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Abstract
BACKGROUND—Xenotropic murine leukemia virus (MLV)-related virus (XMRV) and other
related MLVs have been described with chronic fatigue syndrome (CFS) and certain types of
prostate cancer. In addition, prevalence rates as high as 7% have been reported in blood donors,
raising the risk of transfusion-related transmission. Several laboratories have utilized micro-
neutralization assays as a surrogate marker for detection of anti-MLV serological responses – with
up to 25% of prostate cancer patients reported to harbor neutralizing antibody responses.

STUDY DESIGN AND METHODS—We developed a high-throughput micro-neutralization
assay for research studies on blood donors using retroviral vectors pseudotyped with XMRV-
specific envelopes. Infection with these pseudotypes was neutralized by sera from both macaques
and mice challenged with XMRV, but not pre-immune serum. 354 plasma samples from blood
donors in the Reno/Tahoe area were screened for neutralization.

RESULTS—6.5% of donor samples gave moderate neutralization of XMRV, but not control
pseudotypes. However, further testing by Western blot revealed no evidence of antibodies against
MLVs in any of these samples. Furthermore, no evidence of infectious virus or viral nucleic acid
was observed.

CONCLUSION—A micro-neutralization assay was developed for detection of XMRV, and can
be applied in a high-throughput format for large scale studies. Although a proportion of blood
donors demonstrated the ability to block XMRV envelope-mediated infection, we found no
evidence that this inhibition was mediated by specific antibodies elicited by exposure to XMRV/
MLV. It is likely that this moderate neutralization is mediated through another, non-specific
mechanism.
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INTRODUCTION
The short history of xenotropic murine leukemia virus (MLV)-related virus (XMRV) is one
of controversy and discrepant results. Initial studies found XMRV nucleic acids and/or
proteins in prostate cancers1,2 and even a low percentage of prostate tissues from individuals
with no history of prostate cancer2. In contrast, several other studies have failed to detect
XMRV in prostate cancer tissue3,4. Much of this controversy is likely explained by PCR and
other nucleic acid contamination5,6. Despite XMRV originally being isolated from human
prostate cancer samples1, it is in all likelihood a laboratory artifact, created by the passage of
human prostate tissue through mice7. This resulted in infection with, and subsequent
recombination between, at least two endogenous MLVs7. Cell lines created from this tissue,
and harboring XMRV, were likely distributed to many laboratories working on prostate
cancer.

The controversy surrounding the association between XMRV and chronic fatigue syndrome
(CFS), is, if anything greater. It was reported by Lombardi and colleagues that two-thirds of
CFS patients from the U.S. harbored XMRV compared to 4% of controls8. Importantly, this
work was based on three separate lines of evidence: i) direct and indirect nucleic acid
detection in PBMC, stimulated PBMC and plasma; ii) culture of replication-competent
XMRV from plasma and PBMC by co-culture with human prostate cells and iii) serological
evidence using a flow cytometry assay. In addition to the association with CFS, the presence
of virus in plasma and blood cells, coupled with the relatively high prevalence observed in
apparently healthy controls suggested that XMRV may be both blood transfusion-
transmitted and a real threat to the safety of the U.S. blood supply. However, many other
groups failed to detect XMRV in PBMC samples from CFS or healthy individuals9–13. At
least two studies tried to fully replicate the initial study using PCR, culture and serology,
without any convincing evidence of XMRV in either CFS patient or healthy controls14,15.
Furthermore, more recent testing of specimens from the Lombardi et al study revealed some
of the previously reported PCR-positive specimens were contaminated with XMRV-
containing plasmid sequences leading to the partial retraction of these PCR results from the
Lombardi et al. publication16. Additionally, a recent multi-laboratory blinded study using 15
previously reported XMRV/MLV-positive subjects as well as validated negative controls,
demonstrated that virus culture assays used in Lombardi et al. were prone to cross-
contamination17. Thus, this leaves only the serological results as possible evidence for the
presence of XMRV or other MLVs in humans. In the same multi-laboratory study15 the
assays used by Lombardi et al. detected a serological response in some specimens; however
this reactivity was not consistent within replicates of the same plasma sample and no
statistical association was observed in CFS patients compared to blood donors, while three
other highly sensitive assays in the study failed to detect a serological response in any
specimen17.

Micro-neutralization assays have been used extensively as diagnostic and specificity tests
for many viruses, including alphaviruses and influenza18,19,20. Indeed, neutralizing
antibodies are typically formed as part of a highly specific response to conformational
epitopes. Neutralization of XMRV in 11/40 (27.5%) of serum samples was observed in
prostate cancer patients 21 suggesting that a micro-neutralization assay for XMRV would be
feasible and useful. In this study, we generated a micro-neutralization assay for studies of
blood donors looking for serological evidence of XMRV/MLV infection based on the dual
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envelope pseudovirus (DEP) assay system we recently developed22, which has been proven
to be a rapid, sensitive, and specific high-throughput system for antiviral drug discovery
targeting viral entry. This assay system is composed of two viruses. Entry of the target virus
is driven by the XMRV envelope protein pseudotyped onto the core of a reporter retrovirus,
while infection by a second, internal control pseudovirus is mediated by an unrelated
envelope and is included to reduce the number of false positives. Using this assay, we
screened 354 donors, and identified a small number with a neutralization signature
warranting further testing.

MATERIALS AND METHODS
Sample collection

Anonymized plasma and whole blood aliquots were prepared using residual samples left
over from pilot tubes collected for routine blood donation testing. The samples selected were
from 354 different donations from the United Blood Services Reno facility. One or two
EDTA plasma tube(s) were used for preparation of these aliquots depending on the unit
collection type. From each EDTA tube two plasma aliquots were prepared, then the
remaining sample was gently inverted to re-suspend, and three or four whole blood aliquots
were prepared. All aliquots were frozen the day of preparation. Donor samples were coded
to retain linkage only to the donor’s zip code of residence, age, gender, and race-ethnicity.
Any linkage to personal donor information such as name, address, and telephone number
was removed. All samples provided were anonymized prior to shipment to BSRI for
subsequent testing. The Institutional Review Board of the University of California San
Francisco approved the study protocol.

Cells and reagents
Human embryonic kidney 293T cells clone 17 (293T/17) and human prostate LNCaP cells
were obtained from the ATCC and grown in Dulbecco’s Modified Eagle Medium (DMEM;
Invitrogen) supplemented with 10% FBS and Penicillin and Streptomycin (10 U/ml).
LNCaP iGFP cells (DERSE, Detectors of Exogenous Retroviral Sequence Elements) were
kindly provided by Vineet KewalRamani (NCI Frederick).

LacZ encoding polytropic MLV [termed LacZ(MCF13)] viruses were generated by first
infecting NIH3T3 cells with replication-competent MCF13. The resulting cell line was then
infected with replication-defective lacZ(A-MLV) pseudotype virus to introduce the lacZ
gene23. CHO cells overexpressing murine ecotropic MLV receptor mCAT-1 (CERD9) have
previously been described24,25.

Sera from wild mice experimentally or mock-infected infected with XMRV for 12 weeks26

were used as positive and negative controls. XMRV infected rhesus macaque (RII10 and
RYH10) sera were kindly provided by John Hackett (Abbott)27.

Plasmids
XMRV envelope (env) was PCR amplified from 22Rv1 cells with 100% nucleic acid
sequence identity to the XMRV 22Rv1/CWR-R1 env sequence (Genbank Accession
Number: FN692043), and cloned into the pCAGGS vector with KpnI and NheI restriction
sites. Plasmids encoding G protein of vesicular stomatitis virus (VSV-G), glycoprotein of
Lassa virus (Lassa-GP), as well as the ecotropic MLV envelope, have been described
previously28–32.

Pseudotyped viruses with HIV-based retroviral backbone were generated from two
plasmids, one encoding env and the other encoding the HIV backbone with a reporter gene.
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pNL4-3 Luc-R−E− (pNL-luc), encodes a replication-incompetent variant of the HIV-1
molecular clone NL4-3, in which the nef gene has been replaced by a firefly luciferase (luc)
reporter, and the env and vpr genes were inactivated, as previously described33. Similarly,
pNL4-3 Ren-R−E− (pNL-ren) was constructed by swapping the firefly luciferase gene for
Renilla luciferase22.

Pseudotyped viruses with MLV-based retroviral backbone were generated from three
plasmids: XMRV env, MLV-based firefly luciferase reporter (MRP-luc)34 and MLV gag/pol
expression plasmid pHIT6035.

Virion production
HIV-based pseudovirions were produced essentially as previously described30 by
transfecting 293T/17 cells with 10 μg of the corresponding HIV construct (pNL-luc or pNL-
ren vector) and 30 μg of plasmid encoding the viral envelope per 10-cm dish using the
calcium phosphate transfection method. Similarly, MLV-based pseudovirions were
produced by transfecting 5 μg of each of the three plasmid constructs per 10-cm dish. The
next day, expression was induced with sodium butyrate (10 mM) for 6 h before washing the
cells once with PBS then replacing the medium. Forty hours after transfection, the
supernatant was filtered through a 0.45 μm pore size filter and frozen at −80°C. If required,
virions were concentrated by ultracentrifuge concentration at 28,000 rpm in a SW28 rotor
(Beckman) through a 20% sucrose cushion for 1.5 h at 4°C. The pellets were resuspended in
HBSS buffer and aliquoted for storage at −80°C. Resulting reporter viruses were classified
according to retroviral backbone, reporter system and viral envelope, for example MLV-
luc(XMRV Env) or HIV-ren(Lassa GP).

LacZ encoding polytropic MLV was harvested from 3T3LacZMCF13 cells, filtered through
a 0.45 μm pore size filter and frozen at −80°C.

Micro-neutralization assay
Neutralization assays were performed in 96-well white tissue culture plates (Nunc). Donor
serum samples were prepared from plasma by adding Thrombin (King Pharmaceuticals) in
0.5M MgCl2/CaCl2 solution and then removing fibrin clots. The serum supernatant was
transferred to a new tube and heat inactivated at 56°C for 30 min. A volume of 10 μL of
serially diluted test sera or medium alone were transferred to assay wells, followed by 30 μL
of either a single or a two reporter virus mixture depending on the purpose of the assay, and
incubated for 1hr at room temperature before addition of 40μL of 293T/17 or LNCaP cells
(500,000 cells/ml) to all wells. Plates were incubated for two days at 37°C and 5% CO2 and
firefly and Renilla luciferase reporter expression was determined sequentially as described
in22. For the initial high-throughput micro-neutralization assays, sera samples with final
dilutions of 80 and 240-fold were tested and each experiment repeated twice.

Neutralization dose response
For generation of neutralization dose response curves with selected donor sera, samples
were serially diluted starting from 40- or 80-fold initial dilutions. Assays were performed in
triplicate. Infection of pseudoviruses MLV-luc(XMRV Env) and MLV-luc(VSV G) in
293T/17 cells and infection of MLV-luc(MLV-E Env) and MLV-luc(VSV G) in CERD9
cells were detected using the Bright-Glo™ Luciferase Assay System (Promega). Infection of
LacZ encoding polytropic MLV in 293T/17 cells was detected using the Galacto-Light Plus
System for chemiluminescent reporter detection of β-Galactosidase (Applied Biosystems).
Additionally, the percent of cells infected with LacZ encoding polytropic MLV was
measured with cell fixation and visualization of blue color development under a microscope
using a β-gal staining kit (Invitrogen).
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Western blot
Western blot (WB) analysis was performed to detect anti-XMRV/MLV antibodies in
selected donor sera and healthy controls as previously described12,36. Briefly, XMRV-
infected DU145 prostate cells (C7) were grown in complete HuMEC serum-free medium
supplemented with 1% HuMEC and 50ug/ml bovine pituitary extract (Invitrogen). Tissue
culture supernatants were clarified by centrifugation and by passage through a 0.45 μm
filter. XMRV was purified from 150 ml C7 supernatant using the ViraTrap Retrovirus
Maxiprep Kit (Bioland Scientific LLC) following the manufacturer’s protocol. A volume of
150 μl of purified XMRV was denatured with SDS-PAGE sample buffer at 95°C for 10 min
and viral proteins were separated by gel electrophoresis in a NuPAGE 4-12% Bis-Tris gel
(Invitrogen) for WB testing as previously described but modified by using horseradish
peroxidase conjugated protein G instead of protein A/G36,37. Seroreactivity was defined by
reactivity to viral envelope and/or gag proteins of the expected size as seen in the positive
control anti-sera. This WB test accurately detected XMRV antibodies in three
experimentally infected macaques equivalent to detection using recombinant proteins in
recently described immunoassays27.

qRT-PCR
RNA was extracted from 100 μL of selected donor whole blood samples using Qiagen Viral
RNA Mini kit. The isolated RNA was subjected to reverse transcription by MLV reverse
transcriptase (RT; Roche). The resulting cDNA was amplified in a real-time PCR reaction
and quantified in a Roche LightCycler 480. qRT-PCR was performed with FastStart Taq
polymerase (Roche) in 45 amplification cycles of 95°C and 60°C for 30sec each. Two
primer pairs were used, integrase [F2 (5′-AACCTGATGGCAGATCAAGC-3′), R2 (5′-
CCCAGTTCCCGTAGTCTTTTGAG-3′), and XMRV probe (5′-FAM-
AGTTCTAGAAACCTCTACACTC-BHQ1-3′)]13 or gag [Q445F (5′-
GGACTTTTTGGAGTGGCTTTGTT-3′), Q528R (5′-
GCGTAAAACCGAAAGCAAAAAT-3′), and XMRV probe F480PRO-BHQ (5′-FAM-
ACAGAGACACTTCCCGCCCCCG-BHQ1-3′)]38. A cut-off of 40 CTs was used as
evidence for the presence of XMRV/MLV sequences in a specimen. Positive controls
represented recombinant plasmid spiked into whole blood samples in a dilution series from
106 to 104 copies/ml.

Nested RT-PCR amplification of XMRV sequences
Nested RT-PCR was performed as described39. Briefly, RNA was extracted from 0.5 ml
donor plasma using the QIAamp Ultrasens Virus kit (Qiagen) and subjected to reverse
transcription employing the Superscript III First-Strand Synthesis System for RT-PCR
(Invitrogen). Culture supernatant of the XMRV-producing prostate cancer cell line 22Rv1
was used at a 10−5 dilution as a positive control for RNA isolation. For amplification of
XMRV gag sequences, 5 μl of the transcribed cDNA were used for the first round of 40-
cycle amplification with primers 419F (5′-ATCAGTTAACCTACCCGAGTCGGAC-3′) and
1154R (5′-GCCGCCTCTTCTTCATTGTTCTC-3′)8 and HotStart-IT FideliTaq Master Mix
(USB). Nested PCR was performed for 45-cycle amplification with 5 μl of the first round
PCR product and two different primer pairs, Gag-I-F (5′-
TCTCGAGATCATGGGACAGA-3′) and Gag-I-R (5′-
AGAGGGTAAGGGCAGGGTAA-3′) or NP116 (5′-
CATGGGACAGACCGTAACTACC-3′) and NP117 (5′-
GCAGATCGGGACGGAGGTTG-3′)40. To monitor assay sensitivity, plasmid DNA
containing a cloned fragment of XMRV gag12 was included in each PCR run at
concentrations from 1 to 100 copies/μl. PCR and RT-PCR of GAPDH controls with primer
pairs, Forward (5′-CATGTTCCAATATGATTCAC-3′) and Reverse (5′-
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CCTGGAAGATGGTGATG-3′), were performed to ensure similar levels of DNA and RNA
input in each round of amplification.

Propagation of infectious XMRV in indicator cells
DERSE (Detectors of Exogenous Retroviral Sequence Elements) indicator cells were
developed at the National Cancer Institute by stable transfection of pBabe.iGFP-puro into
LNCaP cells. The intron interrupted GFP gene from pBabe.iGFP-puro is only expressed
after mobilization by an infecting gammaretrovirus for a second round of infection41. To test
for the presence of infectious XMRV in selected donor plasma, DERSE.Li-G cells were
inoculated with donor plasma or control plasma and spin infection, as described in39. GFP
expression was monitored every 3 to 4 days for a total period of 3 weeks. As a positive
control, culture supernatant of the XMRV-producing prostate cancer cell line 22Rv1
(containing roughly 109 copies/ml) was used as an inoculum at 10−2, 10−4, and 10−6

dilution.

RESULTS
High-throughput micro-neutralization assay development

XMRV pseudoviruses [MLV-luc(XMRV Env)] were generated using a MLV-based
retroviral backbone. These pseudoviruses infected both 293T and LNCaP cells. As expected
from previous studies42, levels of infection mediated by the XMRV envelope were
somewhat lower compared to control envelopes. For example, on 293T/17 cells, infection of
unconcentrated MLV-luc(XMRV Env) was about equal to VSV-G pseudotyped virus stocks
diluted ten-fold (67714 and 63742 relative light units, respectively). On both cell types
MLV-luc(XMRV Env) was neutralized by sera from mice (Fig. 1A) and rhesus macaques
(Fig. 1B) challenged with XMRV, whereas no clear neutralization was observed with pre-
immune sera. Similar results were obtained with HIV-luc(XMRV Env) (data not shown).
Moreover, ecotropic MLV pseudoviruses [MLV-luc(MLV-E Env)] were also neutralized by
sera from rhesus macaques challenged with XMRV (Fig. 1C). However, LacZ encoding
polytropic MLV (MLV-P), or HIV-luc(VSV G) pseudoviruses (Fig. 1B, 1C) were not
neutralized.

To develop a reliable high-throughput assay system for the screening of large numbers of
samples for XMRV infection, we generated a cell-based XMRV micro-neutralization assay
system based on the internally-controlled dual envelope pseudovirus (DEP) assay we
recently developed to screen for small molecule inhibitors22, which has been proven to be a
rapid, safe, sensitive, and specific high-throughput system for antiviral drug discovery
targeting viral entry. We adopted a similar approach here for XMRV micro-neutralization
assay. The assays were performed in 96-well plate format with the aid of liquid dispensing
equipment for high-throughput applications. After preliminary experiments, a combination
of MLV-luc(XMRV Env) and HIV-ren(Lassa GP), which showed no clear interference
between the two envelopes, was chosen for the sera screening. This combination proved to
give very robust and reproducible results. A combination of MLV-luc(XMRV Env) and
HIV-ren(Lassa GP) from three 96-well plates indicated that the inter-plate coefficient of
variation 43 was 8.2% and 5.2% for MLV-luc(XMRV Env) and HIV-ren(Lassa GP),
respectively. A set of 20 sera samples indicated that for the intra-assays, the CV of every
sample in triplicate was within 5% and for the inter-assays, the CV of every sample from
three plates was within 12%, for both MLV-luc(XMRV Env) and HIV-ren(Lassa GP) (data
not shown).

Generally, sera showed relatively higher levels of neutralization of XMRV Env
pseudoviruses (~30%) than the Lassa GP control (~ 8%) (Fig. 2). Similar results were
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obtained with sera at 240-fold dilutions, individual virus alone, and in LNCaP cells (data not
shown). Despite this higher level of background neutralization, neutralization with a number
of sera was noticeably more pronounced. For example, in Fig. 2, three (B37, B58, and B80)
of over 80 donor sera showed approximately 50% reduction in XMRV Env, but not Lassa
GP, mediated viral infection in 293T/17 cells.

Screening of blood donors
We used this assay to screen a total of 354 blood donor sera collected within the United
Blood Service region of Reno/Lake Tahoe. The Reno facility was chosen due to the
collection territory including regions of Northern Nevada and California known to have
clusters of CFS 44,45,46. Patients from CFS clusters, including the Reno/Lake Tahoe area,
formed the majority of subjects in the original demonstration of the presence XMRV in
blood8. 23 sera gave over 50% reduction in XMRV Env, but not Lassa GP, mediated viral
infection at either 80- or 240-fold dilutions. All 23 serum samples showed a dose-dependent
neutralization of XMRV pseudoviruses (~ 60% neutralization at 80-fold dilution), but unlike
the mouse and macaque antisera, the blood donor sera demonstrated very limited
neutralization for MLV-E pseudoviruses (<50% at 80-fold dilution) (Fig. 3). No clear
neutralization was detected for VSV pseudoviruses (Fig. 3) and LacZ encoding polytropic
MLV (data not shown).

Confirmatory testing
The 23 moderately neutralizing sera (> 50%) as well as 14 additional poor neutralizers (~
30%–50%) and 12 donors with no clear neutralizing ability (< 30%) were further assessed
with a recently developed WB assay36,37 using purified, denatured XMRV antigen from
XMRV-infected DU145 prostate cells (C7). All 50 of the tested blood donor sera were WB-
negative (Fig. 4).

In order to further confirm whether there was any evidence of XMRV or other MLV
infection in these individuals that would lead to a positive serological response, we
performed PCR assays and virus cultures that would detect both specifically XMRV and
more broadly other MLVs. Whole blood samples of the selected donors, were tested by
qRT-PCR using primer sets located in either XMRV integrase 41 or gag. No positive signal
was seen in any sample with either primer set (data not shown). Plasma samples of the 23
selected donors, were also tested and found negative by nested RT-PCR using generic MLV
primers previously shown to detect both XMRV and the broader family of xenotropic and
polytropic MLVs40 (Fig. 5).

To test for the presence of infectious MLVs in donor plasma, the indicator cell line DERSE
was used. As a positive control, culture supernatant of the XMRV-producing prostate cancer
cell line 22Rv1 (containing roughly RNA 109 copies/ml) was utilized as an inoculum.
Whereas cells inoculated with 22Rv1 supernatants showed a concentration-dependent GFP
expression on day 7 and spread of the virus on day 21 as previously described39. no GFP
expression could be observed in any of the cells inoculated with donor plasma from the 23
seroreactive persons, even when spin-infection was used to enhance the potential infection
efficiency (data not shown).

DISCUSSION
Determining whether serological evidence of immune responses to gammaretroviruses in
humans8,21. is an indication of authentic infection or just non-specific cross-reactivity is an
important final step in the XMRV saga. In this study, we generated a robust, high-
throughput micro-neutralization assay for the screening of large numbers of subjects for
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serological evidence of XMRV and MLV infection based on the DEP assay system we
recently developed22. This assay includes an internal control pseudovirus which is very
useful for avoiding nonspecific inhibition and also controls for cytotoxicity. This method
provides a reproducible high-throughput micro-neutralization research assay for large scale
testing for evidence of XMRV and MLV infection.

Currently, enzyme immuno-assays (EIAs) and Western blot (WB) are the two most common
serological methods utilized for viral diagnosis47,48. WB is limited to the recognition of
linear epitopes and is prone to high-background rates, while EIA can be restricted by the
quality of the antigens, antibodies and detection methods. Instead of directly detecting the
existence of antiviral antibodies in the sera, the DEP-based micro-neutralization assay is
based on the ability of a serum to neutralize pseudovirus infection. Compared with standard
assays such as EIAs, the micro-neutralization assay has fewer steps and can be performed by
automated liquid handling equipment, which may generate less standard deviation. The
disadvantage is a two-day incubation period during the assay, which impacts the clinical
usefulness of the assay.

A recent study identified neutralizing activity against XMRV in about 14% of blood donor
samples10. although in this instance many of these sera neutralized control viruses in
addition to XMRV. In contrast, while we identified 23/354 blood donors (6.5%) able to
moderately neutralize XMRV Env-mediated infection, control and other MLV envelopes
were poorly or not at all neutralized. None of the samples tested showed any evidence of a
serologic response to XMRV by WB testing. Furthermore, all 23 seroreactive samples were
negative for XMRV and MLV sequences using PCR or virus culture. These PCR and culture
assays were designed to detect a broad range of gammaretroviruses, as well as XMRV
specifically, thus, excluding XMRV/MLV and other gammaretroviruses as a source of the
non-specific reactivity. The finding that neutralization by the 23 blood donors was specific
to XMRV envelopes, but not other MLV envelopes was surprising. Pairwise comparison of
the amino acid (aa) sequence of the envelope region between XMRV, and MLV-P or MLV-
E shows the aa similarity is about 89% and 68% respectively.

Given that the true XMRV neutralizing responses raised in animals were more broadly
neutralizing (Fig. 1), this result strongly argues against specific neutralization, but rather
suggests the moderate neutralization observed was mediated by other non-specific means.
This could be cross-reactive antibodies raised against endogenous retroviral elements,
completely unrelated proteins, or other non-antibody serum factors. Human serum potently
inhibits XMRV14, however, this is largely complement-driven, and in our assay serum
complement was inactivated by heating and did not influence our test results. The relatively
high level of non-specificity is greater than that seen with other microneutralization
assays 20,49, and is partly due to the lack known of human positive cases that can be used in
order to accurately set cut-offs for defining specific neutralization. Our results likely also
explain other reported XMRV neutralization results in human samples 21.

In addition to the initial association of XMRV to CFS made by Lombardi et al.8, a second
publication by Lo and colleagues40, based only on PCR analysis, also yielded a strong
association between CFS and MLV-like viruses40. These subsequent viruses demonstrated a
far greater degree of sequence variation than XMRV, with the majority of sequences
resembling polytropic MLV (P-MLV). Although Lo et al. reported very stringent measures
to minimize contamination40, the most parsimonious explanation, given the extent of
reported contamination of laboratory reagents, is that their PCR results are false positives
resulting from reagent contamination. Indeed, Lo et al. used Platinum Taq (Invitrogen) for
PCR amplification, which several groups have convincingly demonstrated is contaminated
with mouse DNA14,15,50 due to the use of a mouse monoclonal antibody in the enzyme mix.
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Furthermore, recent detailed phylogenetic analysis of the longitudinal polytropic MLV
sequences reported by Lo et al. showed that these sequences are inconsistent with retroviral
evolution51. Nonetheless, the findings of Lo et al. raised the hypothesis that while XMRV
itself is clearly a laboratory contaminant, the serological responses detected in Lombardi et
al. may be due to infection by other MLVs or gammaretroviruses. The serological assay
used by Lombardi et al. relies on antibody binding to the MLV spleen focus-forming virus
(SFFV) Env expressed on the surface of cells. The logic of this assay is that
conformationally-dependent cross-reactive epitopes shared between this mouse
gammaretrovirus and XMRV would bind XMRV antibodies which would then be detected
in a flow cytometry-based assay. However, it is likely that, as with our micro-neutralization
assay, mammalian cell culture-based expression of an unrelated retrovirus Env would be
highly prone to non-specific cross-reactivity that can confound the testing and which
requires clarification by WB analysis using purified antigen. Indeed, when the Lombardi et
al. flow-based assay was used by two laboratories on plasma specimens in a blinded study,
high levels of non-specific reactivity was observed15.

In conclusion, we developed a robust, high-throughput micro-neutralization assay in order to
conduct studies looking for evidence of infection with XMRV and MLV. Although a small
proportion of blood donors demonstrated the ability to block XMRV-mediated infection, we
found no evidence that this inhibition was mediated by specific antibodies elicited by
exposure to XMRV or related MLVs. It is likely that this moderate neutralization is
mediated through another, non-specific mechanism. Our findings also explain further the
highly non-reproducible and non-specific serological responses detected with other
assays8,17. In addition, this micro-neutralization assay system can be easily adapted to
screen donor samples against other viruses with careful selection of matching partner virus
envelopes, which will provide important information for neutralizing antibody responses and
infectious disease profiles.
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Fig. 1. Detection of XMRV Env neutralizing antibodies in positive controls
MLV-luc(XMRV Env) pseudovirus infection of 293T/17 and prostate LNCaP cells was
neutralized by sera from both mice (A) and rhesus macaques (B) challenged with XMRV,
whereas no clear neutralization was observed with pre-immune sera, or HIV-luc(VSV G)
pseudoviruses. (C) MLV-luc(MLV-E Env) pseudoviruses were neutralized by sera from
rhesus macaques challenged with XMRV in mCAT-1 expressing CHO cells (CERD9 cells),
but no clear neutralization of LacZ encoding MLV-P or HIV-luc(VSV G) pseudoviruses
was observed in 293T/17 cells. Infection of pseudoviruses with firefly luciferase reporter
was detected with Bright-Glo™ Luciferase Assay System (Promega), whereas infection of
LacZ encoding MLV-P was measured using Galacto-Light Plus System for detection of β-
Galactosidase (Applied Biosystems). Absolute values for the no sera controls were: MLV-
luc(XMRV Env) gave 55810 RLU on 293T cells and 20213 RLU on LNCaP cells; HIV-
luc(VSV-G) gave 65961 RLU on 293T cells and 51677 RLU on CHO cells; MLV-P gave
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32356 RLU on 293T cells and MLV-luc(MLV-E Env) gave 41771 RLU on CHO cells.
Results are presented as percentage of neutralization and shown as mean ± S.D. of triplicate
measurements. A representative experiment of at least two experiments is shown.
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Fig. 2. XMRV Env neutralizing antibody in blood donor sera using a cell-based XMRV micro-
neutralization assay system
Shown is an example screen of 80 donor serum samples (80-fold dilutions) for XMRV
neutralization with virus combinations of MLV-luc(XMRV Env) and HIV-ren(Lassa GP) in
a 96-well plate format. Three (B37, B58, and B80) out of a total of over 80 donor sera
showed approximately 50% reduction in XMRV Env-, but not Lassa GP-, mediated viral
infection in 293T/17 cells.
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Fig. 3. Dose response curves with selected blood donor sera
Neutralization of infection of HIV-luc(XMRV Env) and HIV-luc(VSV G) pseudoviruses
with serially diluted donor sera samples were detected in 293T/17 cells and HIV-luc(MLV-
E Env) in mCAT-1 expressed CHO cells (CERD9 cell). Results are presented as percentage
of neutralization and shown as mean ± S.D. of triplicate measurements. A representative of
at least two experiments is shown.
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Fig. 4. Absence of XMRV/MLV antibodies in blood donor sera by Western blot (WB) analysis
Purified, denatured XMRV antigen from XMRV-infected DU145 prostate cells (C7) was
used for WB detection of anti-XMRV/MLV antibodies in selected donor sera samples.
Results of positive control anti-sera to purified XMRV antigen and 24 normal donor sera
samples (B58, B80, E6, E8, E10, D17, D40, C5, C20, C30, C33, C35, C45, C47, C49, C50,
C51, C67, 3, 4, 5, 6, 7, 8, from left to right) are shown; locations of reactivity to specific
viral proteins are indicated. Env (gp69/71), envelope; TM (p15E), transmembrane; Gag
(pr68); MA (p15), matrix; CA (p30), capsid. Molecular weight markers (kD) are provided
on the left of the WB.

Zhou et al. Page 17

Transfusion. Author manuscript; available in PMC 2013 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5. Absence of XMRV gag sequences in blood donor plasma by nested RT-PCR
A representative result of 12 donor samples is shown with positive controls containing 1 to
100 copies/μl of a plasmid harboring a cloned fragment of XMRV gag37 and negative water
controls. First round PCR amplification used primer pair 419F and 1154R and second round
PCR amplification used primer pairs Gag-I-F and Gag-I-R, or NP116 and NP117. GAPDH
RNA and DNA PCR results for the same samples are shown in the bottom two panels.
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