Mouse retroviruses and chronic fatigue syndrome:
Does X (or P) mark the spot?
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ive years ago, a retrovirus re-
sembling a murine leukemia virus
(MLV) was found in patients with
prostate cancer (1), and last year,
a similar gammaretrovirus was identified
in patients with chronic fatigue syndrome
(CFS) (2). The agent was named xeno-
tropic MLV-related virus (XMRYV), be-
cause its env gene was nearly identical to
that of xenotropic MLV, an infectious
endogenous MLV that preferentially in-
fects cells from foreign species, including
humans (Fig. 14) (3). The two reports
struck a common chord, because the viral
sequences found in prostate cancer and
CFS were nearly identical. A second
common theme emerged in reports from
Europe that XMRV was rarely found, if at
all, in prostate-cancer samples or patients
with CFS; however, other investigators
confirmed the presence of XMRYV in
prostate-cancer samples from North
America (4). Although a recent report
from the Centers for Disease Control and
Prevention (CDC) did not find a link be-
tween XMRYV and CFS (5), distinct MLV-
related sequences are found in serial
samples collected from the mid-1990s to
2010 from patients with CFS reported
in the study by Lo et al. (6) in PNAS.
However, the reasons for the current
geographical restriction and the source of
the infection are baffling.

Originally, a viral etiology of familial
prostate cancer was pursued in patients
with RNase L deficiency, an antiviral
endoribonuclease that relays the antiviral
IFN response (7). Because modulated
RNase L activity has been linked with
CFS, similar case-control studies were
conducted, and XMRYV was found in 67%
of CFS patients (2). Since then, XMRV
has been found in prostate-cancer patients
with no link to RNase L deficiency (4) and
in 3.7% of healthy donors in the original
CFS study (2). Lo et al. detect MLV-
related sequences in 88% of their CFS
samples and 6.8% of control blood donors
(6). If verified, this perplexing frequency of
detecting MLV-like sequences in blood
donors suggests a more widespread source
of infection.

The gag gene sequences identified by
Lo et al. (6) share 96.6% homology with
XMRYV, but they seem divergent in a re-
gion that has long puzzled virologists.
Over 30 y ago, extracellular glycosylated
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Fig. 1.

MLV-related sequences in CFS patients. (A) Virions are represented with color-coded genomic

RNA caged in hexagonal gag-encoded capsids, with glycogag and the env-encoded envelope (Env)
glycoproteins represented as zigzag lines, circles, and sticks, respectively. Env determines tropism for
mouse and not human cells (ecotropic), nonmouse cells (xenotropic), or both cell types (polytropic).
XMRV seems to be a xenotropic/polytropic recombinant that may both lack glycogag (see below) and
require complementation with another infectious agent to spread in humans. (B) Schematic MLV proviral
DNA genome with the glycogag, gag, and env CTG and ATG translation initiation codons. The xeno-
tropic (black) or polytropic (gray) origin for env, when known, and the glycogag leader sequence (up-
stream of the gag ATG) are shown with the corresponding in-frame 24- (xenotropic) or 9-bp (polytropic)
deletion and a frameshift (lightning) that leads to a stop codon (star). Sequences reported in PNAS (6) do

not allow predictions on glycogag production.

forms of the MLV Gag proteins were
identified (8) and found to be translated
from an alternative CTG initiation codon
in-frame with the conventional gag ATG
to append a type II leader sequence to the
Gag precursor (9) (Fig. 1B). Glycosylated
forms of Gag, or glycogag, can be in-
corporated in virions (10) and are required
for efficient viral release (11), spread,
and pathogenesis (12, 13) (Fig. 14). In-
triguingly, the hepatitis B virus harbors

a similar precore region that encodes the
e antigen (HBeAg) in-frame with the core
protein, and natural mutants with stop
codons preventing expression of HBeAg
have been reported to arise during the
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natural course of infection (14). Similarly,
the 24-bp in-frame deletion common to all
XMRV isolates located in the glycogag
leader sequence maintains the ORF,
whereas the ORF is eventually occluded
by an upstream point deletion (Fig.1B).
The sequences reported by Lo et al. (6)
with a 9-bp deletion are distinct from that
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of XMRV. Although the available se-
quence also maintains the glycogag ORF,
sequence information on the CTG region
and availability of the ORF is

still outstanding.

Lo et al. (6) report that the MLV-
related sequences that they identify cor-
respond to polytropic and not xenotropic
MLV sequences that differ in their Env
host range. Both xenotropic and polytropic
MLV Env bind the polymorphic Xprl
receptor to mediate cell entry, although
with different efficiencies in laboratory
and wild-mouse strains (15-18). There-
fore, identifying the precise origins and
relatedness of both these MLV-related
agents found in humans becomes of par-
amount importance to clarify the source
and epidemiology of infection and ulti-
mately, the potential role in disease. In-
deed, XMRYV genomes (1, 2) are actually
hybrids between polytropic endogenous
MLV sequences for their 5" half up to
approximately the middle of pol and
xenotropic MLV for their 3’ half that
harbors env. The glycogag leader of
XMRYV matches 100% of a polytropic
endogenous sequence of the 129 x 1/Sv]
laboratory mouse strain (accession no.
AAHY01591888.1), a commonly used
strain for gene knock-outs in embryonic
stem cells. However, the glycogag/gag se-
quences reported by Lo et al. (6) best
match endogenous polytropic sequences
of the C57BL/6J laboratory strain of Mus
musculus, with 99% nucleotide homology,
and the env sequences share 97% homol-
ogy with similar endogenous polytropic
MLV and mink cell focus-forming viruses.

Env cross-dressing between different
MLV, known as pseudotyping, is a com-
mon feature in dually infected hosts (19),
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allowing MLV to extend their original
tropism. Indeed, the multiple origins of
these xenotropic sequences, the hybrid
nature of the XMRYV genome, and the
occlusion of the otherwise necessary
glycogag ORF underscore the potential
complementation and recombinational
events that may lead to their transmission
into humans. Interestingly, MLV glycogag
can both increase the production of HIV-1
(11) and efficiently substitute for Nef to
reestablish HIV-1 spread (20). These ob-
servations suggest a scenario in which
retroviruses, MLV-related agents, and
potentially, other viral agents may cross-
complement to promote coinfection and
enable pathogenicity.

The current data suggest that a variety
of xenotropic and polytropic MLV can
be found in North Americans with and
without disease. To add to this bewilder-
ment, it is likely that more than one en-
vironmental agent impacts on the deve-
lopment of both CFS and prostate cancer.
At this juncture, it would seem reasonable
to conduct extensive case-control studies
in North America, as suggested by Lo et al.
(6), using coded control samples from
subjects with inflammatory disease to de-
termine the frequency of MLV infection in
patients with CFS. The potential trans-
mission of MLV-related sequences from
human to human should also be epidemi-
ologically evaluated.

As we currently lack postulates to prove
a causal association with a prevalent agent
and a chronic disease with genetic pre-
disposition, it would also be appropriate to
conduct interventional studies. Indeed, the
Helicobacter pylori hypothesis of peptic
ulcer disease was only accepted after Barry
Marshall showed that bacterial eradication
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with antibiotics cured peptic ulcer disease
(21). Studies to gain proof of principle
have been performed with antivirals in
other chronic, idiopathic diseases linked to
retroviral infection, such as primary biliary
cirrhosis associated with mouse mammary
tumor virus, another possible murine
zoonosis (22). Trials using a combination
of reverse transcriptase inhibitors led to
significant improvements in clinical, his-
tological, and biochemical outcomes in
these patients, albeit with some evidence
of viral resistance to therapy (23). Such
studies are now feasible for CFS, because
reverse-transcriptase inhibitors, such as
tenofovir and emtracitabine, and the in-
tegrase inhibitor raltegravir can inhibit
XMRYV (24).

The caveats for conducting clinical trials
in patients with CFS and MLV infection
are that the potential benefits of treatment
should outweigh the risks; also, studies
should be conducted as randomized con-
trolled trials with meaningful and feasible
endpoints using robust therapies. At this
juncture, studies to establish proof of
principle are justified to determine
whether safe antiviral regimens can impact
on CFS and to determine whether xeno-
tropic or polytropic MLV is causally as-
sociated with this debilitating disease.
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