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A few years ago, a highly significant association between the xenotropic murine leukemia
virus-related virus (XMRV) and myalgic encephalomyelitis/chronic fatigue syndrome (ME/
CFS), a complex debilitating disease of poorly understood etiology and no definite
treatment, was reported in Science, raising concern for public welfare. Successively, the
failure to reproduce these findings, and the suspect that the diagnostic PCR was vitiated
by laboratory contaminations, led to the retraction of the paper. Notwithstanding, XMRV
continued to be the subject of researches and public debates. Occasional positivity in
humans was also detected recently, even if the data always appeared elusive and non-
reproducible. In this study, we discuss the current status of this controversial association
and propose that a major role in the unreliability of the results was played by the XMRV
genomic composition in itself. In this regard, we present bioinformatic analyses that show:
(iy aspecific, spurious annealings of the available primers in multiple homologous sites of
the human genome; (ii) strict homologies between whole XMRV genome and interspersed
repetitive elements widespread in mammalian genomes. To further detail this scenario,
we screen several human and mammalian samples by using both published and newly
designed primers. The experimental data confirm that available primers are far from being
selective and specific. In conclusion, the occurrence of highly conserved, repeated DNA
sequences in the XMRV genome deeply undermines the reliability of diagnostic PCRs by
leading to artifactual and spurious amplifications. Together with all the other evidences,
this makes the association between the XMRV retrovirus and CFS totally unreliable.
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INTRODUCTION

Myalgic encephalomyelitis/chronic fatigue syndrome (ME/CEFS) is a complex, debilitating disease
of poorly understood etiology. It follows a prolonged course, with relapses and remissions, and is
characterized by persistent, unexplained fatigue associated with impaired memory or cognition,
pain, and a diversity of immune, neurological, and autonomic symptoms (1). A cardinal feature is the
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worsening of symptoms following minimal physical or mental
exertion that can persist for days or weeks and is not relieved by
sleep. There are therapies that help patients to minimize some
symptoms, but no definitive treatment is available. The illness is
globally endemic, with a prevalence estimated around 0.11-0.19%
of adult population in the UK (2) and 0.4% in the USA, where it
affects over 800,000 adults (3). Annual direct costs for medical
care are estimated as 7 billion dollars (3); considering also indi-
rect costs in terms of, e.g., lost productivity and social costs for
patients and families, it becomes clear that ME/CEFS represents a
serious challenge for clinical medicine and public health.

Usually, ME/CFS cases are sporadic, but occasional out-
breaks have been reported, with geographic and/or temporal
clusters [see, for example, Ref. (4, 5)]. A widely studied out-
break of ME/CEFS took place in the lake Tahoe region (Northern
Nevada/California) from 1984 to 1987 and was recorded in 259
patients (6).

A dysfunction in the body’s response to infection is known to
play a major role in the onset of ME/CES (7), even if etiology and
underlying mechanisms are poorly understood. Signs of autoim-
munity and metabolic disturbances are often found (8). Infectious
origins have been invoked as prodromal events: proposed viral
candidates include Epstein-Barr virus, human herpesvirus 6,
Borna disease virus, and enteroviruses (9-11). Other proposed
agents include bacteria (Borrelia burgdorferi and Coxiella burnetii
among others) and fungi (Candida albicans) (10).

In 2009, Science published a paper by Lombardi et al. that
established a causal relationship between ME/CFS and a murine
xenotropic retrovirus (i.e., integrated into the animal’s genome,
but not able to infect cells from that species): the xenotropic
murine leukemia virus-related virus (XMRV). XMRV sequences
were isolated by a diagnostic PCR in 67% of ME/CFS patients vs.
3.7% of healthy controls, and authors claimed the detection of
anti-XMRV antibodies in the sera of ill patients as well as isola-
tion of infectious virus from patients’ CD4+ T cells.

Incidentally, XMRV was the same virus linked, a few years
before, by Urisman and co-workers, to prostate cancer (PC) in
patients with impaired innate antiviral activity caused by a muta-
tion in Rnase L gene (12).

The Lombardi et al’s paper was considered a major scientific
breakthrough and provoked a remarkable echo in the public
opinion and concern for public welfare. Indeed, the link between
XMRYV and either PC or CFS/ME raised the fear for a new HIV-1
case: a retroviral pathogen potentially able to be transmitted
between individuals through blood supplies from healthy donors
[as reported in Ref. (13)] and that had spilled over from mice to
humans (14).

Unfortunately, in the case of ME/CEFS, before this claim had
been fully validated, many patients embraced XMRV as the long-
sought causal agent and began considering potential treatments.
Because of the similarities between the mouse virus and HIV,
some of them even started taking AIDS drugs (15).

An eruption of studies rapidly followed, which investigated
independent patient cohorts for XMRV. Most of these papers failed
to find any association or causal relationship at all, with both PC
and CFS/ME [e.g., Ref. (16-19)]. Among these, a multi-blinded
trial, co-authored by the original investigators who described the

association, revealed no evidence at all of either XMRV or other
murine leukemia virus (MLV) infection in a cohort of rigorously
characterized, geographically diverse populations of ME/CFS
patients (10). However, the public alarm raised by these results
was such that, despite these clear inconsistencies, FDA voted in
favor of an indefinite deferral to donate blood of all individuals
with a medical history/diagnosis of ME/CES (20).

Overwhelming evidence was then produced that XMRYV is a
laboratory-derived virus, with uncertain diffusion in the “real
world,” which originated in the mouse genome from the recom-
bination between two endogenous proviruses (PreXMRV-1 and
PreXMRV-2) during the process of production of the PC 22Rv1
cell line, in particular, when passing the primary tumor tissue
in nude mice [Ref. (14) for a review]. In this regard, Das Gupta
and co-workers clearly demonstrated the absence of XMRV and
other related viruses in the primary PC tissue used to generate
the 22Rv1 cells, in terms of either PCR assays, in situ hybridiza-
tions, infectious XMRYV, or the presence of antibodies against
the virus (21).

New data were also collected showing that the amplification
of XMRV sequences from patients had originated from poor
laboratory practices, particularly from contaminations due to the
widely used 22Rv1I cell line and to the presence of mouse DNA in
widely used laboratory reagents: DNA extraction columns, Tag
polymerases (particularly the ones containing mouse monoclo-
nal antibodies, MAbs) and RT-PCR enzymes (22) but also other
preparations containing MAbs, as antibodies to CD4, CD8, and
CD14 (23).

Finally, virological assays were attempted on ME/CFS blood
samples previously identified as XMRV positive for detecting the
presence of: (i) infectious XMRV or MLV particles; (ii) XMRV-
specific antibodies (23). No evidence of XMRV or MLV was found
in these samples by any of the multiple methodologies used. In
addition, sera from CFS and healthy controls, most likely through
the complement fraction, were found to inhibit these viruses, rais-
ing serious concerns about the possibility of a successful XMRV
infection in humans.

The inevitable consequence was the full editorial retraction
by Science of the paper by Lombardi et al. (24). Other papers
that had played crucial roles in this story were retracted: (i) the
report by Urisman et al. (12) on the association with XMRV-PC
(25); (ii) the paper by Lo et al. (13) which had detected
XMRYV in blood donors, proved to be vitiated by mouse DNA
contamination (26).

Since then, XMRV remained an elusive entity and the lat-
est case in the list of “human retroviruses” with a proposed
chronic disease or tumor association that did not pan out (27).
Nevertheless, it continued to be the subject of researches and
debates. As an example, it has been recently included among
the zoonoses screened in a survey of forestry workers, with a
seropositivity of 0/722 analyzed samples (28). Some PCR posi-
tivity in human patients has been still reported (29, 30). Once
again, results suffer from poor reproducibility, e.g., when using
independent genomic DNA preparations from the same indi-
viduals, and have been justified as due to contaminations of PCR
reagents with murine DNA (14, 30) or to air-driven amplicon
contaminants (29).
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However, as already underlined by some researchers, contami-
nation alone does not seem to adequately explain the detection
of XMRV by Lombardi et al., especially for what concerns the
diagnostic PCR (23).

With the current paper, we would like to suggest that at the
origin of these misinterpretations and elusive PCR data, which
generated frustration in many patients with regard to the possible
availability of therapies for diseases with no treatment, there could
have been other co-causes that played major roles, in particular:

(i) Aspecific, spurious annealings of the primers described by
Lombardi et al. in a number of sites of the human genome.

(ii) Strict homologies between the PCR target (XMRV) and
interspersed repetitive elements (in particular, retroele-
ments) widespread in mammalian genomes that would make
any diagnostic PCR totally unreliable.

ANOTHER PIECE IN THE PUZZLE?

To verify whether the above-mentioned points have the potential
of playing substantial roles in explaining this story, we planned a
proof-of-concept survey of DNA sequence databases, and namely:

(i) A bioinformatic analysis on the primer sequences described
by Lombardietal. (31), compared against human and murine
(house mouse Mus musculus) genomes.

(ii) A broader bioinformatic analysis searching the same
genomes for homologies of the whole XMRV (NCBI Acc.
No. EF185282) and parental PreXMRV-1 (FR871849.1) and
PreXMRV2 (FR871850.1) sequences.

BIOINFORMATIC ANALYSIS ON THE
PRIMERS BY LOMBARDI ET AL.

The first pair of primers used for the XMRV diagnostic PCR targets
the viral GAG gene (F 5-ATCAGCTAACCTACCCGAGTC
GGA-3’; R 5'-GCCGCCTCTTCTTCATTGTTCTC-3’) with an
expected molecular weight of 736 bp. The second pair anneals
to the ENV gene (F 5-GCTAATGCTACCTCCCTCCTGG-3';
R 5-GGAGCCCACTGAGGAATCAAAACAGG-3’) and pro-
duces a 352-bp amplicon. Both pairs are used to screen DNA

TABLE 1 | Bioinformatic analyses on XMRV.

from peripheral blood mononucleated cells (PBMCs) of ME/CFS
patients and healthy controls, with a low stringency PCR program
including 45 amplification cycles.

We performed similarity searches for both pairs by means of
the basic alignment search tool program within the GenBank
database,' using the available specialized murine and human
genomic pages and their default parameters. The following criteria
were used to analyze the results: (i) only the first 50 BLAST results
were considered; (ii) among them, only the hits encompassing at
least the final 12 nucleotides at the 3’ end of the primer sequences
were selected. In addition, homologies for reverse (R) primers
were searched only in the BLAST entry that produced the best
expected value (E-value) for the corresponding forward (F) primer
companion. Based on the results (Table 1), both pairs of primers
appear highly susceptible to produce non-specific amplifications,
especially the ENV pair. In addition, due to the stringent criteria
used for our analysis, the number of possible mismatches is likely
to be underestimated, especially in the context of a 45-cycle PCR,
which is per se likely to produce a large number of artifacts. The
presence of multiple primer targets may lead, e.g., to the formation
of chimeric DNA molecules; PCR competition among the various
products, for its part, may explain the irreproducible results and
extra-bands which have been often reported in XMRV studies.
Finally, the same oligonucleotide, in these PCR conditions, may
act simultaneously as F and R primer (32).

BIOINFORMATIC ANALYSIS OF THE
WHOLE GENOME OF XMR VIRUS
AND PARENTAL PROVIRUSES

All the three retroviruses showed homologies on the near total-
ity (>90%, typically 97-100%) of their length (about 8 kbp)
with multiple regions of the murine genome. Table 2 shows
the detailed results for XMRYV, while those for PreXMRV-1 and
PreXMRV-2, being very similar, have not been reported for the
sake of clearness.

The homologous murine regions are in general annotated as
being composed of interspersed repeats and retroelements, often
of viral origin, as in the case of NC_000079.6 and, within this

'www.ncbi.nlm.nih.gov/BLAST.

Primer Length (ntt) Number of hits Accession no. showing the best E-value
Homo sapiens Mus musculus H. sapiens M. musculus

ENVF 22 17 18 NC_018927.2 (chr. 16) AC_00027.1 (chr. 5)

ENVR? 26 8 8 - -

GAGF 24 - 5 - AC_00030.1 (chr. 8)

GAGR® 23 2 NC_018914.2 (chr. 3) b

Hits produced by searching the primers by Lombardi et al. (31) against the BLAST human and mouse genome pages. Only the first 50 BLAST results were considered and, among
them, hits encompassing at least the final 12 nucleotides at the 3’ end of the primer sequences were selected.

2The sequence was reverse complemented before searching.

bThe reverse primers were searched against the same Acc no. producing the best E-value in their forward companions.

Best results were three 100% identities of nucleotides 10-23.
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TABLE 2 | Bioinformatic analyses on XMRV.

Genome  Acc no. producing hits %homology %coverage Region of the hit producing the Annotation of
with XMRV homology the region
Mouse NC_00079.6 (chr. 13 of strain C57BL/6J) 93 99 Multiple ERV-K; various uncharacterized
protein-coding loci
AC167466.6 (chr 7, clone RP24-220N8) 94 99 7918-20742 MIR, L1, RTLR4_MM
AC121813 (chr 9, clone RP23-457E5) 94 99 37845-45763 ERV1
AC161413.5 (chr 19, clone RP23-106D17) 94 99 30251-38177 RTLR4_MM
Human AC084198,31 (chr 3, clone RP11454H13) 67 10 39494-40066 HERV-HC2
NG_001019.6 (chr 14, IgH locus) 68 18 3 matches of a 500-bp unit Intergenic region among
plus other minor matches V segments
XR_945967 66 12 2888-3497; Long ncRNA
4124-4692
AC078899.1 (chr 19, clone CTC-575C13) 68 12 151757-152247; Located among Alu and
153125-153501 LTR6 repeats
ACO073174.5 (chr 10, clone RP11-319F12) 67 12 109485-110094; Not annotated

1100856-111289

Examples of hits produced by comparing XMRV (EF185282) genome against the BLAST human and murine genome pages.

entry, of the hit with the endogenous retrovirus group K (ERV-K).
Other hits on the same entry include “uncharacterized protein
loci” that, if searched against BLASTP, show identity with several
retroviral gag-pro-pol polyproteins belonging to XMRV and
to a number of other MLV. Identities are always >97%, cover-
age >90% and E-value = 0. Other murine repetitive elements
producing significant hits are the widespread mammalian inter-
spersed repeats (MIRs) and LINE 1 (L1) sequences (AC167466.6),
the endogenous retrovirus 1 (ERV1) (AC121813), and the
RLTR4_MM repeats (AC167466.6 and AC161413.5). This last
repeat is part of the long terminal repeat (LTR) family of retro-
elements, typical of the murine genome, which has been already
shown to be highly homologous to MLV.?

The human genome, for its part, shows shorter but significant
hits, e.g., a long non-coding RNA (ncRNA) (see the Acc no.
XR_945967), a human ERV (HERV-HC2, AC084198.31) and the
immunoglobulin heavy chain locus (NG_001019.6). Moreover,
the XMRYV genome results largely composed by blocks retrievable
in the human genome as part of (or in close proximity with) inter-
spersed widespread repeated elements, as HERVs, Alus, LTRs.
Accordingly, the XMRV sequence “blocks” producing the near
totality of human hits (ntt 2,755-3,366; 4,124-4,557; 4,871-5,259
of EF185282) are recognized by the RepeatMasker database® as
human ERV-class 1 belonging to the LTR class of interspersed
repeats.

SCREENING OF SELECTED HUMAN
AND ANIMAL POPULATIONS

Finally, the proof of principle presented in this study was com-
pleted with an empirical study. Human and animal populations
were screened using the primers designed by Lombardi et al. (31)
and two new pairs of primers designed in our laboratory with

http://www.repeatmasker.org/cgi-bin/ViewRepeat?id=RLTR4_MM-int.
*http://repeatmasker.org.

the aim of reducing as much as possible the aspecific annealings.
Also, the new pairs target the GAG (F 5'-GGGTCTCCAAAACG-
CGGGCA-3; R 5-CAGGAGGGAGGTCTGGGGCC-3')
and ENV (F 5-ACTACGAAGGGGTGGCCGTCC-3; R
5'-GAACCAGGGCCTGCACTACCG-3") genes, producing
amplicons of, respectively, 586 and 915 bp.

In detail, the populations screened were

o agroup of 47 patients with the diagnosis of ME/CFS according
to Fukuda’s criteria (33) and 53 negative controls (bone mar-
row donors).

o 11 laboratory mice (strains BDF and Ts65Dn) and 15 labora-
tory rats (strains Wistar and brown).

o 11 wild rodents (wood mouse, Apodemus sylvaticus).

o 92 wild mammals: 25 badgers (Meles meles), 30 martens
(Martes spp.), 14 red foxes (Vulpes vulpes), and 23 hares (Lepus
europaeus).

« 23 bovines, which, to our knowledge, have never been screened
before, but have a tight relationship with man.

Among laboratory mice, the BDF strain was derived from
C57L/] (positive for PreXMRV1) Xx DBA/2] (positive for
PreXMRV2) strains (34), while the Ts65Dn strain, which repre-
sents the murine model for Down syndrome, is a more complex
case, derived from several crosses involving four different mouse
strains (of which only C3H/HEJ is known to be PreXMRV2-
positive) and a screening over two generations (34, 35). Wild
animals were screened as potential zoonotic reservoirs according
to Jurke et al. (28).

Results are presented in Table 3. The only case of unambiguous
amplification of a correctly sized band, the identity of which was
confirmed by sequencing, involved the BDF mouse strain, known
carrier of the parental proviruses. Non-reproducible bands, often
associated with extra-bands, characterized a negligible sample
of human patients (that were by far the most numerous group),
the second laboratory mouse strain (Ts65Dn, for which we
can hypothesize a contribution of PreXMRV2 from one of the
progenitor strains) and wood mice. In the last case, the spurious
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TABLE 3 | Results of the screening for XMRV performed on human and animal sampling populations.

Sampling population DNA source N No. of positive  No. of negative =~ Primers  Comments
samples samples

Human ME/CFS patients Peripheral blood 47 2 45 142 Amplicons were not reproducible and often
associated with spurious extra-bands

Human controls Peripheral blood 53 0 53 1+2

Laboratory mouse strain BDF Peripheral blood 1 1 0 1+2 Reproducible band of the correct size.
Identity was confirmed by sequencing

Laboratory mouse strain Ts65Dn Tail tip 10 10 0 1+2 Scarce reproducibility of independent
amplifications. Extra-bands were often
observed

Laboratory white rat (Wistar) Tail tip 10 10 2

Brown laboratory rat (Rattus norvegicus)  Tail tip 5 5 2

Wood mouse (Apodemus sylvaticus) Tail tip iRl ? ? 2 Very scarce reproducibility: two samples
were positive in 4/7 repetitions; five in 2/7
repetitions
Non-reproducible extra-bands were always
observed

Badger (Meles meles) Fur 25 0 25 2

Stone marten (Martes foina) Feces 15 0 15 1+2

Weasel (Mustela nivalis) Feces 15 0 15 2

Fox (Vulpes vulpes) Peripheral blood 14 0 14 1+2

Hare (Lepus europaeus) Peripheral blood 23 0 23 2

Bovines (various breeds) Peripheral blood 23 0 23 1+2

All amplifications have been repeated at least twice, always in the presence of the positive control (BDF laboratory mouse). Sequencing has been performed on amplicons obtained

with our new primers. 1: primers by Ref. (31); 2: newly designed primers.
?: variable among repetitions.

origin of amplicons was confirmed by sequencing (Table 3). We
suggest that this sequence, homologous to conserved regions
of plant potyviral proteins (36), may be associated with food.
No amplicons were ever obtained from rats, bovines, and wild
mammals.

CONCLUDING REMARKS

We have presented in this study a complementary and partially
alternative interpretation for one of the most debated cases in
public health of the past decade. Our bioinformatic searches and
screening of human and animal samples pointed out the pivotal
role played, in the diagnostic PCR, by the strong homology
between the XMRV genome and repetitive sequences, often of
retroviral origin, of house mouse’s genome. Furthermore, the
XMRYV genome results composed by discrete blocks which also
occur in the human genome, in association with (or as part of)
interspersed repeated elements. This evidence, together with
the results of our amplifications, suggest to re-evaluate the role
of contaminations of PCR reagents or air-driven amplicons.
Contaminants would have acted uniformly for all the samples
considered, while our screening yielded species-specific results,
with the unique “robust” and correct amplification obtained in
the only case of documented genomic integration of a PreXMRV
element, as reported by Cingoz et al. (34). This paper searched
for XMRV and parental proviruses integrations in 48 laboratory
strains and 46 wild-derived mice: XMRV was never detected by
these authors in any murine genome. On the contrary, its parental

proviruses PreXMRV 1 and 2 were the only elements found to be
integrated in about a half of the laboratory strains and an exigu-
ous minority of wild mice (3/46). Once again, these findings state
the question of whether this retrovirus occurs in the “real world,”
apart from the cell line where it originated by recombination of
the two parental elements and subsequent contaminations.

Repeated DNA sequences are known to be significant and
highly dynamic components of genomes, where they play
several roles, from centromere and telomere assemblage to
epigenetic modulation, from assuring rapid genetic variation to
contributing not only to adaptive immune responses but also
to many human diseases (37). Nonetheless, the amplification
of repetitive DNA is highly problematic, generating deletions
and artifacts produced for example by incomplete extension
products acting as mega-primers (38) that can lead to false
conclusions (39). Laddering effects are among the most frequent
artifacts produced by the amplification of repetitive sequences.
Indeed, they were consistently observed in all our experiments,
notwithstanding the use of newly designed primers with reduced
aspecific pairings, and can also be perceived in the gels published
by Lombardi et al.

Our data suggest that XMRV is not a suitable template for any
diagnostic PCR, because of its strong relatedness to a vast number
of repeated DNA elements. This, further worsened by a PCR
with primers far from being selective and a low-stringency PCR
amplification protocol, has reasonably played a major role in the
unreliable associations that have been performed. The reported
percentage of the healthy donors which were tested positive for
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XMRV sequences in the original study (3.7%) is consistent with
our results for ME/CFS patients (4.3%), but it is far from raising
alarm for public welfare.

ETHICS STATEMENT

All human samples analyzed in the current study are part of
the Italian CFS bank, led by AM-CFS-onlus. All enrolled
patients and controls (individuals geographically co-localized
and sex—age matched to CFS subjects) gave written informed
consent in according to the Declaration of Helsinki. The blood
from all subjects was collected at IRCCS-Policlinico San Matteo
Hospital (Pavia) following the approval of the “Comitato Etico
della Fondazione IRCCS Policlinico S. Matteo” DNA samples
from laboratory mice and rats were a kind gift of Prof. Silvia
Garagna, University of Pavia. DNA samples from bovine
blood were a kind gift of Dr. John Williams, Parco Tecnologico
Padano, Lodi. All wild animal samples other than feces and
fur belong to dead animals collected in the environment by
veterinarians of the National Health Service in the context of
routine screenings for zoonoses. Feces and fur were collected
in the environment for projects on population biology and
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