in the two animals, respectively, at the end of the follow-
up period, 119 days after inoculation. Antibody reactivity
to XMRV capsid (CA) and transmembrane protein (TM)
measured by ELISA was undetectable prior to inoculation
but were robustly positive thereafter (Table 2) (Del Prete et
al., in preparation). Replication competent XMRV cannot
be cultured from macaque plasma or PBMC samples due
to extensive hypermutation of the provirus post-inoculation,
likely due to the effect of APOBEC proteins (Del Prete et al.,
in preparation). Consequently, XMRV-spiked human plasma
was used to verify the DERSE.L-iG-P cells for detection of
XMRV.

3.4. Testing Prostate Cancer Samples for XMRV Nucleic Acid,
Antibodies, and Isolatable Virus. Samples obtained from the
two cohorts of prostate cancer patients were assayed first
for XMRV nucleic acid (X-SCA) and antibody reactivity
against XMRV CA and TM protein (Tables 3 and 4). No
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Figure 2: Verifying XMRV rescue by culturing on DERSE cells with 22Rv1 supernatants and with XMRV-spiked human plasma. XMRV
culturing under the following conditions: (i) 22Rv1 supernatant alone (black bars), (ii) 22Rv1 supernatant treated with CaCl2 + heparin
(white bars), (iii) 22Rv1 supernatant spiked into human plasma treated with CaCl2 + heparin (gray bars). GFP-positive cells were analyzed
by FACS at day 4 (a) and day 8 (b).

plasma or prostate tissue samples in the NIH prostate cancer
cohort or the UC Davis prostate cancer cohort were positive
for XMRV nucleic acids or antibodies (Tables 3 and 4).
However, two plasma samples in the NIH cohort (0594,
0771) were indeterminate for XMRV RNA. One of these
samples (0594) was negative by ELISA, and the other (0771)
had an indeterminate ELISA result. One other patient sample
in the NIH cohort (0781) was indeterminate for XMRV
antibody reactivity but negative for XMRV nucleic acid
(Table 3). All three of these samples, along with 9 matched
negative samples, were blinded and tested for replicating
virus using the DERSE.L-iG-P assay. Virus could not be
cultured from any of these plasma samples while it was read-
ily recovered from positive control samples (22Rv1-derived
XMRV spiked into negative human plasma) (Figure 3).
Consequently, by our prospectively defined criteria, none of
the 26 patient samples in the NIH cohort were considered
to be XMRV infected (positive for nucleic acid, antibody,
and/or replication competent virus) (Table 3). All 108 plasma
samples from prostate cancer patients obtained from UC
Davis were assayed for XMRV RNA and antibodies (Table 4).
All samples were negative for XMRV nucleic acid except one
(0739), which was indeterminate. No sample was found to
be antibody reactive by our ELISA criteria (at least 50%
reactive relative to the macaque positive control sera). Twelve
of the 108 samples were indeterminate for XMRV reactivity
to either CA or TM (2 standard deviations above the average
negative human sample) but were negative for nucleic acid
(Table 4). No sample was indeterminate or positive for both
XMRV nucleic acid and antibody, and therefore, all were
determined to be negative for XMRV infection.

4. Discussion

After publication of the XMRV study by Lombardi et al. in
October 2009 suggesting a possible disease association with

CFS and a surprisingly high apparent seroprevalence for
XMRV even among healthy control subjects, researchers at
the NCI-Frederick set out to develop rigorous methods to
evaluate the prevalence of XMRV infection. Using control
samples, including spiked specimens where appropriate, we
developed assays to measure plasma XMRV RNA viremia,
cell-associated XMRV DNA levels, and antibodies to XMRV
CA and TM. Because Lombardi et al. reported the presence
of culture rescuable replication-competent virus from the
blood of study subjects using coculture with a human cell line
(LNCap), we created DERSE cells, derivatives of the same
LNCap cells with a fluorescent reporter to detect XMRV
replication. These cells broadly and sensitively detect the
replication of different MLV-related gammaretroviruses that
exhibit a tropism for human prostate cancer cells. In the
absence of patient-derived definitive positive and negative
control specimens, we applied our different assay methods
to samples obtained from two pigtail macaques prior to
and after experimental XMRV inoculation. XMRV plasma
viremia was detectable in both inoculated macaques for 2-
3 weeks after inoculation but then declined to undetectable
levels (Del Prete et al., in preparation). However, XMRV
DNA in PBMCs and serum antibodies remained at readily
measurable levels for the duration of study follow-up in
both animals (Del Prete et al., in preparation). Evaluation
of samples from the inoculated macaques demonstrated the
ability of our methods to reliably detect evidence of XMRV
infection in blood samples and showed that XMRV provirus
and antibodies persist even when viremia is not detectable.

In the development of diagnostic tools for XMRV in-
fection, it became clear that a single method for XMRV
detection would not be sufficient for definitive diagnosis due
to a high frequency of false positives by PCR from contam-
inating nucleic acids (especially mouse genomic DNA) and
high background reactivity seen by ELISA, even in samples
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Figure 3: Testing plasma samples from prostate cancer patients for replication competent XMRV. Twelve samples were blinded as to their X-SCA
and ELISA results and were tested for replicating virus using the DERSE.L-iG-P assay in two separate experiments. Six samples were tested
in experiment 1 at passages 10, 13, 17, and 22 (a). All passages were negative for XMRV while virus was recovered from the positive control
samples (107 copies of XMRV from 22Rv1 cells spiked into human plasma). Six additional samples were tested in experiment 2 at passages
6, 9, and 16 (b). All passages were negative for XMRV while virus was recovered from the positive control samples.
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Table 4: X-SCA and ELISA results on prostate cancer samples from UC-Davis cohort.

Plasma RNA Plasma RNA

Patient ID Copies/mL ELISA result Overall result Patient ID Copies/mL ELISA result Overall result

P0005 <16.5 Indeterminate NEGATIVE P0566 <16.5 NR NEGATIVE

P0013 <16.5 NR NEGATIVE P0572 <16.5 NR NEGATIVE

P0015 <16.5 NR NEGATIVE P0592 <16.5 NR NEGATIVE

P0024 <16.5 NR NEGATIVE P0593 <16.5 NR NEGATIVE

P0026 <16.5 NR NEGATIVE P0605 <16.5 NR NEGATIVE

P0027 <16.5 NR NEGATIVE P0611 <16.5 NR NEGATIVE

P0031 <16.5 NR NEGATIVE P0612 <16.5 NR NEGATIVE

P0034 <16.5 NR NEGATIVE P0617 <16.5 NR NEGATIVE

P0036 <16.5 NR NEGATIVE P0632 <16.5 NR NEGATIVE

P0044 <16.5 NR NEGATIVE P0637 <16.5 NR NEGATIVE

P0045 <16.5 NR NEGATIVE P0641 <16.5 NR NEGATIVE

P0118 <16.5 NR NEGATIVE P0650 <16.5 NR NEGATIVE

P0133 <16.5 NR NEGATIVE P0657 <16.5 Indeterminate NEGATIVE

P0144 <16.5 NR NEGATIVE P0659 <16.5 NR NEGATIVE

P0154 <16.5 NR NEGATIVE P0672 <16.5 NR NEGATIVE

P0156 <16.5 NR NEGATIVE P0673 <16.5 NR NEGATIVE

P0162 <16.5 Indeterminate NEGATIVE P0675 <16.5 NR NEGATIVE

P0167 <16.5 NR NEGATIVE P0679 <16.5 NR NEGATIVE

P0170 <16.5 NR NEGATIVE P0685 <16.5 NR NEGATIVE

P0172 <16.5 NR NEGATIVE P0710 <16.5 NR NEGATIVE

P0177 <16.5 NR NEGATIVE P0721 <16.5 NR NEGATIVE

P0185 <16.5 NR NEGATIVE P0723 <20.6 NR NEGATIVE

P0195 <16.5 Indeterminate NEGATIVE P0726 <16.5 Indeterminate NEGATIVE

P0209 <16.5 NR NEGATIVE P0733 <16.5 NR NEGATIVE

P0219 <16.5 Indeterminate NEGATIVE P0739 55 NR NEGATIVE

P0232 <16.5 NR NEGATIVE P0766 <20.6 NR NEGATIVE

P0239 <16.5 NR NEGATIVE P0778 <16.5 NR NEGATIVE

P0293 <16.5 NR NEGATIVE P0787 <16.5 NR NEGATIVE

P0306 <16.5 NR NEGATIVE P0792 <16.5 NR NEGATIVE

P0314 <16.5 NR NEGATIVE P0826 <16.5 NR NEGATIVE

P0321 <16.5 NR NEGATIVE P0846 <16.5 NR NEGATIVE

P0322 <16.5 NR NEGATIVE P0848 <16.5 NR NEGATIVE

P0325 <16.5 NR NEGATIVE P0852 <20.6 NR NEGATIVE

P0327 <16.5 NR NEGATIVE P0906 <16.5 Indeterminate NEGATIVE

P0332 <16.5 Indeterminate NEGATIVE P0916 <16.5 NR NEGATIVE

P0340 <16.5 Indeterminate NEGATIVE P0923 <16.5 NR NEGATIVE

P0342 <16.5 NR NEGATIVE P0952 <16.5 NR NEGATIVE

P0346 <16.5 Indeterminate NEGATIVE P0984 <16.5 NR NEGATIVE

P0348 <16.5 NR NEGATIVE P0989 <16.5 NR NEGATIVE

P0351 <16.5 NR NEGATIVE P0996 <16.5 NR NEGATIVE

P0355 <16.5 NR NEGATIVE P0999 <16.5 NR NEGATIVE

P0366 <20.6 NR NEGATIVE P1010 <16.5 NR NEGATIVE

P0380 <16.5 NR NEGATIVE P1025 <16.5 NR NEGATIVE

P0382 <16.5 NR NEGATIVE P1032 <16.5 NR NEGATIVE

P0384 <16.5 NR NEGATIVE P1063 <16.5 NR NEGATIVE



10 Advances in Virology

Table 4: Continued.

Plasma RNA Plasma RNA

Patient ID Copies/mL ELISA result Overall result Patient ID Copies/mL ELISA result Overall result

P0388 <16.5 NR NEGATIVE P1076 <16.5 NR NEGATIVE

P0509 <16.5 Indeterminate NEGATIVE P1086 <16.5 NR NEGATIVE

P0511 <16.5 NR NEGATIVE P1108 <16.5 Indeterminate NEGATIVE

P0530 <16.5 NR NEGATIVE P1110 <16.5 NR NEGATIVE

P0532 <16.5 NR NEGATIVE P1211 <16.5 NR NEGATIVE

P0535 <16.5 NR NEGATIVE P1268 <16.5 NR NEGATIVE

P0536 <16.5 NR NEGATIVE P1297 <16.5 NR NEGATIVE

P0544 <16.5 NR NEGATIVE P1304 <16.5 NR NEGATIVE

P0562 <16.5 NR NEGATIVE P1318 <16.5 NR NEGATIVE

from healthy control subjects, presumably reflecting cross-
reactivity. Therefore, we suggest a multiple assay approach
to determine the XMRV status of patient samples. We estab-
lished diagnostic criteria requiring that all replicates from
X-SCA analysis must be positive and that serum antibodies
and/or replicating virus must also be detectable in the
same patient in order to report the patient XMRV positive.
Samples resulting in discordant results from PCR replicates
are reported as indeterminate. Despite earlier reports that
evidence of XMRV infection was detected in as many as 20%
of prostate tumors [2, 10–12], using the assays we developed,
we did not find clear evidence for XMRV in the blood of
two independent cohorts of patients with prostate cancer
(total n = 134) or in the prostate tissue of a small subset
of these individuals (n = 19). Based on previously reported
frequencies of XMRV detection in prostate cancer patients,
if XMRV is present in the blood of infected individuals,
we expected that approximately 27 of the 134 patients in
our study would be positive for XMRV. One patient from
the NIH cohort (0771) had an indeterminate X-SCA result
(2/3 reactions were positive for RNA). This sample was also
positive for reactivity to CA and TM by ELISA. However, no
XMRV DNA was found in the whole blood from this patient,
and replication competent virus could not be recovered from
the sample. Taken together, these data are considered an
indeterminate result by our criteria. No other samples were
positive by more than one diagnostic method.

The occasional positive X-SCA reaction is not above
background for this assay. We regularly run 96-well plates of
“no template controls” using both our X-SCA primers and
primers targeting intracisternal A particles (IAP) [20, 21, 33]
that are present in high copies in the mouse genome in order
to monitor the levels of contaminating mouse DNA in the
reagents and in the environment. We have found that about
5% of wells are positive with the X-SCA primers and about
20% with the IAP primers. Based on these backgrounds, we
expect to detect low levels of mouse DNA contamination in
samples tested, as seen is this study and in others [20, 21, 33].
Therefore, we required that all replicates of patient samples
be positive to obtain a “positive” X-SCA result. We did not

test the samples directly with IAP primers since we have not
successfully found reagents and an environment that are free
from mouse genomic DNA (on average about 1/3000 of a
mouse genome per PCR reaction).

Although we had an occasional indeterminate result
for XMRV RNA in the plasma samples studied, we did
not detect XMRV DNA in any sample tested, despite the
ability of our assay to sensitively detect XMRV DNA in
spiked control samples and in specimens from inoculated
macaques [28] (Del Prete et al., in preparation). Results
from the inoculated macaques showed that in experimental
infection, XMRV proviral DNA is readily measurable in
blood cells even when plasma viremia was not detectable
(Del Prete et al., in preparation), further suggesting that
these patients do not carry XMRV in their blood. Findings
from previous studies reporting higher prevalence for XMRV
in similar cohorts [2, 11, 12] typically involved testing of
prostate tumors. None of these studies reported the detection
of XMRV in blood samples or the isolation of infectious
virus from clinical specimens, and only one measured the
presence of reactive antibodies through a virus neutralization
assay [10]. Detection of antibody responses to specific viral
proteins by ELISA or by reactivity to XMRV immunoblots
was not assessed. If we had used less rigorous criteria basing
an overall diagnosis on a single, nonconfirmed test and not
requiring all replicates to yield the same result, then our two
cohorts would have given rise to an apparent, and in our view
almost certainly incorrect, reported XMRV prevalence rate
of approximately 12%. These considerations may explain
conflicting prior reports for the prevalence of XMRV and
are consistent with claims that XMRV detection is likely
the result of laboratory contamination [22, 26, 33, 34]. Par-
ticularly given the potential for false positive results in PCR
and serological assays for XMRV, our results suggest that
applying multiple diagnostic methods including measuring
levels of proviral DNA in blood cells provides a more
reliable approach for investigating the prevalence of XMRV.
These results also demonstrate that XMRV nucleic acid, and
antibodies are undetectable in the blood of patients with
prostate cancer.
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Although XMRV dissemination in humans is a matter of debate, the prostate of select patients seem to harbor XMRV, which
raises questions about its potential route of transmission. We established a model of infection in rhesus macaques inoculated with
XMRV. In spite of the intravenous inoculation, all infected macaques exhibited readily detectable XMRV signal in the reproductive
tract of all 4 males and 1 female during both acute and chronic infection stages. XMRV showed explosive growth in the acini
of prostate during acute but not chronic infection. In seminal vesicles, epididymis, and testes, XMRV protein production was
detected throughout infection in interstitial or epithelial cells. In the female monkey, epithelial cells in the cervix and vagina
were also positive for XMRV gag. The ready detection of XMRV in the reproductive tract of male and female macaques infected
intravenously suggests the potential for sexual transmission for XMRV.

1. Introduction

Xenotropic murine leukemia virus-related retrovirus
(XMRV), a gammaretrovirus, was initially discovered in a
study that used prostate carcinoma tissues and later in a
study that used blood of chronic fatigue syndrome patients
[1, 2], although other labs have been unable to detect
XMRV in such patients [3] or have suggested that most
of the findings based on nucleic amplification techniques
were secondary to contamination with mouse DNA [4–7].
Moreover the link to chronic fatigue has recently been
seriously questioned [8]. However, the detection of XMRV
in select prostate cancers was not all based on methods using
nucleic acid amplification, and while the etiological role
of XMRV infection for cancer remains uncertain, XMRV
represents a novel gamma retrovirus capable of infecting
several human host cell lines [9], and hence, a potential
zoonotic agent. In fact, infection of humans with this virus
might have resulted from a zoonotic transmission from

mouse to man [1] similar to the transspecies transmission
reported with the Koala retrovirus, a gammaretrovirus
closely related to XMRV [10]. Though both cell-associated
and cell-free transmission of XMRV have been reported
[2] and there is indirect evidence for potential respiratory
[11] or sexual [12] transmission, the exact route or
mechanism of transmission still remains unresolved. To
better understand the XMRV pathogenesis, our lab recently
established an animal model of XMRV infection using
rhesus macaques. Results of this study have recently been
published, demonstrating unequivocally that XMRV is
infectious for primates, inducing a persistent infection
which, given the right context, may be reactivated in vivo
[13]. During the histological analyses of these animals, it
was realized that in spite of the generalized infection, XMRV
appeared to show a predilection for tissues and organs of the
reproductive tract in this model, suggesting the potential for
sexual transmission.



2 Advances in Virology

(a) (b) (c) (d)

(e) (f) (g)

Figure 1: Detection of XMRV gag in the prostates of two acutely infected macaques RLm-1 ((a, b), day 6 pi) and ROu-4 ((c, d), day 7 pi);
one chronically infected macaque RLq-10 ((e, f), day 144 pi); control macaque RPd-7 (f). Immunohistochemistry ((a)–(f)). Magnification,
×40 ((a, c)), ×200 ((b, d, e, and f)). FISH (g), magnification, ×600, ×1000.

2. Materials and Methods

2.1. Animals. Nine adult healthy rhesus macaques (5
infected—4 males and 1 female and 4 controls—3 males
and 1 female) of Indian origin with ages ranging from 5–
17 years were used for this study. These macaques were
housed at the Yerkes National Primate Research Center at
Emory University under BSL-2+ housing conditions and
maintained in accordance with the instructions of the
Committee on the Care and Use of Laboratory Animals
of the Institute of Laboratory Animal Resources, National
Research Council, and the U.S. Public Health Service (PHS)
Guidelines, Guide for the Care and Use of Laboratory Animals.

2.2. XMRV Inoculation. Five monkeys were inoculated with
3.6 × 106 TCID50 of XMRV grown in DU145 prostate
cancer cells delivered intravenously [13]. Euthanasia and
necropsies of the first 3 monkeys were performed at days
6, 7 (acute infection, RLm-1 and ROu-4, resp.), and 144 pi
(RLq-10) after a single-XMRV infection. The last 2 animals
(RYl-10 and RIm-10) were reinoculated at day 158 after
infection (pi) with 3.6 × 106 TCID50 of sucrose-purified
XMRV (Advanced Biotechnologies, Inc., Columbia, Md,
USA) again delivered IV. These 2 monkeys were euthanized
at day 291/133 pi (after primary/secondary infection, resp.).
At necropsy, reproductive tissue from the males (prostate,
testes, seminal vesicle, and epididymis) and females (cervix
and vagina) were collected in 10% neutral buffered formalin
and fixed for 24 hours. Control animals (three males, one
female) were not infected with XMRV, but housed and cared

for in similar accommodations, but not in the same rooms.
Three of the controls were sacrificed for noninfectious
reasons, and one (male) was chronically infected with simian
immunodeficiency, but without clinical progression to AIDS.

2.3. Immunohistochemistry. The formalin-fixed paraffin-
embedded tissue was sectioned at 4 µM thickness and slides
prepared. After deparaffinization, the slides were rehydrated
and antigen retrieval done by microwave treatment after
quenching of endogenous peroxydases. The sections were
incubated with a 1 : 100 dilution of a rat anti-SFFV anti-
body cross-reactive to XMRV [1] followed by biotinylated
antirat polyclonal antibody and the ABC reagent (Vector
Laboratories). Virus was detected by the development of the
chromogenic substrate 3,3′-diaminobenzidine (Dako) and
counterstained with hematoxylin. Each run was performed
with relevant negative and positive controls. Slides were
read using an Olympus BX-41 light microscope. Fluorescent
in situ hybridization (FISH) to XMRV nucleic acids was
performed as described previously [1, 13]. Though some
recent reports that have suggested XMRV detection using
RT-PCR in specimens collected from human patients may
be the result of laboratory contamination [4–7], the data
generated in our study did not rely on amplification
techniques involving PCR.

The techniques used here (IHC and FISH) were not
susceptible to contamination errors, our laboratory does not
work with rodent tissues, and while tissue collections from
each animal were done at different times, embedding and
slides preparation were processed as a batch.
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(a) (b) (c) (d)

(e) (f) (g)

Figure 2: Detection of XMRV gag in the other reproductive tissues of the infected male macaques: seminal vesicle, ROu-4 ((a) day 7 pi),
RLm-1 ((b) day 6 pi), RIl-10 ((c) day 291/133 pi), RLq-10 ((d) day 144 pi), testis, RIl-10 ((e) day 291/133 pi), testis, RLq-10 ((f) day 144 pi),
epididymis, RLq-10 ((g) day 144 pi). Immunohistochemistry. Magnification, ×400 (a, b, c, d, g) and ×200 (e, f).

3. Results and Discussion

A detailed analysis of the XMRV infection, viral dissemina-
tion, and antibody responses in these macaques is published
elsewhere [13]. Here, our analyses focused on the viral
distribution in the reproductive tract and its potential
implication for sexual transmission. Briefly, none of the
infected animals showed any obvious clinical symptoms for
the entire 9 months of followup, based on activity levels,
food intake, hematological, or serum chemistry findings.
The infected animals were sacrificed at different times after
infection to obtain tissues representative of the acute and
chronic virus dissemination with clear separation from one
another. Control and XMRV-infected tissues were, however,
embedded and sectioned in parallel, and assayed together
as batches. All tissues were Lymphoid organs like spleen,
lymph nodes, and the gastrointestinal lamina propria and
nonlymphoid organs like lung, brain, liver, and bone marrow
contained cells positive for XMRV by IHC and/or FISH
for which semiquantitative analysis was performed [13]. Of
note, several tissues such as CNS, heart, adrenal gland, gall
bladder, kidney, and urinary bladder were negative by IHC
with only a rare single FISH signal [13]. In contrast, there was
an absence of signal all organs of uninfected control rhesus
macaques run in the same batches as samples from XMRV
infected monkeys.

No significant gross or histologic lesions were observed in
the reproductive tract of all animals except for the presence of
mononuclear cell infiltrates in prostate tissues [13], although
such findings are not uncommon in age matched controls.
During acute XMRV infection (days 6-7 pi) extensive foci of

(a) (b)

(c) (d)

Figure 3: Detection of XMRV gag in the cervix (a, b) and vagina
(c) of the female rhesus macaque (RYh-10, day 291/133 pi), and
in the vagina of a control female rhesus macaque RFm-2 (d).
Magnification, ×200 (a, d), ×400 (b, c).

XMRV, positive acinar epithelial cells were detected in the
prostate of these monkeys. (Figures 1(a) and 1(d)). Figures
1(a) and 1(c) (arrows) show an overview of the multiple foci
of positively staining glandular epithelial cells in the prostate
of the two acutely infected animals. The presence of XMRV
in the epithelial cells of the prostate, with the surrounding
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stroma being negative during the acute infection, suggests
cell-to-cell transmission in the glandular acini and also that
prostate is a predilection site for the early XMRV infection.
Though XMRV was no longer detected by IHC in the
prostate during the chronic phase of infection (Figure 1(e)),
similar to the control macaques (Figure 1(f)), XMRV nucleic
acid signals were still observed using FISH (Figure 1(g)). This
suggests a lack of replication, an unsuitable environment,
or some form of active control of viral replication which
remains to be determined.

Other tissues showing positive staining in the male-
reproductive tract included seminal vesicles (Figure 2(a) and
2(d)) and testes of both acute (Figure 2(e)) and chronically
(Figure 2(f)) infected animals. The epididymis of one chron-
ically infected animal (Figure 2(g)) revealed frequent positive
epithelial cells. Of interest, the morphology of the cells
expressing XMRV protein varied from glandular epithelial
cells in the prostate, seminal vesicle, and epididymis to
the interstitial cells in the testes. Remarkably, even the
reproductive tissue sampled from the only female monkey
included in our study showed positive XMRV staining at
9 months after infection. Occasional mucosal epithelial
cells in the cervical epithelium (Figures 3(a) and 3(b))
and submucosal cells, presumably fibroblasts, (Figure 3(c))
in the vaginal submucosa expressed XMRV gag protein.
Viral protein detection was consistently negative in the
reproductive tract of the control female rhesus macaque
(Figure 3(d)).

Our study used the intravenous mode of virus adminis-
tration to ensure infection. But, despite using this route, the
virus to our surprise rapidly concentrated in the lower repro-
ductive tract of both male and female macaques, suggesting
a potential for the sexual mode of transmission. Lending
support to this hypothesis are previous reports showing
the detection of XMRV RNA in human prostatic secretions
[12], and the finding that XMRV replication is enhanced by
androgens due to the presence of a glucocorticoid response
element (GRE) [7]. Moreover, human semen or cationic
amyloid fibrils, a degradation product from prostatic acid
phosphatase, has been shown to promote the transmission
of HIV and XMRV in vitro [12, 14, 15], suggesting another
mechanism potentially facilitating mucosal transmission in
vivo. Though recent reports have suggested that XMRV
detection using RT-PCR in specimens collected from human
patients may be the result of laboratory contamination [12],
the data generated in our study relied on techniques (IHC
and FISH) that did not include gene amplification and
are therefore rather impervious to sample contamination.
Moreover, negative controls on this study were consistently
negative using these techniques.

In conclusion, our study demonstrates XMRV protein
expression in the reproductive tract of the experimentally
infected rhesus macaques at all times after infection support-
ing the potential for sexual transmission of this virus.
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amyloid fibrils drastically enhance HIV infection,” Cell, vol.
131, no. 6, pp. 1059–1071, 2007.

[15] N. R. Roan, J. Münch, N. Arhel et al., “The cationic
properties of SEVI underlie its ability to enhance human
immunodeficiency virus infection,” The Journal of Virology,
vol. 83, no. 1, pp. 73–80, 2009.




