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Actively replicating endogenous retroviruses entered the human genome millions of years ago and became
a stable part of the inherited genetic material. They subsequently acquired multiple mutations, leading to the
assumption that these viruses no longer replicate. However, certain human tumor cell lines have been shown
to release endogenous retroviral particles. Here we show that RNA from human endogenous retrovirus K
(HERV-K) (HML-2), a relatively recent entrant into the human genome, can be found in very high titers in the
plasma of patients with lymphomas and breast cancer as measured by either reverse transcriptase PCR or
nucleic acid sequence-based amplification. Further, these titers drop dramatically with cancer treatment. We
also demonstrate the presence of reverse transcriptase and viral RNA in plasma fractions that contain both
immature and correctly processed HERV-K (HML-2) Gag and envelope proteins. Finally, using immunoelec-
tron microscopy, we show the presence of HERV-K (HML-2) virus-like particles in the plasma of lymphoma
patients. Taken together, these findings demonstrate that elements of the endogenous retrovirus HERV-K
(HML-2) can be found in the blood of modern-day humans with certain cancers.

Over the course of millions of years, actively replicating
retroviruses entered into the human genome and ultimately
became a stable part of the inherited genetic material (3, 35,
43, 45). These viruses are termed human endogenous retrovi-
ruses (HERVs), and endogenous retroviral elements make up
approximately 8 percent of the human genome (3, 34, 45, 48).
HERVs exist in the genome in a proviral form and consist of
three genes (gag, pol, and env) flanked by two long terminal
repeats (3, 44). After entering the genome, HERVs subse-
quently acquired multiple mutations and deletions, leading to
the assumption that none of them are competent to replicate.
In fact, almost all of the proviruses thus far characterized in the
human genome appear to be nonfunctional and fixed. How-
ever, some have recently been found to contain polymorphisms
in different humans, suggesting that they have integrated into
the genome relatively recently in human history and may still
be evolving (4, 7, 8, 38, 40, 41, 55).

The endogenous retrovirus HERV-K (HML-2) is the most
recent entrant into the human genome, having entered 200,000
to 5 million years ago (4, 55), as well as being the most tran-
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scriptionally active (29, 47, 49, 51, 54, 57, 59). In the past 2
years, one group has created an infectious clone of HERV-K
(HML-2) (23), and another has shown that virus can be gen-
erated using several transcomplementary plasmids (32). Thus,
at least in its reanimated form with mutations corrected to
reintroduce open reading frames, HERV-K (HML-2) can be
shown to replicate. Debate exists as to whether HERV-K
(HML-2) is still capable of replication in modern humans.

HERV-K (HML-2) has been linked to oncogenesis. Indeed,
this virus first came to the notice of biologists due to its simi-
larity to mouse mammary tumor virus (MMTV), a virus that
causes mammary tumors in mice, replicates in lymphocytes,
and has an exogenous phase and an endogenous phase (9, 37).
Consistent with the similarity of HERV-K (HML-2) to
MMTV, HERV-K (HML-2) env has been found to be over-
expressed in breast cancer tissue, where it also exhibits novel,
alternatively spliced forms (24, 56, 57). The overexpression of
HERV-K gag has additionally been seen in the peripheral
blood cells of leukemia patients (21). It has also been shown
that HERV-K (HML-2) is capable of forming viral particles in
megakaryocytes from patients with essential thrombocythemia
and in cell lines from melanoma, breast cancer, and teratocar-
cinoma, although it has not been demonstrated that these
particles are infectious (10, 16, 36, 39, 42, 49).

The mechanisms by which HERV-K (HML-2) might prove
to be oncogenic, if it is at all, have only recently begun to be
elucidated. In this regard, HERV-K (HML-2), which has two
forms, type 1 and type 2, can encode at least two putative
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oncoproteins (1, 2, 15, 20). Type 1 encodes the newly identified
Np9 oncoprotein, whereas type 2 encodes an accessory protein,
Rec, which is necessary to export unspliced RNA from the
nucleus to the cytoplasm like its counterparts human immu-
nodeficiency virus type 1 (HIV-1) Rev and human T-cell leu-
kemia virus type 1 Rex (38, 58). Both Np9 and Rec have been
shown to be capable of cellular transformation under certain
circumstances, and Rec can induce carcinoma in situ in mice
(1, 2, 6, 11, 15, 20, 25, 38).

We recently made the observation that HERV-K (HML-2)
RNA can be found in the plasma of HIV-1-infected patients
(18, 19). In view of this and the factors cited above, we inves-
tigated whether HERV-K (HML-2) RNA might also be
present in the blood of patients with either lymphoma or breast
cancer. We report that these patients indeed have extremely
high titers of viral RNA in their blood, and these titers fall
precipitously when patients are treated for lymphoma. We
further demonstrate that individuals with lymphoma who have
high titers of HERV-K (HML-2) RNA also have reverse tran-
scriptase activity and viral Gag and Env proteins in the same
plasma fractions in which viral RNA is found. Finally, using
electron microscopy (EM) and immunogold staining we visu-
alized, for the first time, the presence of HERV-K (HML-2)-
like particles in the plasma of people (lymphoma patients).
These findings demonstrate that HERV-K (HML-2) viral ele-
ments can be found circulating in the blood of humans with
lymphoma and breast cancer.

MATERIALS AND METHODS

Study subjects. Following informed consent, plasma samples were obtained
from human subjects following protocols approved by the Institutional Review
Boards of the University of Michigan and the North Shore University Hospital.
Subjects included 18 healthy individuals and patients with rheumatoid arthritis,
breast cancer, HIV infection with diffuse large B-cell lymphoma, non-HIV-
associated diffuse large B-cell lymphoma, and HIV infection with Hodgkin lym-
phoma.

Viral RNA extraction. For reverse transcriptase PCR (RT-PCR), plasma was
treated with 200 U RNase-free DNase (Roche Laboratories) for 2 h. RNA was
extracted from 140 pl of plasma using the QIAamp viral RNA minikit following
the manufacturer’s instructions (Qiagen, Valencia, CA). Absence of DNA con-
tamination was confirmed by PCR. For nucleic acid sequence-based amplifica-
tion (NASBA), RNA was extracted using the NucliSENS easyMAG extraction
method (Biomerieux, France) (17).

Synthesis of RNA transcripts in vitro and real-time RT-PCR. Synthesis of
RNA transcripts for calibration and real-time RT-PCR were performed as de-
scribed previously (18). Primers were designed to amplify and quantify the
HERV-K gag (KgagRTF, 5'-AGC AGG TCA GGT GCC TGT AAC ATT-3;
KgagRTR, 5'-TGG TGC CGT AGG ATT AAG TCT CCT-3') and the
HERV-K env tm (KenvIMF, 5'-GCT GTA GCA GGA GTT GCA TTG-3;
KenvIMR, 5'-TAA TCG ATG TAC TTC CAA TGG TC-3').

NASBA. NASBA amplification was performed as described previously (17),
using primers specific to the HERV-K (HML-2) env (KtypelF, 5'-AGA AAA
GGG CCT CCA CGG AGA TG-3'; KtypelR, 5'-AAT TCT AAT ACG ACT
CAC TAT AGG GAG AAG GCT CTC CCT AGG CAA ATA GGA-3';
Ktype2F, 5'-AGA CAC CGC AAT CGA GCA CCG TTG A-3'; and Ktype2R,
5'-AAT TCT AAT ACG ACT CAC TAT AGG GAG AAG GAT CAA GGC
TGC AAG CAG CAT ACT C-3’) with molecular beacons specific for type 1 and
type 2 viruses labeled with the fluorophore FAM (6-carboxyfluorescein) or ROX
(6-carboxy-X-rhodamine) at the 5" end and a quencher (Dabsyl) at the 3" end.
Probe sequences were KtypelP (5'-FAM-CGA TCG ACG GAG ATG GTA
ACA CCA GTC ACATGG ACG ATC G-3') and Ktype2P (5'-ROX-CGA TCG
AAG TTG CCA TCC ACC AAG AAG GCA GAC GAT CG-ROX-3").

Todixanol gradients and viral particle purification. One milliliter of each
plasma sample was diluted in 10 ml phosphate-buffered saline (PBS) and cen-
trifuged at 3,000 rpm for 10 min. Supernatants were overlaid on 20% iodixanol
cushions (Optiprep density gradient medium; Sigma, St. Louis, MO) and cen-
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trifuged at 45,000 X g for 2 h. Pellets were resuspended in 500 wl PBS and
overlaid in 50% iodixanol solution in 0.85% NaCl. A self-gradient was achieved
through ultracentrifugation in a vertical fixed-angle rotor at 350,000 X g for 6 h.
Fractions of 350 wl were collected, and their density was calculated by measuring
the absorbance at 340 nm and also reading the refraction index.

RT assays. The RT activity was measured in 5 pl of each fraction using the
EnzCheck RT assay kit (Invitrogen) as described by the manufacturer. Serial
dilutions of murine leukemia virus RT (Stratagene) were used as calibrators.

Western blotting. Proteins were precipitated from the fractions with chloro-
form-methanol, separated on 10% sodium dodecyl sulfate-polyacrylamide gels,
and blotted onto nitrocellulose membranes. The membranes were blocked in
10% milk for 1 h and incubated with primary anti-HERV-K Env (HERM-
1811-5) or anti-HERV-K Gag (HERM-1841-5) monoclonal antibody (Austral
Biologicals) in blocking solution. As a control for nonspecific cross-reactivity,
blots were incubated with mouse serum. Membranes were washed five times in
PBS containing 1% Tween. The bound primary antibody was then detected with
horseradish peroxidase-conjugated goat anti-mouse secondary antibody using
the Super Signal West Pico system (Pierce Chemical Co., Rockford, IL).

EM. Plasma fractions obtained by iodixanol gradients were diluted in PBS, and
particles were pelleted at 250,000 X g. Negative staining, conventional EM, and
immunogold labeling of particles were performed as described previously (30).
Briefly, particles were absorbed to 300-mesh nickel grids and blocked in Tris-
buffered saline—1% bovine serum albumin. Particles were incubated with primary
mouse monoclonal anti-HERV-K Env (HERM-1811-5, diluted 1:10 in blocking
solution) (Austral Biologicals) for 1 h. In addition, another set of grids was
incubated with purified mouse immunoglobulin G (IgG) for 1 h to control for
cross-reactivity of mouse serum with plasma proteins. Grids were washed five
times and incubated with gold-labeled anti-mouse secondary antibody for 1 h. In
the experiments done with 10-nm gold particles, the secondary antibodies came
from Sigma (St. Louis, MO), and in experiments done with 5-nm gold particles,
the secondary antibodies came from BB International (Madison, WT). Particles
were fixed in 2% glutaraldehyde, negative stained in 2% uranyl acetate, and
visualized with a Philips CM-100 (Ann Arbor, MI) or a CM-10 (Siena) trans-
mission electron microscope operating at 80 kV.

RESULTS

We recently made the observation that HERV-K (HML-2)
RNA, but not that of the related HERV, HERV-H, can be
found in the plasma of HIV-1-positive patients using a quan-
titative real-time RT-PCR method to amplify the gag and pol
transcripts of HERV-K (HML-2) (18, 19). In these experi-
ments, plasma was treated with DNase prior to extraction of
RNA in order to try to eliminate contaminating DNA that
could cause false-positive RT-PCR results. Using degenerate
primers that amplify all 10 HERV-K families (HML-1 to
HML-10) present in the human genome, we found that expres-
sion of only HML-2 and HML-3 was increased in HIV-1 pa-
tients. RNA from the viruses of the HERV-H family, of which
there are at least 1,000 copies in the human genome as op-
posed to ~50 copies of HERV-K (HML-2), was not detected
in plasma (18, 19). The finding that plasma HERV-K RNA
titers are substantially elevated in HIV-1-infected individuals
has now been confirmed by at least two other groups (26, 32).
As HERV-K (HML-2) bears considerable resemblance to
MMTYV, which causes mammary tumors in rodents and repli-
cates in lymphocytes (9, 37), we investigated whether titers of
HERV-K (HML-2) are also elevated in the plasma of humans
with breast cancer or lymphoma. As measured by the same
quantitative real-time RT-PCR assay for HERV-K (HML-2)
gag RNA, control individuals generally had little to no evi-
dence of gag in their plasma (10 copies/ml on average),
whereas patients with either HIV- or non-HIV-associated lym-
phomas had very high titers (ranging up to 10'° copies of RNA
per ml, with an average of 107 copies/ml), and patients with
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FIG. 1. HERV-K (HML-2) RNA titers in the plasma of patients
and healthy individuals. (A) Viral RNA was isolated from plasma
samples, and the HERV-K (HML-2) gag RNA load was measured by
real-time RT-PCR. (B and C) The env RNA loads of type 1 (B) and
type 2 (C) HERV-K (HML-2) strains were quantified by NASBA. Bars
indicate the log median HERV-K (HML-2) RNA viral load. A statis-
tically significant difference was observed between the mean HERV-K
(HML-2) RNA load of patients with lymphoma (¢ test, P < 0.0001) or
breast cancer (¢ test, P < 0.0001) and that of healthy individuals.

breast cancer also had high titers of gag RNA in their plasma
(Fig. 1A).

To further prove that high titers of HERV-K (HML-2) viral
RNA could be found in the plasma of lymphoma and breast
cancer patients, we employed a second, independent RNA
amplification method, NASBA, which does not require ther-
mocycling and is not interfered with by contaminating DNA
that might be present in plasma (see Fig. S1 in the supplemen-
tal material). In addition, we used this technique to amplify
viral env RNA, rather than gag as was used in the RT-PCRs.
Using this methodology, we were able to detect the two dif-
ferent forms of HERV-K (HML-2), type 1 and type 2, which
are distinguished by a 292-bp fragment in env that is present in
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FIG. 2. HERV-K (HML-2) plasma titers in HIV-associated lym-
phoma patients at time of diagnosis and remission. Plasma was avail-
able pre- and posttreatment for nine patients (four with diffuse large
B-cell lymphoma, three with Hodgkin lymphoma, one with Burkitt
lymphoma, and one with marginal zone lymphoma). The plasma
HERV-K (HML-2) gag viral load was measured by real-time RT-PCR.
The P value was calculated using the ¢ test and comparing the mean
HERV-K (HML-2) RNA loads at diagnosis and upon remission. Bars
indicate the log median HERV-K (HML-2) RNA viral loads pre- and
posttreatment. One patient with diffuse large B-cell lymphoma was
treated with foscarnet alone, which resulted in dramatic shrinkage of
the tumor. Four other patients with diffuse large B-cell lymphoma
were treated with cycles of cyclophosphamide, adriamycin, vincristine,
and prednisone. The one patient with Burkitt lymphoma was treated
with cycles of cyclophosphamide, vincristine, prednisone, and intrathe-
cal methotrexate. The single patient with marginal zone lymphoma was
treated with rituxan plus cyclophosphamide, adriamycin, vincristine,
and prednisone. The patients with Hodgkin disease were treated with
cycles of adriamycin, bleomycin, velban, prednisone, and dacarbazine.
In two patients, viral loads did not become undetectable following
treatment: one patient with Hodgkin lymphoma completed only three
of six cycles of chemotherapy, and the single patient with marginal
zone lymphoma had only a partial remission. The other seven patients
completed therapy and achieved complete and sustained remissions.

type 2 but deleted in type 1. As can be seen in Fig. 1B, very high
titers of type 1 env RNA were again seen in breast cancer and
lymphoma patients but not in normal controls. A similar pat-
tern was seen with type 2 HERV-K (HML-2), except that here
the titers were considerably lower, or nonexistent, in Hodgkin
lymphoma (Fig. 1C). Therefore, not only are there very high
titers of HERV-K (HML-2) RNA in the plasma of lymphoma
patients, as opposed to healthy people, there is specificity as to
the type of HERV-K (HML-2) found in individuals with dis-
tinct types of lymphoma. In lymphoma and breast cancer pa-
tients, sequencing of HERV-K (HML-2) RNAs confirmed the
transcriptional activation of env sequences from at least 16
different type 1 and 18 different type 2 polymorphic HERV-K
(HML-2) viruses (data not shown). Strikingly, when patients
were treated and their lymphoma went into remission, titers of
HERV-K (HML-2) became undetectable in most cases (Fig.
2). In two patients who received incomplete treatment or ob-
tained only a partial remission, titers dropped but still re-
mained well above the normal range.

Having obtained evidence using two independent RNA am-
plification methods (NASBA and RT-PCR) that HERV-K
(HML-2) elements are likely found in the plasma of patients
with lymphoma, we examined this issue further using addi-
tional parameters. We studied the plasma of three HIV-neg-
ative lymphoma patients with high titers of HERV-K (HML-2)
RNA, as detected by RT-PCR, and three control individuals
without lymphoma (two healthy young people and one lym-
phoma-free individual with pancreatitis) who lacked detectable
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FIG. 3. HERV-K RNA titers, proteins, and RT activity in fractions from plasma samples of healthy individuals and non-HIV lymphoma patients.
Plasma samples from three patients with lymphoma (large-cell lymphoma [A and B] and mantle cell lymphoma [C]) and three control individuals (healthy
individuals [D and E] and a patient with pancreatitis [F]) were fractionated by density in iodixanol gradients. The density of each fraction is given on the
x axis. The RT activity in each fraction, represented by the light bars, is given on the y axis in relative fluorescent units. The HERV-K (HML-2) gag and
env RNA titers (lines) were assessed by real-time RT-PCR. HERV-K (HML-2) viral proteins were detected by Western blotting of protein extracts from
each fraction. Cell lysates from the HERV-K (HML-2) particle-producing cell line NCCIT were used as a positive control (first lane of the Western blot
in each panel). The band representing processed Env is found at 55 kDa and that corresponding to the unprocessed Env at 80 kDa.

HERV-K (HML-2) RNA titers. Plasma specimens from these
individuals were first subjected to iodixanol gradient ultracen-
trifugation in order to fractionate the plasma by density. We
then looked for viral gag and env RNA using RT-PCR, for RT
activity using a standard enzymatic assay, and for Gag and Env
proteins using Western blotting in the different fractions ob-

tained from the iodixanol gradients. Protein extract from the
HERV-K (HML-2) particle-producing cell line NCCIT was
used as a control for Western blotting, since both HERV-K
(HML-2) Gag and Env proteins are produced by these cells
(10). As can be seen in Fig. 3, no viral RNA or viral protein,
and very little RT activity, was found in the three control
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individuals who had no detectable RNA in plasma by RT-PCR.
In contrast, in the three lymphoma patients, RT activity, viral
gag and env RNAs, and correctly processed viral Gag and Env
proteins were all seen, in each case in the fractions that were at
the appropriate density (1.15 to 1.17 g/ml) for a putative
HERV-K (HML-2) virus (22, 23, 50). The sizes of the Gag (30
kDa) and Env (55 kDa) proteins detected by Western blotting
in all three lymphoma patients correspond to the processed
Gag protein and the Env surface (SU) subunit, indicating that
these proteins were correctly processed (10, 12, 13, 22, 23, 34).
This observation suggested that some HERV-K (HML-2) par-
ticles found in the blood might be mature virions. Further, as
cleavage of the Env and Gag proteins by the viral protease is
required for virion maturation (50), the presence of processed
Gag and Env indicates that the viral protease is likely func-
tional in this setting. One lymphoma patient (Fig. 3C) showed
not only the 30-kDa band, corresponding to the processed Gag
protein, and the 55-kDa band, representing the processed Env
SU subunit, but also an 80-kDa band corresponding to the
unprocessed Env (10, 12, 23). This suggests that immature and
mature HERV-K virions may coexist in the blood of this pa-
tient.

It is generally very difficult to detect pathogenic viral parti-
cles in the blood of patients by EM; for example, this has never
been done successfully with HIV-1-infected patients. However,
a few RNA viruses found in very high titers in the blood, such
as hepatitis C virus, can be seen directly in the blood by EM
(30). As some of our lymphoma patients had HERV-K
(HML-2) RNA titers of as high as 10'° copies/ml, we searched
for evidence of viral particles in the fractionated plasma of
lymphoma patients. Indeed, we were able to detect viral par-
ticles in the fraction (density, ~1.16 g/ml) containing HERV-K
(HML-2) viral RNA and proteins (Fig. 4A to C), and promi-
nent spikes characteristic of a retroviral envelope can be seen
in some particles (for example, in Fig. 4A). We then performed
immuno-EM using an antibody against the HERV-K (HML-2)
Env SU protein (Fig. 4D to M). In spite of the difficulty of
preserving virions from envelope shearing as a result of ultra-
centrifugation in gradients such as sucrose (30), using iodixa-
nol gradients we were able to detect clusters of gold-labeled
viral particles with an anti-HERV-K (HML-2) Env mouse
monoclonal antibody. Some particles showed condensed cores
and spikes symmetrically distributed around the viral mem-
brane, suggesting mature viruses. No similar clustering of gold
particles was seen in viral preparations probed with purified
control mouse IgG antibody and detected with gold-labeled
secondary antibody (Fig. 4N to O). These EM findings, con-
firmed in two independent laboratories (Ann Arbor, MI, and
Siena, Italy), demonstrate that the viral particles, some mature
and some immature, seen in the blood of the lymphoma pa-
tients are indeed HERV-K (HML-2). Thus, multiple lines of
evidence obtained in our laboratories suggest the presence of
HERV-K (HML-2) elements in the plasma of modern-day
human beings with cancer.

DISCUSSION

Virus-like particles generated by mammalian tissues have
often been found to have their genesis in endogenous retrovi-
ral proviruses. Mouse tissues generate such endogenous retro-
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virus-derived virus-like particles under both pathological and
normal conditions, including in the developing embryo (31, 46,
60). In addition to mice, the presence of endogenous retrovi-
ruses and retroviral particles has been linked to cancer in
several other animals, including humans. Recently, Tarlinton
et al. isolated a new retrovirus from koala bears, termed
KoRYV. This virus was isolated from koalas that developed
lymphomas. The authors showed that KoRV is a new endog-
enous koala retrovirus currently in transition between an ex-
ogenous and endogenous phase. Furthermore, KoRV is found
in high titers in the blood of certain koalas as demonstrated by
real-time RT-PCR (52, 53). Interestingly, in these koalas there
is a strong association between plasma viral load, as assessed
by RNA levels, and the development of leukemia/lymphoma
(51). HERV-K (HML-2) virus-like particles have previously
been found in cell lines from human teratocarcinoma, mela-
noma, and breast cancer (10, 42, 49). Here we demonstrate, for
the first time, that HERV-K (HML-2) RNA can be found in
the blood of human patients with lymphoma, as well as in
patients with breast cancer. In addition, these patients have
remarkably high plasma titers of HERV-K (HML-2) RNAs,
and these titers drop dramatically with successful treatment of
lymphoma. By analogy to MMTYV, it is likely that mammary or
lymphocytic tumor cells are the main source of production of
HERV-K (HML-2) particles, the number of which appears to
be drastically decreased in the plasma after the tumor burden
is reduced by chemotherapy. However, ongoing experiments in
our laboratory aim to clarify that this is indeed the case.

It must be cautioned that what we are detecting as HERV-K
(HML-2) plasma RNA could conceivably be viral DNA that is
released in response to the increased cellular proliferation and
turnover seen with malignancy (27, 28). Several factors suggest
that this is not likely the case, however. First, we detected no
amplification of HERV-K (HML-2) RNA when RT was not
added into the reaction mixtures (reference 19 and data not
shown). Second, the RT-PCRs are performed in the presence
of DNase, and, perhaps more significantly, we obtained very
similar results with both RT-PCR and NASBA, the latter being
a method of amplifying RNA that does not require thermocy-
cling and is not interfered with by the presence of free DNA.
In addition, even intentional contamination of NASBA reac-
tions did not lead to amplification of DNA (see Fig. S1 in the
supplemental material). Thus, while it is impossible to com-
pletely rule out DNA contamination, these considerations, as
well as the presence of viral particles and proteins in the
plasma of these patients, suggest that it is much more likely to
be HERV-K (HML-2) RNA than DNA that we are detecting
in these studies.

In addition to HERV-K (HML-2) RNA, we have also pre-
sented evidence suggesting the presence of other viral ele-
ments in the plasma of lymphoma patients. First, when plasma
is separated over iodixanol gradients, the fractions correspond-
ing to the appropriate density for a retrovirus contain RT
activity, HERV-K (HML-2) gag and env RNA, and Gag and
Env proteins, whereas no RT activity, viral RNA, or viral
proteins are seen in the plasma of control individuals. Further,
likely because the titers of virus-like particles are so high, we
were able to visualize HERV-K (HML-2)-like particles in the
plasma of the lymphoma patients. Immunogold staining dem-
onstrated that these particles are indeed quite likely to be
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100 nm

FIG. 4. HERV-K (HML-2) particles are found in the plasma of lymphoma patients. Viral particles found in the plasma fraction at a density
of 1.16 g/ml were visualized by EM. (A to C) Particles were found in all lymphoma patients. High magnification of one particle (A) shows mature
morphology with a condensed core and prominent spikes. Two particles (B and C) show Env spikes, but the core is incompletely condensed,
indicating that these virions are likely still not completely mature. (D to M) Immuno-EM images of particles labeled with an antibody specific to
the HERV-K Env and a secondary antibody linked to 5 (D to K) or 10-nm gold particles (L and M). All viral particles detected have a size of
between 90 and 100 nm, as expected for HERV-K (HML-2). Some particles (G, I, J, K, and L) showed condensed cores and spikes symmetrically
distributed around the viral membrane, suggesting mature viruses. (N and O) No clustering of gold particles was observed in the negative control
in which the same preparations were labeled with purified mouse IgG antibody and detected with gold-labeled (5-nm particles) secondary antibody.

HERV-K (HML-2), as suggested by the Western blots, RT-
PCR, and NASBA results. To our knowledge, this is the first
demonstration that, similar to the case for the supernatants of
human malignant cell lines, HERV-K (HML-2) particles can

be found in the sera of actual cancer patients. Although the
presence of these viral elements correlates with disease,
whether HERV-K (HML-2) plays an actively pro-oncogenic
role remains to be elucidated. However, should these viral
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elements in the plasma ultimately prove to be from truly infec-
tious viral particles (see discussion below), targeting HERV-K
(HML-2) with antiretroviral compounds might ultimately emerge
as a therapeutic strategy in patients with lymphoma or breast
cancer. Therefore, our findings have the potential to affect both
the understanding of viral oncogenesis and therapies for impor-
tant malignancies.

Whether or not replicating HERV-K (HML-2) plays a role
in the pathogenesis of breast cancer or lymphoma, it appears
that, consistent with the koala data (52, 53), HERV-K
(HML-2) viral loads may prove to be an important new bio-
marker in these diseases. First, whereas some biomarkers in
clinical use show changes over a range of a single log unit, the
titers of HERV-K (HML-2) RNA in patients versus controls
are markedly different: normal individuals have titers of 10%
copies/ml on average, whereas patients with lymphoma can
have titers of up to 10'° copies/ml. In addition, while the
specificity of these findings will require significantly greater
investigation before conclusions are reached, it does appear
that there are differences within cancer groupings that are not
simply based on overall titer. For example, patients with
Hodgkin disease have very high titers of HERV-K (HML-2)
type 1 but have negligible titers of HERV-K (HML-2) type 2
(Fig. 1B and C). Finally, we find that when patients are suc-
cessfully treated for lymphoma (Fig. 2), the titers of HERV-K
(HML-2) RNA in the blood return to low or even undetectable
levels. Thus, HERV-K (HML-2) titers have the potential to be
developed into a badly needed biomarker for this important
cancer. However, it must be emphasized that further work
must be done before the true clinical utility of HERV-K
(HML-2) as a biomarker is established.

Endogenous retroviral elements make up approximately 8
percent of the human genome (33, 45), and they are generally
considered to have lost the ability to replicate due to having
acquired multiple mutations. Further, there is a paucity of
complete functional elements [those that encode functional
copies of all HERV-K (HML-2) genes contiguously] to be
found in the human genome. Two groups have recently shown
that reanimated versions of HERV-K (HML-2), made from
cloned constructs in which mutations have been corrected, are
able to replicate (23, 34). These elegant experiments demon-
strate that HERV-K (HML-2) could indeed replicate in the
past, but they do not directly address whether HERV-K
(HML-2) can still replicate in modern humans. Interestingly, at
least one full-length HERV-K with intact open reading frames,
HERV-K 113, has been found to be present in about 15 to 30
percent of individuals who have been tested, and genetic anal-
ysis reveals that it is a very recent addition to the human
genome (14, 55). This led the authors to suggest that HERV-K
113 is a candidate for active replication in modern humans, but
three groups have now produced evidence that HERV-K113 is
by itself likely defective, at least in cell culture assays (5, 13,
22). Belshaw and colleagues have shown that HERV-K
(HML-2) has been under continuous purifying selection, a
finding that they interpret to suggest that proliferation of this
family has been almost entirely due to germ line reinfection (7,
8). Conservation of the env gene was further thought to sup-
port this idea, as it would suggest a need for ongoing reinfec-
tion in the life cycle of these viral elements. Finally, at least
eight elements from the HERV-K (HML-2) family appear to
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be polymorphic with respect to their presence in the human
population, indicating that they have inserted into the human
genome subsequent to the last common ancestor of humans
and chimpanzees (7, 8, 38, 40, 41). Therefore, while the ma-
jority of investigators today believe that HERV-K (HML-2) is
no longer capable of replication in modern humans, some
evidence to the contrary does exist. Our finding of HERV-K
(HML-2) RNA, RT activity, processed viral proteins, and what
appear to be mature viral particles in the blood of cancer
patients raises the issue of whether active HERV-K (HML-2)
replication might take place in these patients under some cir-
cumstances. However, proof to that effect will require trans-
mission of the modern virus in the laboratory.
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