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INTRODUCTION human retroviruses. In addition, we highlight a number of

Retroviruses are a large and diverse group of human and
animal pathogens that cause a wide variety of diseases includ-
ing many cancers and various immunological and neurological
conditions (102, 176, 522). In animals, retrovirus-associated
diseases have been known for well over a century. For example,
pulmonary adenocarcinoma in sheep was first documented in
1825 (495), and bovine leukosis was described in 1870 (238),
while filterable agents were associated with infectious anemia
of horses in 1904 (499) and with erythroid leukemia of chick-
ens in 1908 (131). Although it was several decades before the
causative agents were identified as retroviruses, studies on
animal systems such as these have provided an enormous
amount of information on retrovirus biology and revealed
some fundamental aspects of the cellular mechanisms of dis-
ease, particularly in cancer. The recognition of retroviruses as
tumor-inducing agents in animals initially led to their designa-
tion as “RNA tumor viruses” (522).

Given the preponderance of retroviruses in animals, much
effort has been applied to find related viruses in human dis-
ease, and so far, four infectious human retroviruses have been
identified (Table 1). The first to be discovered, human T-
lymphotropic virus type 1 (HTLV-1), was isolated in 1980
(399) and has been shown to cause cancer (adult T-cell leuke-
mia [ATL]) or neurological disease (HTLV-associated my-
elopathy/tropical spastic paraperesis [HAM/TSP]) in a small
percentage of infections (32). Shortly thereafter, a related vi-
rus, HTLV-2, was reported in a patient with hairy cell leuke-
mia (242), although its association with disease remains tenta-
tive (14, 423). Subsequently, human immunodeficiency viruses
type 1 (HIV-1) and HIV-2, which both cause AIDS, were
identified in 1983 and 1986, respectively (33, 101).

In addition to these four viruses, retroviruses have fre-
quently been cited as being potential etiological agents in other
human diseases, and numerous putative retroviruses in human
tissues and cultured cells have been reported (Table 2). Some
of these claims were later disproved, but a number of others
remain unconfirmed and controversial. In fact, there have been
so many putative human retroviruses described that each new
report has come to be received with skepticism among virolo-
gists and dismissed as merely another human “rumor” virus.
Early work on this subject was comprehensively reviewed in
1984 (523), but the discovery of HIV and HTLV and the
disastrous impact of AIDS on human health have significantly
raised the profile of retroviruses as human pathogens, and new
reports on “novel” human retroviruses have continued to ap-
pear.

Interest in retrovirus discovery has been stimulated in part
by the advent of PCR and related gene amplification tech-
niques, which have provided improved tools to search for ret-
roviruses (and other pathogens) in human tissues. However,
although the increased sensitivity of these methods has per-
mitted the identification of several new candidate retroviruses,
their confirmation as genuine human infections remains diffi-
cult. Here, we describe these recent developments and discuss
some general themes related to the identification of novel

technical issues that should be addressed by those still at-
tracted by the notion of retrovirus hunting. While our focus is
retroviruses, some of these issues also apply to putative links
between other viruses and human disease. A notable example
is the macaque papovavirus simian virus 40, which has been
linked with a variety of human tumors, largely on the basis of
PCR evidence (168, 442).

STRUCTURE AND REPLICATION OF RETROVIRUSES

Retroviruses are enveloped viruses with single-stranded,
positive-sense RNA genomes (102, 176, 522) (Fig. 1). The
defining features of retrovirus replication are reverse transcrip-
tion of the viral RNA soon after the infection of a target cell
and integration of the DNA product into the cellular chromo-
somal DNA. These two steps in replication are catalyzed by the
virus-encoded enzymes reverse transcriptase (RT) and inte-
grase (IN), respectively. Once integrated, the DNA provirus
replicates by directing the synthesis of viral proteins and par-
ticles using cellular mechanisms for transcription and transla-
tion. Capsid assembly occurs either in the cytoplasm or at the
plasma membrane, and new progeny virions are released by
budding. The replication strategy of retroviruses is important
for their role in disease because reverse transcription and in-
tegration confer unique pathogenic mechanisms including in-
sertional mutagenesis and oncogene transduction (365). Pre-
vious classification schemes for retroviruses have been based
on disease association or morphological features. Currently,
seven genera are recognized and distinguished by the genetic
relatedness of the RT protein (Table 3) (286).

HUMAN ENDOGENOUS RETROVIRUSES:
CONFOUNDING FACTORS FOR HUMAN
RETROVIRUS DISCOVERY

Occasionally, retroviruses infect germ cells, and this enables
them to colonize the host’s germ line DNA by forming endog-
enous retroviruses (ERVs) (29, 30, 57, 172). This has occurred
numerous times during evolution, and ERVs have been de-
tected in all vertebrate species examined. ERVs can be recog-
nized by their sequence similarity with modern-day infectious
retroviruses even though millions of years have passed since
they integrated. In some host species, exogenous, infectious
counterparts are still circulating as infectious viruses, e.g., jaag-
siekte sheep retrovirus (JSRV) (377) and mouse mammary
tumor virus (MMTYV) (2).

In humans, estimates from the genome sequencing project
suggest that ERVs now comprise some 8% of our DNA (285),
representing around 4,000 proviruses and thousands more sol-
itary long terminal repeats (LTRs) (29). Human ERVs
(HERVs) have been divided into three classes, classes I, II,
and III, based on their sequence similarity to animal gamma-
retroviruses, betaretroviruses, or spumaviruses, respectively.
Each class contains several families, each representing an in-
dependent integration event (172). There is no standard no-
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TABLE 1. Confirmed infectious human retroviruses

Yr

Virus identified Associated disease(s)” Reference
HTLV-1 1980 ATL, HAM/TSP, polymyositis, 399
HAA
HTLV-2 1982 HAM/TSP? 242
HIV-1 1983 AIDS 33
HIV-2 1986 AIDS 101

“ HAA, HTLV-associated arthropathy.
 The association of HTLV-2 with disease is tentative.

menclature for HERVs, but one system refers to the tRNA
specificity of the primer binding site used to initiate reverse
transcription (Fig. 1). Thus, HERV-K would use lysine and
HERV-H would use histidine if they were replicating viruses.
There are no HERVs related to lentiviruses or deltaviruses.
Although some very short regions of sequence similarity are
present in human DNA (218, 383), they appear unlikely to
represent genuine ancestral infections by these retroviruses
(492). Note, however, that ERVs related to lentiviruses have
recently been detected in rabbits (248).

In some animal species such as mice (468), chickens (222),
and pigs (380), a few ERV proviruses have retained the ability
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to encode replication-competent viruses. Such viruses, while
transmitted in germ line DNA as endogenous elements, are
also capable of infectious transmission and can therefore be-
have as infectious viruses, infecting either the same species or
other species. An example is the endogenous feline retrovirus
RD114, which was identified after it infected human rhabdo-
myosarcoma cells that had been passaged through the brain of
a fetal kitten and which was originally thought to be a human
virus (322). Similarly, foreign tissue grafts in nude mice are
commonly infected by endogenous murine viruses (5, 108, 416,
486). In contrast to these animal ERVs, none of the HERVs
characterized so far are capable of producing infectious parti-
cles. In vitro transmission has been reported for some HERVs
(e.g., see references 97 and 354), but further work is needed to
clone the infectious genomes (discussed below).

HERVs and Disease

The majority of HERV proviruses contain mutations that
prevent the expression of viral particles. Despite this, transcrip-
tion of HERV RNA occurs in many normal human tissues and
cultured cells (326, 395, 438, 464). In a few instances, viral
proteins or particles may be produced (Table 4). The level and
pattern of expression may be modulated under pathological

TABLE 2. Putative association of human diseases with retroviruses”

Disease Reported evidence

Retrovirus(es) implicated

Reference(s)

Cancer
Breast cancer

Lymphoma

Lung adenocarcinoma
Thymoma

Ovarian carcinoma
Melanoma
Myeloproliferative disease
Testicular tumors

Prostate cancer

Neurological disease
Schizophrenia
Motor neuron disease
MS

Chronic fatigue syndrome

Autoimmune and inflammatory

RA

SLE

Mixed connective tissue
disease

SS

PBC

Graves’ disease

IDDM

Psoriasis

Systemic sclerosis

Alopecia areata

Other
ICL
Osteopetrosis

EM, PCR, RT, FISH, Ab

PCR
Ag

EM

EM, PCR, Ab, Ag
EM, PCR, RT, Ab
EM, PCR, RT
EM, PCR, RT, Ab

PCR, Ag, FISH

PCR
PCR, RT
EM, PCR, RT, Ab, Ag

EM, RT

EM, PCR
EM, PCR, Ab
Nab

EM, PCR, RT, Ag
EM, PCR, Ab, Ag
EM, PCR, Ab
PCR, RT

EM, PCR, Ab, Ag
Ab

Ab

EM, Ab, RT
EM

MPMV, MMTV, HERV-K

MPMV, HRV-5
Betaretrovirus
Unknown
HIV-like, HERVs
HERV-K
HERV-K
HERV-K

XMRV

HERV-W, HERV-K
HERV-W
HERV-W, HERV-H

“JHK-retrovirus”

HRYV-5, HERVs
HRV-5, HERVs, HIAPs
HIV-related?

HIAPs, HRV-5
MMTV-like
HFV, HIAP
HERV-K
HERV-E
HIAP-1
HIAP-I

HIAP-II, HICRV
Unknown

34, 132, 135, 137, 145, 287, 328,
514, 516, 517, 523, 545

225, 260, 266, 350, 414

115, 116

16

405, 518

25, 50, 81, 82, 223, 354, 431

66, 69, 339

58, 60, 71, 118, 156, 174, 257,
404, 430

125, 497

113, 246, 375, 521

11, 371

13, 93-96, 98, 99, 194, 258, 385,
390, 391

192

67, 188, 356, 469
67, 188, 212, 478, 480
127

161, 189, 444, 477, 540
317, 318, 538

100, 235, 270

105, 463, 472

43, 110, 214, 230, 335, 336
273

274

162, 193, 196
68, 267

“ Ab, antiretroviral antibodies; Nab, neutralizing antibodies; Ag, retroviral antigen.
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FIG. 1. Retrovirus structure and replication. (a) Genome organization. The RNA and DNA forms of a generalized retrovirus genome are
shown with conserved features. R, repeated region at termini of RNA genome; U5 and U3, unique elements close to the 5 and 3’ ends,
respectively, of the RNA genome; PBS, primer binding site used for initiation of reverse transcription; W, encapsidation signal; PPT, polypurine
tract. All infectious retroviruses have at least one splice donor (SD) and one splice acceptor (SA) site used for expression of a spliced transcript
encoding env; some retroviruses have additional splice sites. During reverse transcription, the L'TR is formed, which contains gene promoter and
enhancer elements. At least four genes are present in all infectious retroviruses, gag, pro, pol, and env. Retroviral proteins are synthesized as large
polyprotein precursors and later cleaved into the mature viral proteins matrix (MA), capsid (CA), nucleocapsid (NC), protease (PR), reverse
transcriptase (RT), and integrase (IN) and into-the-surface (SU) and transmembrane (TM) glycoproteins. Specific retroviruses encode additional
proteins with specialized functions in the viral life cycle or pathogenesis. (b) Comparison of proviral structures of MLV and HTLV-1 showing
arrangement of ORFs for viral genes. (Panels a and b are adapted from reference 345 with permission from Elsevier.) (c) Structure of a generalized
retrovirus particle indicating virus capsid containing two copies of the RNA genome associated with NC protein, viral enzymes, and a cellular tRNA
molecule. The capsid is contained within the viral lipid envelope, which is associated with the envelope glycoproteins. (d) Replication. Retroviruses
infect their target cells by adsorption to one or more specific cell surface receptors. Binding leads to conformational changes in the envelope and
receptor molecules that trigger fusion of the viral and cell membranes. Depending on the specific virus, this may occur at the plasma membrane
or within endosomes following endocytosis. Fusion releases the viral core into the cytoplasm (uncoating), and reverse transcription is initiated,
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TABLE 3. Classification of retroviruses

Subfamily and genus® Previous nomenclature

Species infected Example(s)

Orthoretrovirinae
Alpharetrovirus Avian C-type oncoretrovirus
Betaretrovirus B-type oncoretrovirus
D-type oncoretrovirus
Gammaretrovirus Mammalian C-type oncoretrovirus
Deltaretrovirus C-type oncoretrovirus

Epsilonretrovirus None

Lentivirus Lentivirus
Spumaretrovirinae

Spumavirus Foamy virus

Birds Avian leukosis viruses, Rous sarcoma virus
Mice MMTV

Primates MPMV

Sheep JSRV

Mice MLVs

Cats Feline leukemia viruses
Primates Gibbon ape leukemia virus
Birds Reticuloendotheliosis virus
Cattle Bovine leukemia virus
Primates Human T-lymphotropic viruses
Fish Walleye dermal sarcoma virus
Primates HIV and SIV

Sheep Maedi/visna virus

Cats Feline leukemia virus

Horses Equine infectious anemia virus
Primates HFV and SFV

Cats Feline foamy virus

Cattle Bovine foamy virus

“ Refers to exogenous retroviruses only (286), but note that ERVs related to extant alpharetroviruses, betaretroviruses, gammaretroviruses, and spumaretroviruses

are present in many vertebrate species.

conditions, particularly in cancer and inflammatory disease
(293, 529). There has been considerable debate as to whether
HERYV expression has pathogenic consequences, and HERVs
have been proposed to be etiological cofactors in numerous dis-
eases on the basis of increased RNA and protein expression (30,
293, 498). However, as yet, there is no conclusive proof that
HERVs have a causative role in any disease (discussed below).
In the context of novel retrovirus discovery, HERVs can be
a problem for researchers hunting for retroviral nucleic acid or
protein signatures in disease tissues because they produce a
high level of background “noise” that can mask the signal from
an infectious retrovirus or, alternatively, produce false-positive
results. While this issue is now well established, it may not have
been recognized in earlier reports of novel human retroviruses
(523). Several of the recently described candidate human ret-
roviruses are indistinguishable from HERVs (94, 105, 385),
and much of the data implicating new retroviruses in disease
could be a result of increased HERYV expression under patho-
logical conditions. However, given the apparent inability of any
HERYV to form replicating particles, new paradigms are re-
quired to explain how HERVs might contribute to disease
(467). While a number of mechanisms have been suggested
based on data from inbred mouse models and other transpos-

able elements, there is only limited evidence that they are
active for HERVs (Table 5). Indeed, an overtly pathogenic
HERYV would tend to be lost through negative selection (172).
Nevertheless, this does not preclude the possibility that
HERYVs may comprise cofactors for disease in some circum-
stances, and recent work on specific proteins of HERV-K and
HERV-W has provided new advances in this area (see below)
(13, 58, 117, 156, 476).

HUMAN DISEASES WITH SUSPECTED
RETROVIRAL ETIOLOGY

The association of retroviruses with cancers and inflammatory
disorders of animals naturally led to a search for related agents in
analogous human diseases. A great deal of evidence has now
accumulated to suggest that retroviruses other than HIV and
HTLV may be human pathogens. However, much of this evi-
dence is circumstantial, and we argue that a strong case has yet to
be made for an etiological role for any specific candidate retro-
virus. In a few instances, nucleotide sequences from putative
retroviruses have been cloned from human tissues by PCR (94,
189, 246, 385, 514, 538), but these have so far all been proven to
be closely related to ERVs of either human or animal origin.

during which the single-stranded RNA genome is converted into a double-stranded DNA form. This DNA subsequently becomes integrated into
the chromosomal DNA of the cell to form the provirus. The expression of viral genes and proteins requires the host cellular machinery for
transcription and translation, although some retroviruses also encode proteins that can regulate these processes. The cellular specificity of
expression is dependent on enhancer elements located in the LTR. Assembly of retroviral capsids occurs either in the cytoplasm prior to budding
(betaretroviruses and spumaviruses) or at the plasma membrane concomitant with budding (all other retroviral genera). Once released, the
retroviral protease is activated, and the viral polyproteins become cleaved into their mature forms. This maturation step is required for infectivity.
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TABLE 4. HERYV proteins expressed in tissues and cultured cells®

HERYV family Protein(s) expressed Tissue References
HERV-K Gag-Pro-Pol Testicular cancer, melanomas, myeloproliferative disease, 30, 46, 61, 82, 294, 339,
breast cancer, placenta 354, 430, 488
Env GCTs, melanoma, ovarian cancer 120, 488, 518
Rec, Np9 GCTs, melanoma 17, 18, 58, 81, 118, 156,
305, 354, 541
SAg EBV-infected B cells, IDDM(?) 105, 219, 471, 472, 476
Particles GCTs, melanoma, myeloproliferative disease 46, 61, 82, 294, 339, 354
HERV-W Gag Brain, normal tissue, MS lesions, schizophrenia 391, 426, 521
Env (syncytin-1) Brain, placenta, breast cancer 13, 52, 55, 56, 153, 309,
310, 333, 391
Particles” (MSRV, LM7) MS patient B cells and leptomeningeal cells 387, 390, 393
HERV-E Env Ovarian cancer, psoriasis, normal skin, interstitial lung 43, 479, 518
disease
HERV-R Env Placenta, ovarian cancer 502, 518
HERV-H Intact ORFs for Env proteins Unknown but immunosuppressive in experimental systems 118, 312
Particles” (RGH-2) Transformed lymphocyte cultures from MS patients 94, 194
HERV-FRD Env (syncytin-2) Placenta 53, 54, 307, 308
HRES-1¢ Gag-related protein Brain, liver, T-lymphoblastoid cell lines 28, 383

“Many HERYV families also transcribe RNA in a variety of tissues (for reviews, see references 29, 172, 498, and 529). GCT, germ cell tumor.

® The identities of these RVLPs have not been demonstrated experimentally.
¢ The retroviral origin of HRES-1 is disputed (492).

Retroviruses in Human Cancer

As noted above, retroviruses were first discovered as tumor-
inducing agents in animals (131, 424). Early studies in mice and
chickens defined two general mechanisms by which retrovi-
ruses induce tumors; oncogene capture and insertional mu-
tagenesis (102, 176, 365, 501). Oncogene capture involves the
insertion of cellular proto-oncogene sequences into the retro-
viral genome by recombination during reverse transcription.

TABLE 5. Potential mechanisms for HERV-induced disease

Mechanism Agent Reference(s)
Direct action of HERV HERV-K Rec 18, 58, 117, 156
protein and Np9
HERV-K SAg 219, 463, 471, 472,
476
HERV-W Env 13, 389, 420
HERV-H Env 312
Autoimmune/immune HERV-K 24, 60, 208, 404,
response 430
HIAP 161, 235, 273, 274,
318, 477, 478
Insertional mutagenesis® LINEs 89, 334, 344
Murine ERVs 527, 536
Modulation of cellular HERV-E 271, 325, 435
gene expression HERV-L 129
Interaction with HERV-K 219, 471, 472
exogenous viruses HERV-W 76, 77, 393

“ Insertional mutagenesis by HERVs has not been described, but analogous
mutations have been reported for murine ERVs and for long interspersed nu-
clear elements (LINEs) in humans.

The resulting virus is usually defective and requires coinfection
with a helper (wild-type) virus for transmission. Oncogenesis is
a result of the constitutive expression of the captured oncogene
under the control of the viral LTR. Such viruses are known as
acute-transforming viruses, reflecting the rapid growth of tu-
mors in animals in which they arise. Insertional mutagenesis
arises by the chance integration of retroviruses at a site in the
host DNA adjacent to a cellular proto-oncogene. The pro-
moter and enhancer elements in the viral LTR then activate
the expression of the oncogene, thereby enhancing cellular
proliferation, which may ultimately lead to the development of
a tumor. Viruses that induce tumors in this way are replication
competent and are known as cis-activating retroviruses. In this
case, the tumors generally take much longer to develop than
with acutely transforming viruses.

In addition to these two well-characterized oncogenic mech-
anisms, a small number of retroviruses that encode their own
oncogenic protein or that directly stimulate cells through sig-
naling motifs contained within the Env proteins have been
described. Examples include the Tax protein of HTLV-1,
which promotes cellular proliferation by activating the expres-
sion of a number of cellular genes (184), and the Env protein
of JSRV, which activates signaling pathways including the
MEK/extracellular signal-regulated kinase and Akt protein ki-
nase cascades (288). Thus, retroviruses have a variety of strat-
egies for inducing cellular proliferation and cancer, and novel
human retroviruses might use any of these, or they might use
entirely new strategies.

The discovery of HTLV-1 and its role in ATL confirmed that
retroviruses can be oncogenic in humans. HIV-1 is indirectly
implicated in cancer by creating an immunosuppressive envi-
ronment that permits the growth of opportunistic tumors (65).
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In addition, studies on B- and T-cell lymphomas in AIDS
patients have suggested that oncogene activation by insertional
mutagenesis might be another mechanism by which HIV-1
could cause cancer (206, 448), although direct tumorigenesis
by HIV in this way appears to be very rare.

While both HIV and HTLV can be oncogenic, neither is
closely related to the large groups of well-characterized onco-
genic gammaretroviruses and alpharetroviruses of animals. It
has been suggested that human cancers could potentially be
caused by the cross-species transmission of these retroviruses
from animals (547). Such zoonotic viruses may not necessarily
induce tumors in their natural host or replicate efficiently in
human cells. Numerous studies in the 1960s and 1970s
searched for retroviruses in human cancers (245, 523). In some
cases, the viruses identified turned out to be cell culture con-
taminants of animal viruses, such as HL.-23 virus, later found to
be gibbon ape leukemia virus, and “HelLa” virus, which was
actually Mason-Pfizer monkey virus (MPMV) (523). The prov-
enance of some other viruses is still unexplained. More re-
cently, PCR has been used to search for retrovirus sequences
expressed in human tumors, and these have been found either
to be HERVs (69, 82, 294, 440) or to be closely related to
animal viruses (350, 414, 497, 514). HERVs have been impli-
cated in a variety of tumors including melanoma (82, 354),
germ cell tumors (30), breast cancer (516), and leukemia (66,
339), but it is unclear whether the increased expression of these
elements precedes the cancer or whether it is a result of altered
gene regulation in the tumor cells.

Retroviruses in Human Inflammatory Disease

As with studies of cancer, a search for retroviruses in human
inflammatory diseases followed the description of related con-
ditions during infection with some animal retroviruses. For
example, murine models for glomerulonephritis, a feature of
systemic lupus erythematosus (SLE), were previously thought
to be triggered by immune complexes containing retroviral
antigens (158). Similarly, small ruminant lentiviruses cause a
chronic inflammatory disease that can involve several tissues
including lung, brain, and joints (528). In addition, transgenic
mice expressing human retroviral proteins such as HTLV-1
Tax and Env exhibit inflammatory symptoms reminiscent of
human disease (185, 233). However, the tissues involved and
the severity of the inflammation that occurs in these models
depend to some degree on the exact structure of the transgene,
so it is difficult to be certain how relevant such models are to
human disease.

HTLV-1 and HIV-1 can both cause inflammatory symptoms,
and this has reinforced the concept that other retroviruses
might have a role in human inflammatory disease. A subgroup
of individuals infected with HIV-1 develop a salivary gland
inflammation similar to that seen in Sjogren’s syndrome (SS),
known as diffuse inflammatory lymphocytosis syndrome (229).
Additional features of inflammatory disease such as autoanti-
body production, arthropathy, and vasculitis also occur in pa-
tients infected with HIV-1 (reviewed in references 163 and
249). Inflammatory reactions in HTLV-1 infection are even
more striking, and while those of HAM/TSP are the most
clinically overt, HTLV-1 is also associated with SS, arthropa-
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thy, uveitis, polymyositis, and myelitis in up to 5% of infections
(367).

These clinical observations and animal models demonstrate
that human retroviruses can cause inflammatory reactions and
have led many workers to investigate other groups of patients
for evidence of retrovirus expression (reviewed in references
103, 163, and 498). In addition, a number of models have been
proposed to describe how retroviruses might trigger autoim-
munity. These include general mechanisms such as lymphocyte
activation and the upregulation of major histocompatibility
complex (MHC) molecules and proinflammatory cytokines.
However, the potential direct effects of retroviral proteins act-
ing through molecular mimicry or as superantigens (SAgs)
have received the greatest amount of attention (154, 163, 263,
498).

Molecular mimicry. The concept of virus pathogenesis due
to molecular, or antigenic, mimicry has been around for several
decades and is characterized as an immune response to an
infectious agent that cross-reacts with a host antigen (reviewed
in reference 154). Despite the establishment of immune toler-
ance by the removal of self-reactive T lymphocytes during
thymic maturation, it is clear that some self-reactive T cells
persist in healthy individuals (243). Similarly, self-reactive B
lymphocytes are also present. Molecular mimicry implies that
these self-reactive T cells are activated in susceptible individ-
uals following infection with a pathogen encoding a protein
with a shared epitope. Subsequently, additional self-reactive
lymphocytes might then be activated through epitope spread-
ing, thereby exacerbating the autoimmune pathology (154). A
number of diseases represent good candidates for initiation by
molecular mimicry; however, while there is tantalizing evi-
dence to support these examples, at present, they remain un-
proven (40, 154).

For retroviruses, the development of computer programs for
comparing protein sequences led to a number of predicted
epitopes shared between viral and host proteins, including
some known autoantigens (160, 163, 320, 355, 378, 403).
Epitopes identified in this way do not always prove to be
biologically significant (154, 355), but for some retroviruses,
the presence of cross-reacting antibodies has been established
in a number of studies. For example, the CA (p30) proteins of
mammalian gammaretroviruses such as feline leukemia virus
and murine leukemia virus (MLV) share common epitopes
with the Ul small nuclear ribonucleoprotein-associated 70K
autoantigen (403) and DNA topoisomerase I (320), which are
autoantigens in SLE and systemic sclerosis, respectively. Mo-
lecular mimicry between a C-terminal epitope of the HTLV-1
Tax protein and a neuron-specific ribonuclear antigen has also
been demonstrated (283). Patients with HAM/TSP have anti-
bodies that bind to this epitope on both proteins, as do mono-
clonal antibodies to the Tax peptide. Similarly, there is anti-
genic mimicry between the HIV-1 TM (gp4l) protein and
human leukocyte antigen class II molecules (178). Antibodies
recognizing the cross-reactive epitopes are predicted to con-
tribute to the functional impairment of CD4" T lymphocytes
in HIV patients (179).

These findings provide a basis for retrovirally induced auto-
immunity through antigenic mimicry, although whether such
mimicry extends to T-cell-mediated autoimmunity is currently
unclear. Due to their similarity with exogenous retroviruses,
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HERYV proteins have been cited as being potential autoanti-
gens (103, 163, 498). While it is true that some individuals
(with and without disease) do have T cells and antibodies that
recognize HERYV proteins (24, 60, 159, 208, 404), currently, no
HERYV protein is a recognized autoantigen in any disease.

It is worth mentioning that an alternative outcome of anti-
genic mimicry is that the cross-reactive epitope on a pathogen
may be recognized as “self” by the immune system, effectively
creating a “hole” in the immune response. An example is the
HIV-1TM (gp41) protein, some epitopes of which mimic sites
on phospholipids such as cardiolipin and phosphatidylserine
(201). Since these are ubiquitous host antigens, antibodies to
these epitopes are rarely produced in HIV-1-infected individ-
uals. Such mimicry may therefore be responsible for partially
protecting these cross-reactive HIV epitopes from immune
response, thereby impairing neutralization of the virus and
contributing to pathogenesis.

SAgs. SAgs are a class of immune-stimulating proteins en-
coded by some bacteria and viruses that activate T lymphocytes
in a non-antigen-restricted manner by interacting directly with
the VB chain of the T-cell receptor (90, 315, 526). This results
in massive polyclonal T-cell activation and cytokine release.
The activation of T cells in the absence of specific antigen may
lead to anergy, and so the longer-term consequences of SAg
activity can be the peripheral depletion of a specific T-cell V3
subset and/or local tissue proliferation of the same T-cell sub-
set (2). This ability to dysregulate the immune system presents
SAgs as potential mediators of inflammatory and autoimmune
disease.

SAgs have been described in a number of bacteria, e.g.,
Streptococcus pyogenes and Staphylococcus aureus, where they
cause diseases such as toxic shock syndrome and food poison-
ing (289). Several viruses have been proposed to encode SAgs,
but the best-characterized example is the SAg of MMTYV,
which has a central function in virus dissemination in the early
stages of infection (1, 2, 90). SAg activity has also been linked
with HIV, rabies virus, the human herpesviruses Epstein-Barr
virus (EBV), and human cytomegalovirus, but in these cases,
the SAg genes and proteins have not been identified (534). In
addition, the presence of a SAg-encoding retrovirus has some-
times been invoked to explain inappropriate T-cell activation
in autoimmune diseases where there is evidence for the dele-
tion of specific V@ T-cell subsets (104, 163, 400). The contro-
versial description of a SAg encoded by a specific HERV-K
provirus (105, 463, 472) has provided a model by which various
unrelated viruses might induce SAg activity on infection (dis-
cussed below). Interestingly, in the MMTYV system, SAg activ-
ity and T-cell activation do not commonly elicit autoimmune
inflammatory symptoms.

Epidemiology

Novel human viruses that have been discovered in recent
years have been found in diseases where there was good epi-
demiological support for an infectious cause (250). For exam-
ple, in the mid-1980s, it was obvious that an additional infec-
tious agent was present in non-A, non-B hepatitis, and this
justified the search that led to the discovery of hepatitis C virus
(91). In contrast, many of the chronic immunological and neu-
rological conditions that have been linked to retroviral infec-
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tion do not have strong epidemiological evidence for a simple
contagious etiology. Instead, these diseases are proposed to
have a multifactorial etiology requiring the interaction of a
number of genetic and nongenetic causative factors, with in-
fection representing just one environmental component (e.g.,
see references 173, 181, and 200). Therefore, disease may be a
rare outcome of infection in susceptible individuals. For some
diseases, this model is supported by studies of monozygotic
twins and patterns of disease incidence in migrant populations
(265). Although infectious agents represent attractive targets
for environmental factors, their role remains speculative in the
absence of a clearer understanding of how all the contributory
factors are linked. Interestingly, for a number of diseases
where an infectious retrovirus has been sought, HERVs (i.e.,
genetic factors) have been identified (94, 105, 336, 384).

For diseases where there are no epidemiological data sup-
porting a role for a virus, a “hit-and-run” mechanism in which
acute infection with a specific virus elicits a chronic patholog-
ical response that persists after the original infection has been
cleared might be proposed. Possible mechanisms include the
activation of autoreactive T cells by antigenic mimicry (154)
and the initiation of tumorigenesis that no longer requires the
presence of the viral oncogene once the tumor is established
(10). There is some experimental evidence supporting hit-and-
run mechanisms, e.g., in adenovirus and herpesvirus transfor-
mation (364, 445) and in the development of chronic inflam-
matory disease following paramyxovirus infection (216);
however, as yet, there are no confirmed examples in human
disease. Subacute sclerosing panencephalitis in measles virus
infection might perhaps be proposed as one example, although
a defective form of the virus persists in the brain. Gastric
adenocarcinoma induced by Helicobacter pylori is another pos-
sible example, but this too can persist. It is currently unclear
whether hit-and-run mechanisms apply to retroviral infections.
Because retroviruses integrate into the host DNA and there-
fore persist for the lifetime of that cell, the likelihood of them
eliciting disease by a hit-and-run mechanism appears to be
lower than that for other microbes.

LABORATORY METHODS FOR IDENTIFYING
RETROVIRAL INFECTIONS

A wide range of techniques has been used to identify and
characterize novel retroviruses. In addition to traditional
methods such as cell culture, electron microscopy (EM), and
serological assays, RT activity has been exploited as a biochem-
ical marker of retroviral infection and is routinely used to
quantify retrovirus production in vitro. The introduction of
PCR provided new opportunities for the identification and
analysis of virus infections. In addition, advances in bioinfor-
matics and microarray technologies have provided further
novel and potentially high-throughput approaches for new vi-
rus discovery. The relative merits and disadvantages of these
techniques were reviewed elsewhere previously (303, 523).
Here, we describe some aspects of particular relevance to
novel retrovirus discovery and highlight problems that can
arise due to the presence of ERVs.
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FIG. 2. Retrovirus-like particles described in diseased human tissues and cultured cells. (a) LM7 particles from leptomeningeal cells from MS
induced by ICPO protein of herpes simplex virus type 1. (Reprinted from reference 393 with permission of the publisher.) (b) Particles in cultured
lymphocytes from MS. (Reprinted from reference 194 with permission from Elsevier.) (c) Particles in SS salivary gland (see arrows). (Reprinted
from reference 540 with permission of the publisher.) (d) HICRV in ICL. Bar, 0.5 um. (Reprinted from reference 193 with permission.) (e)
Virus-like particles in human milk. (Reprinted from reference 429 by permission from Macmillan Publishers Ltd.) (f) Particles in PBC. (Reprinted
from reference 538 with permission of the publisher. Copyright 2003 National Academy of Sciences, U.S.A.) (g) Particles in myeloproliferative
disease. Bar, 100 nm. (Reprinted from reference 66 with permission from Elsevier.) (h) HERV-K in teratocarcinoma-derived cell lines labeled with
gold anti-HERV-K Gag. (Reprinted from reference 61 with permission from Elsevier.)

Electron Microscopy

EM is of great value for directly visualizing candidate novel
viruses in human tissues and cultured cells. Retroviruses have
been grouped into four morphological types, denoted A-, B-,
C-, and D-type particles (42, 111), and there have been nu-
merous reports of retroviral infection in humans based on EM
evidence (Fig. 2). Putative virions have been described in tis-
sues or blood from patients with SS (161, 540), multiple scle-
rosis (MS) (194, 390), breast cancer (137), psoriasis (230),
myeloproliferative diseases (66), malignant melanoma (25, 50),
benign osteopetrosis and sporadic para-articular osteoma
(267), and thymomas (16). Similarly, retrovirus-like particles
(RVLP) have been found in body fluids from patients with
rheumatoid arthritis (RA) (469), SLE (480), and epidemic
neuropathy (418) and in cell cultures established from individ-
uals with testicular tumors (46, 71) and chronic fatigue syn-
drome (192). In addition, RVLPs have also been observed in
healthy human tissues and fluids including placenta (241, 504)
and breast milk (138, 338) and in cultured cells (126, 328, 348).
Although reported as being retroviruses, such particles do not
always have the expected morphology or size of retroviruses;
for example, particles described in RA (469) have an apparent
diameter of 200 nm, which is roughly double that expected for
retroviruses, and their identity as such is therefore doubtful.

EM is subject to a number of artifacts, and it may sometimes
be difficult to accurately interpret the appearance of extracel-
lular particles. Virion morphology can be dependent on sample
preparation methods, with the result that the interpretation of
the images obtained can be rather subjective. Moreover, the
likelihood of identifying rare particles is proportional to
the length of time spent studying micrographs. Establishing the

specificity of expression to diseased tissues therefore requires
that identical attention is applied to both diseased and control
specimens. In addition, several cellular components can resem-
ble retroviral particles when seen in cross section; e.g., a cel-
lular membrane protrusion of ~100 nm diameter, if cut trans-
versally, might appear as a 100-nm-diameter extracellular
RVLP.

Another potential disadvantage of using EM for virus dis-
covery is that this method cannot detect latent retroviral in-
fection where few or no particles are being produced. Indeed,
the technique is generally rather insensitive, and several hours
of scrutinizing sections may be required to identify virions even
for a moderately productive infection. Despite these issues,
micrographs of sections taken directly through a retrovirus
particle can be very convincing, particularly if they are stained
with gold-labeled antibodies to the suspected virus. This ap-
proach has been used successfully to confirm the identity of
HERV-K particles produced by teratocarcinoma cell lines
(61). A similar approach may be successful in determining the
identity of RVLPs in other human cell lines and tissues under
either pathological or normal physiological conditions (339).

Detection of Virus Antigens

Several investigators have attempted to detect the presence
of retroviral proteins in human tissues by immunohistochem-
istry using antibodies raised against other retroviruses. A num-
ber of studies in the 1970s found antigens related to mamma-
lian betaretroviruses and gammaretroviruses in healthy human
tissues, in some cancers, and in inflammatory diseases (re-
viewed in reference 523). More recent examples include an
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antigen that is reactive with a monoclonal antibody to the
HTLYV matrix protein (MA) (p19) in salivary gland tissue from
a patient with SS (444) and an antigen in some human lung
adenocarcinomas that is reactive with an antiserum to the CA
protein of JSRV (115). It has been hypothesized on the basis of
such data that a related antigen, and possibly a retrovirus, is
present. While it is true that cross-reactive epitopes are present
in Gag and (less commonly) Env proteins, the significance of
such reactivity is unclear unless the antigen is purified or oth-
erwise identified, and this has generally not been achieved.
Therefore, while the detection of cross-reactive antigens with
antiretroviral antibodies can provide support for data obtained
by other means, this technique is not very informative when
used alone. Recently developed proteomics technologies that
facilitate the identification of peptides and proteins isolated
from complex mixtures may permit the antigens detected in
this way to be characterized more rapidly in the future.

Detection of Serum Antibodies to Retroviruses

The detection of serum antibodies to viruses is a well-estab-
lished method for determining prior or current infection. Se-
rological assays can be employed either in large cross-sectional
studies to monitor the prevalence of infection in a population
or in longitudinal studies to track the humoral immune re-
sponse through the course of infection. For genuine human
retroviral infections, this has been applied very successfully,
and patients infected with HTLV or HIV generally produce
strong antibody responses to Gag and Env proteins and to
regulatory proteins such as Tat and Tax. Antibodies to Pol
proteins are also common (269, 292). While many retrovirus
infections of animals also elicit strong humoral responses,
some do not (217, 374), and for a putative novel human ret-
rovirus, it is therefore not possible to predict with certainty
whether antibodies would be produced in infected individuals,
especially if the virus is closely related to a HERV.

Several reports described antibodies to animal retroviruses
in humans, e.g., to MMTYV in breast cancer patients (530), to
MLV in patients with psoriasis and in healthy individuals
(335), and to bovine leukemia virus in blood donors (78) (also
see reference 523). However, the epitopes responsible have
been characterized in relatively few studies, and in some of the
older reports, this seroreactivity turned out to be to carbohy-
drate antigens present on the viruses due to their production in
nonhuman cell lines (31, 455). Antibodies to HERV proteins
have also been described, particularly in patients with testicu-
lar tumors (60, 430) and melanoma (82), but such antibodies
can also be present in healthy individuals (24, 208).

Antibodies reactive with HIV or HTLV Gag (CA, p24) are
common in patients with autoimmune diseases such as MS, SS,
and SLE (369, 407, 477, 478). In general, anti-Env antibodies
are not present in these individuals, although sera from pa-
tients with mixed connective tissue disease are reported to
contain neutralizing antibodies that block HIV infection (127).
These groups of patients have no other markers that would
indicate a genuine infection with HIV or HTLYV, so it has been
proposed that this seroreactivity reflects the expression of an-
other, cross-reactive retrovirus, which might be exogenous or
endogenous. Alternatively, such antibodies could be elicited by
cross-reactive epitopes on nonretroviral host antigens such as
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ribonucleoprotein antigens, or they may simply represent low-
affinity antibodies generated by nonspecific B-cell activation, a
common feature of some autoimmune diseases.

Reactivity to a single retroviral protein provides only weak
evidence of the presence of a retrovirus since this could be due
to low-affinity “nonspecific” binding. However, reactivity to
multiple viral proteins or to multiple epitopes on the same
protein suggests that a viral antigen is actually driving antibody
production and gives greater support to the case for infection.
Additional characterization of antibody reactivity can also be
persuasive in favor of infection. In the Borna virus system,
human infection was cast into doubt by suggestions that posi-
tive detection was due to PCR contamination (461). Subse-
quently, epitope-mapping studies found low titers but high-
avidity antibodies in patients with schizophrenia, and this
raised the profile of human infections again (48). Approaches
such as this might be useful if applied to putative retroviral
infections. Similarly, longitudinal studies of antibody titer, if
correlated with disease severity, can provide additional support
for an association between virus replication and disease (257).

Although antiretroviral antibodies have been described by
several groups, cell-mediated immune responses to retroviral
antigens in autoimmune patients have been examined only
very recently. This is surprising since inflammatory reactions in
some of the diseases, notably RA, MS, and psoriasis, are
thought to be largely T-cell driven. One report described T
cells that are specific for HERV-K peptides in patients with
seminoma and in healthy individuals (404), but it is not yet
clear whether this response has any physiological significance
in disease outcome.

RT Assays

Since its discovery in 1970, the demonstration of RT activity
has often been used as a biochemical marker for retroviral
infection (523). Initial assays monitored the synthesis of radio-
labeled DNA using synthetic homopolymeric primer-template
complexes, and it is possible that these assays did not ade-
quately distinguish retroviral RT activity from that of cellular
enzymes such as DNA-dependent DNA polymerases (298,
509) and terminal deoxynucleotidyl transferase (87). These
early assay formats were also used to discriminate the RT
activity of different groups of retroviruses; for example, gam-
maretroviruses preferentially use Mn?* over Mg®" as a cation,
while alpharetroviruses and lentiviruses work more efficiently
with Mg** (503). Modified versions of this assay, such as the
“simultaneous detection” of viral 70S RNA, were devised to
provide additional evidence that the detected activity was ret-
roviral in origin (432), although this assay was not adopted as
a universal standard. In the context of retrovirus discovery, RT
assays have been important because the detection of genuine
RT activity provides a basis for additional characterization of
the putative agent; e.g., the detection of RT activity in T-cell
cultures from patients with lymphadenopathy and ATL was a
significant step in the discovery of HIV-1 (33) and of HTLV-1
(399).

In the PCR age, RT assays have been updated. The poly-
merase-enhanced RT (PERT) assay is an RT-PCR-based tech-
nique that detects the presence of RT activity with up to
10°-fold-greater sensitivity than conventional assays (402, 450)
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FIG. 3. Electron micrographs of cell supernatants purified by su-
crose density gradient centrifugation. Culture supernatants from EBV-
transformed human B lymphocytes (a, b, d, and e) and HTLV-1-
infected MT-2 cells (c and f) were concentrated by ultracentrifugation
and then recentrifuged through a 10 to 60% sucrose density gradient.
Fractions with a density typical of retroviruses (1.15 to 1.18 g/ml) were
pooled, fixed in 2.5% paraformaldehyde-0.4% glutaraldehyde, and
embedded in Epon resin. Ultrathin sections were stained with 1%
uranyl acetate for 1 h and 1% lead citrate for 4 min and analyzed by
transmission EM. Multiple vesicular particle-like structures can be
observed. The origin of these structures is unclear, although they may
be derived from cellular components such as polyribosomes, exosomes,
and apoptotic blebs. Alternatively, because these cells were trans-
formed with EBV, it is also possible that these structures are viral in
origin (470). Panel f shows immunogold labeling of a Unicryl-embed-
ded section with an anti-HTLV CA antiserum. Bar, 200 nm (C. Vois-
set, B. Mandrand, and G. Paranhos-Baccala, unpublished data).

and is reported to be capable of detecting a single particle per
assay (450). False-positive results due to cellular DNA poly-
merase activity were initially an issue here also, but recent
adaptations have largely overcome this problem (298, 509).
PERT assays have been employed to detect RT activity in
diseases such as SS (189), MS (99, 195), and motor neuron
disease (11). Positive results could be taken as evidence of the
presence of a retrovirus, but so far, none of these examples has
been confirmed as a genuine infectious virus. In some studies
(11,99, 189, 328, 385), RT assays have been performed on virus
preparations that have been purified on sucrose density gradi-
ents or by ultracentrifugation, procedures thought to remove
cellular contaminants. However, such preparations may also
contain high levels of cellular material (Fig. 3) (also see refer-
ence 338). Because there are several cellular sources of genu-
ine RT activity, including HERVs, non-LTR retrotransposons
(41, 121, 319), and telomerase (87), the detection of RT activ-
ity alone cannot be relied upon to formally prove the presence
of a retrovirus. Conversely, the absence of such activity in a
specimen does not necessarily mean that a retrovirus is absent
because it may be present in latent form.

Virus Culture

The ability to grow a virus in cultured cells in vitro confirms
that it is a genuine infectious replicating agent, and the rescue
of infectious virus from disease tissue can provide convincing
evidence of its existence as a real entity. On the other hand,
there are several well-documented examples of human cell
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lines that have become contaminated with animal retroviruses.
These viruses, such as HL26 virus, HeLa virus (see above), and
ESP-1 virus (actually MLV), were some of the first contribu-
tions to the list of human RNA rumor viruses (reviewed in
reference 523). Virus culture has been of enormous value for
human retrovirology, as both HTLV-1 and HIV-1 were first
identified in cultured lymphocytes from infected patients (33,
399). In contrast, some candidate human retroviruses have so
far proved to be recalcitrant to culture, usually producing so
little virus that it has been difficult to convincingly demonstrate
transmission (97, 112, 161, 189, 388, 538). The lack of trans-
missibility in vitro could have numerous explanations but may
suggest that the viruses are in fact defective particles encoded
by HERVs, which could be activated by the conditions in the
culture system, for example, in mixed cell cultures where cell
lines are exposed to primary tissue biopsies that may express an
undefined profile of cytokines. Indeed, several HERVs have
been shown to be upregulated by proinflammatory cytokines
(239, 311).

A lack of transmissibility in culture may also be due to the
lack of a suitable cell substrate, and a judicious (or fortuitous)
choice of host cell is therefore important. Failure of replication
can occur for many reasons, e.g., the absence of an appropriate
surface receptor, transcription factor, or other required cellu-
lar component (reviewed in reference 175). Alternatively, in-
fection may be restricted by the presence of dominant cellular
factors that interfere with viral replication. Recent work has
led to the characterization of a number of these restriction
factors in mammalian cells, which can exhibit cell type or
species specificity or be selective against particular retrovirus
strains (reviewed in reference 177). Such proteins include
members of the APOBEC family, which target reverse tran-
scription and result in highly mutated virus genomes, and
TRIM (tripartite motif) proteins, which interfere with virus
trafficking at an early postentry stage. Some restriction factors
in sheep and mice are derived from ERVs (44, 349). Addi-
tional restriction factors are also present in mammalian cells
(433) but require further characterization. A more detailed
understanding of retroviral restriction factors and their inter-
actions with other mechanisms of innate immunity to infection,
such as interferon (IFN) response pathways, may lead to im-
proved culture systems for those viruses that do not currently
grow well in vitro.

Detection of Retroviral Sequences by PCR

PCR is a powerful technique for studying novel viral infec-
tions. The combination of sensitivity and specificity allows the
detection of rare viral sequences amid a large excess of host
nucleic acid, and the ability to sequence the amplified frag-
ments has permitted numerous studies on molecular epidemi-
ology and phylogeny. PCR can be used in the initial stages of
identification of a retroviral genome and in later studies of
molecular epidemiology to determine the degree of association
with disease. A crucial advantage of PCR over the methods
described above is that the amplicons can be sequenced, and
the identity of the product can be unequivocally determined.

A variation of PCR for pathogen discovery is the use of
consensus (degenerate) primers targeted at sequence motifs
conserved between several microbes, which allows researchers
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TABLE 6. Degenerate PCR primers based on conserved motifs in retroviruses

Protein(s) Motif(s)* Genus Reference(s)
RT LPQG, YXDD All 106, 124, 189, 214, 251, 301, 421,
440, 447
RT Several Lentivirus 122
RT (nested primers) Several All 284
RT (heminested primers) LPQG, YXDD All 246, 385, 493
PR DTG Betaretrovirus 189
PR, RT GRD, LPQG Betaretrovirus 324
PR, RT DTG, YXDD All 207, 380, 491
PR, RT DTGA, VLPQG, YMDD All 381
IN (nested primers) Several Spumaretrovirus 436
NC, IN Several Betaretrovirus 190
Pol Several Deltaretrovirus 128, 394
Pol (nested primers) Several Lentivirus 169
Gag, Pol Several Spumavirus (of primates) 47,73
Gag, Pol Several Non-HERV 80
Gag, Pol Several Betaretrovirus (of primates) 282

“ Consensus peptide motifs used.

to search for related sequences in diseases with a suspected
infectious etiology (250). This general strategy has been
used successfully to identify a number of novel microbes
including bacteria, e.g., Tropheryma whippelii (409), and vi-
ruses, e.g., herpesviruses (413) and papillomaviruses (197).
Several groups have described degenerate oligonucleotides
that are applicable for identifying retroviral genomes (Table
6). Some of these primer sets target the highly conserved pol
gene and can detect a broad range of retrovirus genera, but
others are selective for a specific retroviral genus, allowing
reduced degeneracy and higher sensitivity in the amplifica-
tion reaction.

A trade-off for the increased sensitivity of PCR is a greater
potential for sample contamination and false-positive amplifi-
cation, and this has contributed to a number of controversial
reports linking viruses and disease. For example, PCR has
been used to link simian virus 40 with a number of human
malignancies (168, 442). Similarly, Borna disease virus, which
naturally infects horses and sheep, has been implicated in
schizophrenia on the basis of PCR and serological evidence
(461), and the human herpesvirus EBV has been proposed to
have a role in breast cancer (15, 140, 313). For these viruses,
additional evidence is still required to provide a solid case for
a causal relationship with these diseases.

In comparison with other virus families, the identification of
a new human retrovirus by PCR presents particular difficulties
due to the high number of HERV sequences in the human
genome. Where genuinely new retroviral sequences are ob-
tained, care must be taken that they do not result from ERVs,
either human (385) or nonhuman (190). This is particularly
true for degenerate primer PCR because HERVs share the
same conserved motifs as exogenous retroviruses. Therefore,
while this has been a powerful technique for the characteriza-
tion of specific ERV families in several species (316, 380, 447),
putative exogenous retroviral sequences cloned in this way
from diseases such as MS, diabetes, and SS have later also been
found to be endogenous retroviral sequences (105, 189, 385).
To address this issue, primer sets have been devised for bet-
aretroviruses, gammaretrovirus, and deltaretroviruses that are
specifically designed to exclude the amplification of HERVs

(80). The use of these primers in attempts to identify novel
retroviruses in human lymphoma has so far been unsuccessful
(80), but their use in other disease contexts may yet be fruitful.
However, should an exogenous retrovirus closely related to a
HERYV be circulating in human populations, it would of course
be excluded by these primers.

One refinement to the degenerate PCR strategy has been to
purify and concentrate retrovirus virions prior to degenerate
RT-PCR (66, 96, 105, 189, 246, 379, 385, 452). Purification may
be achieved by centrifuging the homogenized sample through
a density gradient such that retroviruses migrate to their typical
buoyant density of between 1.16 and 1.18 g/ml. These gradients
are traditionally prepared with sucrose, but other compounds
such as iodixanol can also be employed (337). The purpose of
the gradient procedure is to physically separate encapsidated
viral RNA (which migrates through the gradient) from unpack-
aged soluble RNA (typically defective HERV RNA), which is
not expected to enter the gradient to an appreciable extent.
Similar purifications have been employed prior to the detec-
tion of RT activity using the PERT assay (11, 99, 189, 328).
Nuclease treatment can also be used to degrade extraneous
cellular DNA and RNA prior to amplification (164, 440), be-
cause in theory, encapsidated RNA genomes should be pro-
tected.

The purification of retroviruses on density gradients is
thought to remove cellular contaminants, and it has generally
been accepted that any sequence amplified from a gradient was
packaged inside purified virions. However, it is unclear
whether this is a valid assumption because material migrating
at 1.16 to 1.18 g/ml might also include polyribosomes, micro-
somal vesicles, or other cellular components, which can mi-
grate through the gradient (Fig. 3). Large complexes such as
these could potentially protect cellular nucleic acids (including
HERYV sequences) from nuclease digestion. Thus, to confirm
specificity, density gradients of control tissues and cultures
must be analyzed in parallel. The choice of control tissue may
also be important in this respect. Cell death in disease lesions
or cultured cells can result in the release of large quantities of
free DNA and RNA into the extracellular environment, pro-
viding a template for amplification by degenerate primers.
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Therefore, to determine disease specificity, the ideal control
tissues for such experiments would have a similar level of cell
death and not simply be “normal” tissues.

Bioinformatics and Genomics in Retrovirus Discovery

Computerized analysis of virus sequence data has long been
an essential tool in the characterization of viruses (428). How-
ever, the availability of whole-genome sequence databases now
means that bioinformatics methods can be used directly in the
identification of new retroviral elements without any labora-
tory experimentation. For example, a novel family of endoge-
nous gammaretrovirus sequences was identified by sequence
analysis of murine genomic and expressed-sequence-tag data-
bases (70). This was achieved entirely in silico with the
BLASTN program using MLV as a query sequence. Other
groups have devised algorithms for interrogating sequence da-
tabases by searching for sequence motifs that are conserved
among retroviral elements (236, 323, 505), and these may be
useful in identifying novel human retroviruses in sequence
data.

The availability of the complete human genome sequence is
also helping to better define the repertoire of HERVs. Turner
and coworkers described two HERV-K proviruses, HERV-
K113 and HERV-K115, which are present in around 30% and
15% of humans, respectively, and are therefore insertionally
polymorphic alleles (494). The HERV-K113 provirus is of par-
ticular interest since it contains complete open reading frames
(OREFs) for the viral proteins and may therefore be replication
competent (although the Env protein appears to be nonfu-
sogenic in vitro) (119). Whether the presence of either pro-
virus is associated with any specific disease can be assessed
by PCR of the integration sites on patient DNA, since the
flanking sequences are known (79, 346, 375). In addition,
since both proviruses were first identified in the genome of
a single individual, it appears likely that additional polymor-
phic HERV-K proviruses exist in humans, and this is being
confirmed as the genomes of more individuals are analyzed
(38, 221, 300). Because polymorphic HERVs are more likely
to have recently integrated, these are perhaps the most
likely HERV proviruses still to be biologically active and
pathogenic.

The approaches described above are useful for characteriz-
ing ERVs, but they are not generally applicable for detecting
infectious exogenous viruses present in only a small population
of somatic cells. However, the human genome sequence has
also provided new strategies for the discovery of infectious
viruses by facilitating the rapid identification of sequences ob-
tained from large-scale “shotgun cloning” experiments. Weber
and colleagues have described a general method for identifying
novel virus genomes in which sequences obtained from ran-
domly sequenced cDNA libraries are searched using the
BLAST algorithm against sequence databases to filter out all
host sequences, known infectious agents, and artifactual se-
quences (519). The few sequences remaining after this “com-
putational subtraction” can be reasonably assumed to repre-
sent novel candidate infectious agents and further validated for
their function in disease using laboratory methods. So far, this
technique has been successfully applied only in control exper-
iments, and a limitation is that it is heavily dependent on
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FIG. 4. Identification of novel viral sequences. A generalized
scheme summarizing the approaches taken by a number of groups is
shown (e.g., see references 9, 240, 500, 519, and 539). Sequence data
can be generated experimentally or collected directly from expression
sequence databases. Bullet points indicate alternative procedures at
each stage. EST, expressed sequence tag.

sequencing, requiring upwards of 10,000 clones to be se-
quenced to have a reasonable chance of detecting a rare cDNA
(539). However, related approaches that include an enrich-
ment step in which putative viruses are first concentrated by
ultracentrifugation and then treated with nucleases to deplete
the pellets of extraneous nonviral nucleic acid have been de-
scribed. Sequence-independent PCR (“random” PCR) is then
applied to amplify any remaining DNA and RNA, which is
characterized by shotgun cloning, sequencing, and database
comparison. This strategy has been used to identify novel hu-
man parvoviruses, coronaviruses, and polyomaviruses in hu-
man tissue samples (8, 9, 167, 240, 500). Figure 4 summarizes
the various approaches that might be taken. Application of
these techniques to other diseases could deliver further new
viruses, possibly including retroviruses, although an exogenous
retrovirus with high similarity to HERVs might be excluded by
the screening procedure.

Future approaches to the identification of novel viruses are
likely to be based on DNA array technology. Seifarth and
colleagues described a method where 90-mer oligonucleotides
representing a variable region of the RT gene from all known
exogenous and endogenous retroviruses were blotted onto a
nylon membrane (439). These blots were then used to probe
RNA or RT-PCR products amplified from cell lines or tissues
to identify which classes of retroviral sequences are being ex-
pressed. More recently, this retrovirus array has been used in
a microarray format to catalog HERYV transcription in healthy
tissues (438), in breast cancer (151), and in schizophrenia and
bipolar disorders (150). Microarrays have also been employed
on a larger scale using oligonucleotides from all known infec-
tious virus families (Virochip) (511, 512). In those studies, a
remarkable innovation has been the recovery of hybridized
nucleic acid from the microarrays by a micromanipulator, en-
abling cloning and further characterization (512) (Fig. 5). This
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FIG. 5. Scheme for recovery of viral nucleic acid from microarray
spots. Hybridized viral sequences were physically scraped from a DNA
microarray spot using a tungsten wire probe mounted on a microma-
nipulator, while the spots were visualized under fluorescence micros-
copy. Subsequently, the virus was identified by nucleic acid amplifica-
tion, cloning, and sequencing. (Reprinted from reference 512 with
permission.)
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method offers great potential for the future discovery of novel
viruses and has already been used to detect a virus related to
MLV in human prostate cancer (discussed in detail below)
(497). Additional viruses are likely to be identified in this way,
but as with PCR, the challenge will be to prove a role in
disease.

SPECIFIC CANDIDATE HUMAN RETROVIRUSES

As we have described above, there is a wealth of circum-
stantial evidence implicating retroviruses other than HIV and
HTLYV in human disease. Although in some instances, specific
agents have not been identified, in recent years, several puta-
tive retroviruses have emerged as candidate human pathogens.
In this section, we discuss these specific examples in some
detail, including those that have been characterized by PCR
and gene sequencing.

Human Mammary Tumor Virus

The suggestion that a retrovirus related to MMTYV might be
involved in breast cancer in humans is one of the longest-
running controversies in human retrovirology (313, 523).
MMTYV is a betaretrovirus that causes mammary tumors in
mice by the insertional activation of proto-oncogenes (1, 84).
The virus is transmitted in breast milk and infects dendritic
cells and B lymphocytes in the gut of the suckling pup. MMTV
encodes a SAg in its 3’ LTR, which, when presented to cognate
T lymphocytes in the gut lymphoid tissue, triggers their acti-
vation (90). The specific subset of T cells activated depends on
the particular strain of MMTYV, and the resulting T-cell re-
sponse leads to the activation of the infected B cell, which
proliferates sufficiently that the virus is carried to the mam-
mary gland, where it infects the mammary epithelium. SAg-
dependent activation of T cells is essential for infection of the
mammary gland since replication in B cells is otherwise inef-
ficient, and transmission to mammary tissue is unsuccessful
(202).

Once the mammary epithelium is infected, estrogen-driven
activation of the MMTYV LTR mediates the mammary-specific
activation of the virus and its accumulation in milk. Mammary
tumors are induced by the insertional activation of cellular
proto-oncogenes (84). The genes activated by MMTV were
originally designated as int loci and later identified as members
of the Wnt, notch, and fibroblast growth factor (fgf) families. In
addition to its role in mammary tumors, a variant of MMTV
with a rearranged U3 sequence in the viral LTR is associated
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with T-cell lymphomas (26). A functional SAg gene is not
required for lymphoma production (353).

A link between MMTYV and breast cancer in humans was
first proposed following the detection of B-type virus particles
in healthy human milk by EM (137, 138, 338). Similar particles
were also detected in a number of cell lines derived from breast
tumors (20, 155, 252, 459) and directly in tumor tissue biopsies
(137). Subsequently, several laboratories attempted to charac-
terize this putative virus. RT activity and 70S RNA were de-
tected using a “simultaneous detection” assay (136, 170, 432),
and molecular hybridization studies appeared to identify
MMTV-related sequences in RNA from breast tumors (21,
459), although the specificity of these reactions is uncertain
given that HERVs had not been characterized at that time. In
addition, breast tissue was reported to contain antigens related
to the major core protein (CA, p27) of MMTV and MPMV
and to SU (gp52) of MMTV (253, 332, 460, 542). Human
infection by MMTYV was further supported by the detection of
anti-Gag and anti-Env antibodies in sera from breast cancer
patients (215, 313, 530).

Despite these data, others could not reproduce the detection
of MMTV-related nucleic acid (51) or antigens (88, 203), and
many viewed the evidence as unconvincing at best (425). One
problem was that much of this work did not sufficiently address
the question of disease association, and a comparison of data
from malignant and healthy tissue revealed inconsistent find-
ings; e.g., B-type particles were identified in healthy milk, but
antigen reactivity and RT activity were specific to tumors (for
a more detailed description of the early work on this subject,
see reference 523).

Despite these inconsistencies, by the mid-1980s, there was a
good deal of circumstantial evidence to support the idea of a
human breast cancer virus, but rigorous proof had not been
obtained. The advent of PCR provided an opportunity to re-
visit the question with more specific and sensitive probes. In
1995, Wang and colleagues reported the detection of MMTV-
like env sequences in 38.5% of unselected breast cancer DNA
samples but in only 2% of normal breast tissues (514). The
sequenced PCR products had 95 to 99% similarity with murine
MMTYV viruses. Subsequent RT-PCR analysis indicated that
these sequences are expressed in 66% of MMTV-positive tu-
mors and are never expressed in normal tissue (513). The
validity of these data has been questioned (49, 314, 531, 546),
but at least two other groups obtained similar positive PCR
amplifications (132, 145). In one study, all regions of the
MMTYV genome were detected in breast tumor DNA by PCR,
and these sequences appeared to be integrated into chromo-
somal DNA of a tumor-derived cell line on the basis of fluo-
rescent in situ hybridization (FISH) with an env-LTR probe
(287). However, the data from those FISH experiments
showed staining of only one sister chromatid of each positive
metaphase chromosome, which is quite anomalous in FISH
chromosome spreads (37). Nevertheless, subsequent studies
employing in situ PCR (144) and PCR on laser-capture micro-
dissected tumor cells (545) support the specific association of
MMTV-like DNA and RNA with tumor cells and strengthen
the argument that MMTV-like sequences are present in some
human breast cancers.

Recent unpublished data suggest that human MMTYV can be
transmitted in vitro from infected metastatic cells to cultured
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human lymphocytes and mammary epithelial cell lines (S.
Melana, B. Pogo, et al., presented at the 19th International
Workshop on Retroviral Pathogenesis, Vienna, Austria, 25 to
28 September 2007). In other studies, a putative MMTV ac-
cessory protein (designated p14) was reported to be expressed
in human breast cancer and to localize in the nucleolus (34).
The function of this protein is unknown, although the anti-
serum used may cross-react with the MMTYV Rem protein with
which it shares some amino acid sequence (228, 331). There
have also been several attempts to identify other cellular mark-
ers that correlate with the presence of the MMTYV sequence.
Faedo and coworkers found that the accumulation of p53 and
progesterone receptor positivity were both more common in
MMTV-positive tumors (135), although this contradicted one
earlier report (398).

In addition to the laboratory analyses, an intriguing hypoth-
esis relating geographical variations in the prevalence of breast
cancer to the natural range of certain species of mice, partic-
ularly Mus domesticus, has been proposed (466). Areas where
M. domesticus mice are endemic coincide to a large extent with
those countries that have the highest incidence of breast can-
cer, leading to the hypothesis that M. domesticus may harbor,
and transfer, a human-tropic strain of MMTV. This theory is
supported by data from Ford and colleagues, who studied
breast cancer DNA from patients from Australia (high preva-
lences of breast cancer and M. domesticus) and Thailand (low
prevalences of cancer and M. domesticus). MMTV-positive
samples were found only in the Australian group (145). That
hypothesis was expanded recently by the suggestion that do-
mestic cats may represent an intermediate host for MMTV and
increase human exposure to the virus (475).

The molecular evidence now provides a reasonable case
supporting human infection with MMTV and its association
with breast carcinoma. However, a number of issues remain. In
particular, the majority of human breast malignancies do not
share histopathological properties with the murine tumors
(313), and the epidemiology of human breast cancer does not
support a link to breastfeeding (485). Therefore, if MMTV is
involved in human breast cancer, the mechanisms involved
may be quite different from those in mice. The current under-
standing of the MMTYV life cycle also casts doubt on its ability
to infect humans, since there is no evidence of SAg activity in
patients with breast cancer. A SAg encoded by MMTV se-
quences amplified from human DNA extracts by PCR is active
in vitro (515), but this means little if the origin of the sequence
is contaminating mouse DNA. If MMTYV infection in humans
results in SAg expression as it does in mice, it should be
possible to measure the proliferation or deletion of specific
T-cell subsets in patients and to track these same subsets
through familial cases of cancer. If SAg activity were not re-
quired by a human MMTYV, this would imply that the replica-
tion of this virus is more efficient in human lymphocytes than
in murine lymphocytes.

Another issue relates to the MMTV cell surface receptor,
which has been identified as the murine transferrin receptor
(422). The human homolog of this protein does not support
MMTYV infection in transient transfection experiments (422),
but MMTV can nevertheless infect human fibroblasts and
mammary cells in culture (226, 227), although it is not known
whether this is via the same receptor. While humans may
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harbor an alternative receptor molecule for MMTYV, it is strik-
ing that the MMTYV sequences reported for humans do not
appear to have any distinguishing features that mark them as
human isolates rather than viruses obtained from mice. With
differential receptor usage, we might expect variations in the
Env sequence.

The current status of MMTV as an etiological agent in
human breast cancer therefore remains unproven. PCR data
have added some weight to the link, but at present, this might
equally be explained as contamination. A comparison of
MMTYV sequences in breast cancer and non-Hodgkin’s lym-
phoma in the same patient suggested that different clones of
the virus are present in each type of cancer (132). However, the
sequences of some of the clones were identical to sequences of
endogenous MMTYV proviruses; therefore, these data are also
consistent with contamination with murine DNA. Here, it may
be worth noting that contamination of human biological sam-
ples with animal ERV sequences was described previously (see
below) (147, 190, 397). Irrefutable proof of human infection
could be ascertained by cloning the integration sites from
breast tissue. Alternatively, if the integration sites were iden-
tified as being murine sequences, it would confirm contamina-
tion with murine DNA. If integration sites were identified close
to oncogenes activated in the tumor, this would greatly help to
resolve this controversy. It would also be interesting to analyze
the expression of those genes which are activated in infected
mice (e.g., Wnt, notch, and fgf) in normal and malignant human
breast tissues and correlate it with MMTYV detection. For ex-
ample, fgf10 has been identified as a common insertion site in
MMTV-induced tumors in mice and is also activated in a
subset of human breast cancers (482). If these same human
cancers were also positive for MMTV sequences, this would
directly implicate MMTYV in tumorigenesis.

A recent development in this area has been reports link-
ing MMTYV with primary biliary cirrhosis (PBC), an auto-
immune liver disease characterized by the progressive gran-
ulomatous destruction of small intrahepatic bile ducts and
the presence of autoantibodies to mitochondrial proteins
(362). An MMTV-related genome (designated human beta-
retrovirus) has been cloned from patients with PBC, and
RVLPs have been observed in biliary epithelial cells by EM
(537, 538). Immunoblotting data indicate that patients with
PBC have antibodies to retroviral proteins, and MMTV
infection of biliary epithelial cells in vitro leads to the cell
surface expression of the mitochondrial E2 complex, a
pathological characteristic of PBC (538). While some of
these data have been questioned (441), a trial of PBC pa-
tients on antiretroviral drugs appears to be clinically bene-
ficial (317), although these drugs may be acting through
another (nonviral) mechanism. Recently, human integration
sites have been reported in PBC lymph node (S. Indik, A.
Mason, et al., presented at the 18th International Workshop
on Retroviral Pathogenesis, Palm Springs, California, 6 to
10 December 2006). If confirmed, this would demonstrate
incontrovertibly that MMTYV can infect humans and would
provide a stronger basis for an investigation of its potential
etiological role in PBC. A similar confirmation of infection
in human breast cancer tissue is now a priority.
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Retroviruses Associated with Multiple Sclerosis

MS is a chronic, inflammatory disease of the central nervous
system (CNS) characterized by demyelinated lesions that form
large plaques in the brain and spinal cord (173). The cause of
MS is unknown, and although immunological and genetic fac-
tors have been investigated, they do not yet provide a definitive
etiological explanation, and there has been much speculation
that an infectious agent may contribute to MS (191). A role for
environmental factors such as infection is consistent with the
epidemiology of MS, which has geographical areas of high and
low risk, with the prevalence increasing with distance from the
equator. Migration studies and twin studies also support a role
for an environmental component (reviewed in reference 173).
Over the last 40 years, the potential infectious etiology of MS
has become highly controversial, with numerous agents being
suggested as the culprit, including herpesviruses (451), coro-
naviruses (352), paramyxoviruses (182), rabies and measles
viruses (396), and retroviruses (93).

HTLV-1. A retroviral involvement in MS was first proposed
following the observation that retroviruses can be neuropatho-
genic in animals (376, 449). This idea was strengthened by the
association of HTLV-1 with HAM/TSP, which has clinical sim-
ilarities with MS (171). Subsequently, antibodies that are re-
active with HIV and HTLV antigens were identified in MS
patients but were found only rarely in people with other neu-
rological diseases or healthy controls (259, 369, 386, 406).
Although those serological data appeared to provide evidence
to support the presence of a retrovirus in MS patients, it is now
recognized that such antibody-based techniques can be unre-
liable in autoimmune diseases such as MS (164, 392), and
indeed, a number of groups were unable to confirm these data
(199, 247, 291, 366, 520).

The suggested role of HTLV-1 in MS encouraged several
groups to test MS patients and their family members for ret-
roviral sequences by PCR. Initial reports described the pres-
ence of DNA sequences from HTLV-1 or a related virus in MS
patient tissue (186, 408), but the data were questioned by
others who were unable to repeat the positive amplification of
HTLV-1 DNA by PCR (27, 114, 199, 237, 244, 366, 370, 412).
In retrospect, the differing results possibly reflect the contam-
ination of the samples with HTLV sequences, although diffi-
culties in distinguishing MS from HAM/TSP may also have
accounted for some of the positive data. When a large-scale
blinded study failed to identify a statistical correlation between
positive PCR detection and MS, the issue appeared to have
been resolved (130). However, the enthusiasm generated by
this issue led to a search for other retroviruses in MS, and the
field took a new course when two laboratories independently
reported evidence of retrovirus activity in MS patient-derived
cell cultures. These viruses were designated MS-associated ret-
rovirus (MSRV) and HERV-H(RGH-2) (reviewed in refer-
ence 93).

MSRYV. Perron and coworkers described extracellular RVLPs
and RT activity in the supernatants of cultured leptomeningeal
cells from an MS patient (designated LM7 cells) (387, 390,
393). The production of this putative “LM?7 virus” was in-
creased by mitogens such as phorbol myristate acetate and by
infection of LM7 cells with human herpes simplex virus type 1
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(393). In contrast, analysis of a leptomeningeal culture (LM11)
from a different neurological disease (Strumpell-Lorrain dis-
ease) produced no evidence of a virus (388).

In an attempt to clone the virus genome encoding the LM7
virus, heminested RT-PCR with degenerate pol primers was
performed on extracts from density gradient-purified culture
supernatants of MS-derived B cells producing RVLP and RT
activity (385, 493). Amplicons of the predicted size were ob-
tained from the gradient fractions that were positive for RT
activity. B cells from non-MS donors were used as controls and
did not produce RT activity or RVLPs. Sequence analysis
identified a novel gammaretroviral sequence, which was des-
ignated MSRYV (385). MSRYV sequences were partially charac-
terized, and a consensus PR-RT sequence was created from
several smaller overlapping clones (385). Additional MSRV-
related sequences encompassing the whole genome were later
amplified from MS patient plasma and cell culture superna-
tants by RT-PCR (258).

Subsequently, the MSRYV sequence was found to be closely
related to a novel HERV family, designated HERV-W (55).
The human genome contains dozens of HERV-W loci (107,
382, 507), although no complete coding-competent provirus
has been described (507). The sequence reported as MSRV
(258) has over 90% sequence similarity to HERV-W, but no
identical provirus has yet been found in the human genome.
One explanation could be that MSRYV represents an exogenous
homolog of HERV-W. However, the available “MSRV” se-
quences are all chimeric and derived from multiple PCR prod-
ucts. Moreover, the published MSRV genome does not possess
complete ORFs due to the presence of stop codons or frame-
shifts in gag, pol, and env (258), indicating that it does not
encode a replication-competent virus. Despite this, the trans-
mission of MSRYV from irradiated LM7 cells to LM11 cells has
been reported (388). Unfortunately, at that time, the MSRV
pol sequence had not been cloned, and genetic methods for
monitoring the infectious process (such as PCR for 2-LTR
circles or identification of preintegration complexes) were not
available, so it is not certain that a virus was transmitted.

It is worth noting that no direct evidence has been presented
to confirm that the LM7 “virions” were actually encoded by
MSRV/HERV-W or even that these sequences were encapsi-
dated by the RVLPs. This link appears to have been made
simply because the production of RVLPs and amplification of
MSRYV RNA were both observed in MS patients, even though
the LM7 RVLPs and MSRV sequences were identified in
cultures of different tissues from different patients (385, 387,
390). Given that the only complete ORFs described so far for
MSRV/HERV-W are for env and pro (107, 258, 507), it ap-
pears unlikely that the particles are encoded by this defective
HERV. It is therefore possible that the RVLPs and the
“MSRV” sequence represent different entities. Confirmation
that MSRV/HERV-W encodes the RVLPs produced by MS
cell lines could be obtained by immuno-EM using gold-labeled
antibodies raised against Gag or Env proteins (61).

Studies on the expression of MSRV/HERV-W in MS and
other diseases have shown that HERV-W is transcribed in
some healthy tissues, including brain (278, 438, 543), but that
its expression is increased during inflammation. Extracellular
“particle-associated” RNA has been reported in patients with
MS (123, 164, 368), RA (165), and schizophrenia (246). Taken
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together, these reports suggest that the presence of MSRV/
HERV-W sequences may be a marker for inflammation in
general rather than for MS specifically. This would be consis-
tent with in vitro work that demonstrates the activation of
HERV-W, HERV-H, and HERV-K by proinflammatory cyto-
kines such as tumor necrosis factor, interleukin-6 (IL-6), and
gamma IFN (IFN-v) (13, 239). Interestingly, these cytokines
are thought to be important mediators of inflammation in MS.
In addition, one study found that the detection of MSRV/
HERV-W correlated with disability progression in MS patients
(458).

A number of groups have examined possible mechanisms by
which MSRV might be linked to inflammatory reactions in MS.
MSRV/HERV-W proteins have been detected in the brain
using immunohistochemistry with antibodies to Gag and Env
(13, 391, 521). The culture supernatant from cells producing
MSRYV RVLPs has been reported to have a toxic effect on glial
cells (329, 384) and to cause T-lymphocyte-dependent death
with brain hemorrhage in humanized SCID mice (142). In
addition, the Env protein is proposed to exhibit SAg activity
(389). However, since there is no standard infectious molecular
clone of MSRYV, it is not clear whether those studies describe
properties of the same entity or unrelated phenomena, and
further work is needed to confirm these pathogenic activities.

The most consistent evidence for a role for MSRV/
HERV-W in MS comes from studies carried out with the
HERV-W Env protein. One HERV-W provirus on chromo-
some 7 encodes an intact Env protein (designated syncytin and
later syncytin-1) that has been shown to have fusogenic prop-
erties (56, 333) and may have a physiological role in the for-
mation of the placental syncytiotrophoblast (56, 153, 309, 333).
In a landmark study, Antony and coworkers demonstrated that
syncytin-1 is up-regulated in glial cells within acute demyeli-
nated lesions of MS patients and that the expression of this
protein in astrocytes induces the release of redox reactants,
which are cytotoxic to oligodendrocytes (13). This paper there-
fore provides a direct link between MSRV/HERV-W and the
immunopathological events in MS. Consistent with those find-
ings, in vitro stimulation of peripheral blood mononuclear cells
(PBMCs) by the HERV-W Env protein induces the produc-
tion of IL-12-p40, IL-6, and IFN-vy, with divergent reactivities
between cells from MS patients and those from controls (419).
These cytokines are proposed to be elicited by the stimulation
of monocytes by MSRV/HERV-W Env acting through Toll-
like receptor 4 (420). Taken together, those results suggest that
the inflammatory properties of syncytin-1 could contribute in
some part to the immunopathogenic events in MS. Therefore,
while there is no strong evidence that MSRV functions as a
replication-competent virus, the initial characterization of
RVLPs and RT activity in MS ultimately led to the identifica-
tion of HERV-W and syncytin-1, which is now a credible can-
didate as an inflammatory mediator in this disease. Since syn-
cytin-1 is ubiquitous in humans, it is now important to
determine what triggers its unusual overexpression in the CNS
of MS patients.

HERV-H(RGH-2). A second retrovirus associated with MS
was also first detected as extracellular RVLPs and RT activity
in mitogen-stimulated T and B lymphocytes from MS patients
and healthy individuals (96, 99, 194, 348, 456). Subsequently,
RT-PCR with primer sets specific for several different HERV
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families was employed to identify the viral genome encoding
these purified RVLPs. Positive amplification was obtained with
gag and env primers specific for RGH-2, a member of the
HERV-H superfamily (94, 95). A number of different
HERV-H sequence variants were identified, suggesting a gen-
eral activation of several endogenous proviruses rather than
the presence of a single infectious form. PCR on gradient-
purified “virions” from plasma found that these were specific
to MS patients with active disease but not healthy controls.
Interestingly, MSRV/HERV-W-related sequences were not
detected despite the use of primers specific for this HERV
family (94).

As with MSRYV, no link between the RVLPs and HERV-
H(RGH-2) has been formally established. In addition, only
defective HERV-H genomes are associated with the RVLPs,
and no coding-competent virus genome has been identified
(93, 95). Nevertheless, rats immunized with RVLPs prepared
from MS patient B cells produced antibodies to HERV-H Gag
and Env peptides (98), which is at least consistent with a
HERV-H origin for these particles.

Aside from the sequence characterization, relatively little on
the pathological potential of HERV-H(RGH-2) has been re-
ported. The transmission of HERV-H in vitro using a retrovi-
ral vector marker rescue strategy has been described (97).
However, the level of infection was extremely low, and it was
not formally demonstrated that infectious HERV-H was
present. In terms of individual viral proteins, there are at least
three HERV-H proviruses in the genome that could encode an
intact Env protein (118), but unlike HERV-W Env, there is no
evidence that any of these is specifically expressed in MS or has
inflammatory properties. However, in a murine tumor model,
HERV-H Env was found to have immunosuppressive proper-
ties (312), suggesting that it could have a role in immune
dysregulation in some circumstances.

Over the last 20 years, there has been a great deal of work
focused on retroviruses in MS, and although this has not yet
established a consensus in the field that either MSRV/
HERV-W or HERV-H is an etiological agent in this disease,
recent findings may at last be beginning to resolve the issue. It
is now clear that several HER Vs are activated by inflammatory
events in MS and that some of the proteins (such as syncytin-1)
may themselves have inflammatory properties and contribute
to pathogenesis. In addition, several groups have shown that
HERVs are activated by infection with other viruses either in
immune cells or in the CNS (76, 77, 93, 276, 359, 393, 426).
These include common infections that have been indepen-
dently linked with MS, including human herpesvirus 6, herpes
simplex virus type 1, EBV, and influenza virus. Together, these
studies could bring together several disparate findings into one
general model implicating viruses and HERVs in MS.

In contrast, the hypothesis that there is an infectious retro-
virus linked with MS is not well supported. In particular, the
failure to identify proviruses of HERV-W or HERV-H with
ORF:s for all major viral proteins tests the plausibility of these
agents as genuine infectious retroviruses, and it appears un-
likely that an exogenous version of either virus exists. Because
both HERVs are activated by cytokines present in MS, the
RVLPs and RT activity observed in disease lesions could rep-
resent the coexpression of several HERVs under inflammatory
conditions. For example, defective HERV-H and HERV-W
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genomes could potentially be encapsidated by functional Gag
proteins from HERV-K. Alternatively, the functional Gag pro-
teins could derive from a so-far-unidentified exogenous retro-
virus. Cross-packaging of heterologous retroviral genomes in
this way is well characterized. Nevertheless, even if they turn
out to be unrelated to disease, the original description of these
particles has led to exciting developments in the study of MS,
and the identification of their origin remains of great interest.

Human Intracisternal A-Type Particles

Intracisternal A-type particles (IAPs) are ERV particles of
rodents that are encoded by defective proviruses related to
betaretroviruses (264). During particle assembly, IAPs bud
into the endoplasmic reticulum rather than through the plasma
membrane and typically appear on electron micrographs as
“doughnut”-shaped structures in the endoplasmic reticulum
lumen. The greatest expression of IAPs has been reported for
murine plasmacytoma cell lines (340, 446), while other studies
have linked the expression of AP RNA and Gag proteins with
a form of autoimmune diabetes (279, 280). Most IAP elements
have no env gene, and the few that do are highly defective in
gag and pol (411); thus, these elements are not thought to be
transmissible. Between 1990 and 1996, several IAPs were de-
scribed in human tissues and linked to disease, particularly SS
and idiopathic CD4 lymphocytopenia (ICL).

IAPs and SS. SS is a systemic autoimmune condition char-
acterized by chronic inflammation and destruction of exocrine
glands, principally the salivary and lachrymal glands (149, 401).
Reduced glandular secretion results in dryness of the eyes and
mouth, leading to symptoms such as corneal ulceration and
dental decay. The clinical diagnosis of primary SS requires
evidence of lymphocytic infiltration of (or proliferation in)
salivary glands, while the systemic production of autoantibod-
ies to the ribonucleoproteins SS-A(Ro) and SS-B(La) is also a
common feature (149). Retroviruses were invoked as potential
etiological agents in SS after salivary gland inflammation in
individuals infected with HIV-1 and HTLV-1 was described
(229, 357, 401). In addition, approximately one-third of pa-
tients with SS have serum antibodies that are reactive with Gag
proteins of HIV-1 or HTLV-1 (477), and antigens related to
HTLYV and HIV have been detected in SS patients by immu-
nohistochemistry (444, 540). These patients were not infected
with either virus, suggesting that another (related) retrovirus
might be present.

Human IAPs were first described in SS in cultures of salivary
gland tissue that had been cocultivated with a human T-lym-
phoblastoid cell line (H9) (161). RVLPs similar to rodent IAPs
were detected by transmission EM in two of six cocultures and
designated human IAP (HIAP) (later HIAP-I). Lysates of H9
cells expressing HIAP-I contained Mn?*-dependent RT activ-
ity with a density of 1.22g/ml on sucrose gradients, which is
typical of unenveloped retroviral cores and of IAPs. In addi-
tion, the fractionated RT-positive material contained HIV-
related antigens (161). In contrast, HIAP-I was not observed in
H9 cells before cocultivation or in H9 cells infected by HIV-1.
A similar analysis of normal salivary gland biopsies was not
performed, so the specificity of these particles to SS could not
be assessed. Also, it was not established whether the HIAPs
originated in the salivary gland tissue and were transferred to
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the H9 cells or whether cytokines or other factors present in
the biopsies had activated an endogenous retrovirus in the H9
cells. Some allogeneic stimulation of the H9 cells would be
expected due to the presence of lymphocytes in the salivary
gland tissue.

That initial study did not examine SS salivary gland tissue
directly for the presence of HIAPs prior to culture, but this was
reported subsequently by Yamano and colleagues, who de-
tected similar RVLPs in epithelial cells in uncultured tissue
from 3 of 10 salivary gland specimens from patients with pri-
mary SS (540). Such particles were not found in salivary glands
from control subjects, suggesting that the RVLPs were disease
specific. Similar to studies of HIAP-I (161), Mn?*-dependent
RT activity was detected in salivary gland extracts. Further-
more, the three patients that were positive for SS were sero-
reactive against HIV-1 p24 (Gag, CA), and their salivary epi-
thelia reacted with anti-p24 antibodies (540). Morphologically,
the RVLPs consisted of a distinct, eccentrically located inter-
nal core and an outer surface envelope. However, in contrast
to HIAP-I, these particles were generally found in the cyto-
plasm. The authors speculated that the retrovirus that they
detected might be encoded by HERV-K, although this was not
directly tested.

The genome encoding HIAP-I has not been characterized;
however, cells expressing these RVLPs are reported to have
reduced protein kinase C activation and IL-2 production and
to express reduced levels of CD4 and increased levels of MHC
class II in comparison to normal H9 cells (143). In addition,
stimulation of the same cells with phorbol myristate acetate
resulted in an increased production of RVLPs, although these
RVLPs appeared as cytoplasmic clusters of particles of smaller
diameter (approximately 33 nm) (112) and are therefore un-
likely to be the same particles observed originally.

An interesting aspect of the studies on HIAP-I is that al-
though the particles have not been characterized at the protein
or nucleotide level, a number of serological studies demon-
strated reactivity to HIAP-I proteins in human autoimmune
diseases. The initial study found that sera from 16 out of 18
patients with SS or SLE reacted with one or more proteins of
molecular masses of 45, 61, and 70 kDa in “infected” cell
lysates (161). Subsequently, reactivity to HIAP-I cell lysates
was described for Graves’ disease (235), PBC (318), systemic
sclerosis (273), arthritis (330), SLE (318), and alopecia areata
(274). The significance of these findings is unclear, since it is
unknown whether the proteins are genuinely retroviral (al-
though a rabbit serum to HIV CA reacted with the 61- and
70-kDa proteins) (161). Collectively, those studies suggest that
the same virus (or a group of related agents) is expressed in all
these diseases, which could be explained by HERV activation.
Alternatively, such antibodies may be a result of the polyclonal
B-cell activation that is a characteristic of some of these dis-
eases. Significantly, no link has been established between the
HIAPs observed by EM and the proteins detected on immu-
noblots. Application of proteomics methods would permit
these antigens to be identified and could lead to the cloning of
the genes that encode them.

IAPs and ICL. ICL is a rare immunodeficiency syndrome
characterized by the severe depletion of CD4-positive T lym-
phocytes but in which HIV is not present (213, 454). ICL
patients may develop some of the opportunistic infections and



VoL. 72, 2008

rare cancers associated with AIDS, but in contrast to patients
with HIV, they can recover after several years of illness. Due to
the similarities with AIDS, a retroviral etiology was proposed,
and there have been two independent reports of retrovirus
expression in ICL patients.

In the first study (193), PBMCs from a patient with severe
CD4™" T-cell deficiency and Pneumocystis carinii infection were
cocultured with H9 cells. This patient had no serological or
PCR evidence of infection with HIV-1, HIV-2, HTLV-1, or
HTLV-2. An acute cytopathic effect was observed in the cocul-
tured cells, and EM examination revealed the presence of
numerous RVLPs with an appearance typical of IAPs in cis-
ternae (193). Similar particles were present in cocultures of H9
cells with PBMCs from the patient’s daughter, who also had
signs of CD4™ T-cell dysfunction. These RVLPs were named
human intracisternal retroviral particles (HICRV). Immuno-
blot analysis showed that the patient’s serum contained anti-
bodies that reacted with a 24-kDa protein present in extracts of
cells producing HICRV but not in control cultures. Also,
healthy individuals did not have antibodies that were reactive
with this protein.

The relationship of the HICRV to HIAP-I is unclear. In
common with HIAP-I (196), the supernatant of H9 cells that
expressed HICRV contained Mn?*-dependent RT activity
(193), although extracellular particles were not observed. How-
ever, in contrast to HIAP-I, lysates of HICRV-producing cells
did not react with anti-HIV antibodies. This suggests that the
particles are not the same, although a different antibody was
used, so these results are not directly comparable. In contrast
to many of the other candidate human retroviruses, numerous
HICRV particles were observed on electron micrographs
(193), providing convincing evidence of their retroviral origin.
Given this abundance, it is unclear why the genome encoding
them has not been cloned and why no other group has repro-
duced the findings.

A second IAP in ICL was described by Garry and colleagues
(162) and designated HIAP-II to distinguish it from the mor-
phologically distinct HIAP-I found in SS (161) and from
HICRYV (193). HIAP-II particles were smaller than HIAP-I,
with a diameter of approximately 60 nm. Despite this, sera
from SLE patients reacted with proteins from cells in which
HIAP-I and HIAP-II were observed, suggesting that these cells
possess antigenically related proteins (162). Antibodies react-
ing with a 97-kDa protein in HIAP-II-producing cell lysates
were identified in 50% of ICL patients but in only 10% of
healthy matched controls (162). These sera did not react with
control cell lysates. As with the two previous descriptions of
IAPs in humans (161, 193), the disease specificity of the par-
ticles could not be determined since PBMCs from healthy
individuals were not studied, and controls for cytokine-induced
HERYV activation in H9 cells or PBMCs from healthy donors
were not included.

Given the potential importance of these three human IAPs
and the evidence that a retrovirus is expressed in SS and ICL
(ie., EM, RT activity, serology, and antigen reactivity), it is
unfortunate that those initial observations have not been ex-
panded upon. Further discussion of HIAP-I, HIAP-II, and
HICRYV particles and their relationship to each other remains
speculative in the absence of the sequences of the proviruses
encoding these RVLPs. The preliminary characterization of
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HIAP-I sequences has been reported (427), but these data
have yet to appear in print or in sequence databases. It appears
that these particles may represent rare particles produced by a
HERYV, but this has not been examined experimentally. It is
ironic that while PCR has often been used to identify retroviral
sequences in diseases where there is only circumstantial evi-
dence of virion production, it has yet to be successfully em-
ployed to identify the encapsidated genomes of the various
HIAPs.

Human Retrovirus 5

Following reports implicating a retrovirus in SS (163) and
the detection of HIAP-I in cultures of SS salivary gland ex-
tracts (161), a search for the genome of the putative virus
involved was initiated. Using degenerate primer RT-PCR, a
short pol sequence was amplified from sucrose gradient-con-
centrated salivary gland extracts from a patient with SS (189).
This sequence was identified in gradient fractions with a den-
sity of 1.16 g/ml, typical of mature retroviruses, and these same
fractions contained RT activity when tested by PERT assay.
Southern blot and PCR analyses revealed that this virus was
not endogenous in human DNA (189). Indeed, in samples in
which it was detected, the proviral DNA was present at an
extremely low load (around 1 copy in 100,000 cells) (189, 415).
This viral sequence was later given the provisional name hu-
man retrovirus 5 (HRV-5), as it appeared to be the fifth
exogenous human retrovirus. Subsequent analysis of tissue
from patients with SS or other rheumatic conditions detected
the HRV-5 pol sequence in 6 of the 18 tissue samples studied
(189). Although the sample size was too small to draw conclu-
sions regarding disease association, the finding that one-third
of the first 18 people studied were positive suggested that the
virus was a common infection.

Further “chromosome-walking” experiments led to the clon-
ing of the viral LTRs and complete ORFs for gag, pro, and pol
as a series of overlapping PCR fragments (190). Sequence
analysis indicated that HRV-5 was a betaretrovirus related to
MMTV, MPMYV, and IAP elements of rodents. The similarity
with IAP elements initially suggested that this sequence might
encode the HIAP particles described for SS (161, 540), but this
was ruled out when cells expressing HIAP-I were found to be
negative by PCR with HRV-5-specific primers. Although the
betaretroviruses are the closest relatives of HRV-5, the nucle-
otide similarity in the conserved region of pol was only 55 to
65%, indicating that this was a novel virus and not a new
“human” strain of a previously identified virus. Sequences
cloned from different individuals had up to 10% sequence
divergence with maintenance of the ORFs, suggesting that this
was an actively replicating agent. In addition, this variation was
interpreted to indicate that PCR contamination was not re-
sponsible for the data. Critically, in addition to our own labo-
ratory in London, HRV-5 sequences were identified in human
tissue extracts by a number of other laboratories in Europe and
the United States (147, 260, 350, 397; also see reference 187).
Taking this evidence together, HRV-5 appeared to represent a
novel exogenous human retrovirus. Significantly, however, an
env gene could not be identified, although several clones con-
taining pol and 3" LTR sequences were amplified from differ-
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ent individuals, which raised serious questions regarding the
transmissibility of this putative virus.

With regard to disease association, HRV-5 RNA was orig-
inally detected in salivary gland biopsies from patients with SS,
but proviral DNA could only rarely be detected in such tissue
(63, 415). A wider survey of other inflammatory diseases de-
tected HRV-5 DNA in blood samples from 12% of patients
with RA and 16% of patients with SLE (188). The link with
RA was striking in that HRV-5 DNA was also detected in 50%
of synovial biopsies from RA joints, although synovial tissue
from some patients with osteoarthritis and reactive arthritis
were also occasionally positive. In contrast, HRV-5 DNA was
hardly ever detected in normal joints and blood from healthy
donors (67, 188, 189, 260, 261, 350, 414). One group could not
reproduce the positive detection in joint DNA, but the tissue
samples were not directly comparable since there was little
inflammatory tissue in these samples (166). A survey of human
cancers identified HRV-5 DNA sequences in approximately
10% of lymphoma patients (414), and this was confirmed by
much larger independent studies (260, 350). Thus, the hypoth-
esis made from the PCR data was that HRV-5 was a common
infection with a very low virus load that was increased in some
patients with RA, SLE, or lymphoma. Subsequent studies
aimed to determine whether HRV-5 had a role in the etio-
pathogenesis of these diseases or whether the increased fre-
quency of detection was instead a consequence of disease.

Using molecular clones of HRV-5 amplified from DNA
from infected patients by PCR, the functional capacities of the
various HRV-5 proteins were tested. Thus, the viral protease
was subcloned, expressed in Escherichia coli, and shown to be
active (508), and Gag proteins were demonstrated to have the
ability to form core particles when expressed in transfected
human cells (C. Voisset and D. Griffiths, unpublished data).
Preliminary immunoblot analyses indicated that some individ-
uals have serum antibodies that react to HRV-5 Gag proteins
(C. Hervé, P. J. Venables, and D. Griffiths, unpublished data),
but further studies correlating seroreactivity with genome de-
tection by PCR have not been undertaken. Therefore, the
available data supported HRV-5 as a new infectious retrovirus,
although this had not been formally shown by transmission in
culture. However, despite the initial detection of HRV-5 se-
quences in H9/lip biopsy cocultures, attempts to obtain a per-
manently infected culture were unsuccessful; viral DNA and
RNA was lost from the cultures within 3 to 4 weeks (189).
Moreover, the apparent absence of an env gene in all the
patients examined did not sit well with the notion that this was
an infectious virus.

To determine whether HRV-5 was a genuine human infec-
tion, HRV-5 integration sites were cloned from the DNA of
infected clinical specimens by PCR-based techniques (190).
Three integration sites were identified (from three different
individuals), but none of the flanking sequences was present in
human genome sequence databases, and they could not be
detected experimentally in human DNA by Southern blot or
PCR. A survey of other mammalian species demonstrated that
HRV-5 is in fact an ERV of the European rabbit (Oryctolagus
cuniculus) and that the rabbit genome harbors around 1,000 to
5,000 copies of this element, now designated rabbit ERV-H
(148, 190).

Prior to the identification of HRV-5 sequences in the rabbit
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genome, HRV-5 had been detected only in human DNA ex-
tracts. The possibility that HRV-5 is a replication-competent
rabbit virus that has crossed species and infected humans is
very remote, since flanking rabbit genomic sequences and mi-
tochondrial DNA were also detected in some human samples
(148, 190), so this appears to be a simple case of PCR con-
tamination. However, contamination cannot easily explain the
initial discovery of HRV-5 as an RNA element or its dispro-
portionate detection in specific diseases. Its detection by a
number of laboratories in different countries using different
assays also argues against straightforward PCR contamination.
Other mechanisms to explain the presence of rabbit sequences
in human DNA preparations, such as DNA in the diet entering
the peripheral circulation (147, 190, 434), are theoretically
possible but unlikely given that rabbit meat is a minor part of
the United Kingdom diet. Instead, it appears that contamina-
tion is the most likely source, although the route or mechanism
is at present difficult to identify.

Although the accumulated data on HRV-5 appeared to
present a reasonable case for a new infectious human retrovi-
rus, the truth was found to be quite different. HRV-5 provides
several lessons for retrovirus hunters. First, it shows how the
exquisite sensitivity of PCR can lead to misleading results even
where the initial disease association is corroborated by other
data. Second, the difficulty of using degenerate pol primers for
identifying novel genomes is highlighted, since the potential
for contamination with ERV sequences, human or animal, is
high. Third, the cloning and sequencing of integration sites can
provide definitive proof for or against human infection and will
be valuable in determining the provenance of other putative
human retroviruses.

HERV-K

HERV-K is a family of retroviral elements related to exog-
enous betaretroviruses (30, 172, 295, 489) that was originally
detected by low-stringency hybridization using probes derived
from MMTYV and murine IAPs (372, 373). Related elements
were subsequently identified by consensus pol PCR and
grouped into 10 groups of human MMTV-like (HML) se-
quences (29, 324). Of these groups, the HML-2 group includes
the most intact HERV-K proviruses and is therefore perhaps
the most likely to be pathogenic since some loci have retained
complete ORFs for all viral genes (321, 410, 488, 494). There
are two types of HERV-K(HML-2) proviruses, which differ by
the presence (type 1) or absence (type 2) of a 292-bp deletion
at the pol-env boundary. Both types encode nonstructural pro-
teins in the env region. Type 2 proviruses encode Rec (formerly
cORF or K-Rev), a functional homolog of RNA nuclear export
factors encoded by HIV and HTLV (Rev and Rex) (305, 541).
Type 1 proviruses encode Np9, which is of unknown function
but is expressed in a variety of tumors and transformed cell
lines (17). Rec and Np9 are both expressed from spliced
mRNAs from the env region, and they share 14 amino acids at
their N termini. HERV-K has been linked with a variety of
autoimmune diseases and cancers (30), but particular attention
has focused on its potential role in testicular cancer, mela-
noma, and insulin-dependent diabetes mellitus (IDDM).

HERV-K and testicular cancer. HERV-K elements are
highly expressed in testicular germ cell tumors, in particular
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seminomas and teratocarcinomas (30, 61, 71). Cell lines
derived from these tumors produce noninfectious RVLPs en-
coded by HERV-K(HML-2), designated human teratocarcinoma-
derived retrovirus (HTDV). Although specific proviruses en-
coding HTDV have not been described, their identities as
HERV-K were confirmed by immunogold labeling of electron
micrographs (61). The RVLPs expressed by different cell lines
have various morphologies indicative of mutations in one or
more viral proteins (46). It is therefore possible that these
particles represent composite virions formed by the products
of multiple proviruses through complementation.

The increased expression of HERV-K in patients with germ
cell tumors is reflected by a high frequency of anti-HERV-K
antibodies in these individuals. Antibodies directed against
HERV-K Gag or Env have been detected in 50 to 60% of
seminoma patients around the time of diagnosis (60, 430). In
those studies, reactivity to HERV-K proteins in healthy con-
trols was less than 5%. Patients that received chemotherapy
treatment showed a decrease in their antibody titers (257, 430),
and antibody reactivity declined further after tumor removal
(60). Thus, antibodies to HERV-K are detected frequently in
these patients and seem to resolve rapidly with effective ther-
apy of the malignancy. While patients with testicular cancer
have particularly high titers of anti-HERV-K antibodies, anti-
bodies to HERV-K are also present in some patients with
autoimmune disease and in healthy individuals (24, 208).

In addition to antibodies, T-lymphocyte responses to
HERV-K Gag and Env peptides have been detected using an
enzyme-linked immunospot assay (404). Whether these T cells
are active against tumor cells in vivo has not yet been investi-
gated. The same study also found HERV-K-specific T cells in
apparently healthy individuals, raising the question of whether
such self-reactive lymphocytes are commonly present in hu-
mans and, if so, whether they have a pathogenic role in patients
with autoimmune disease.

The clinical significance of HERV-K protein expression in
testicular cancer is unclear. It is possible that the expression of
HERV-K/HTDV is a result of genetic changes associated with
tumor development that activate the LTR and drive the ex-
pression of multiple proviruses. For example, HERV-
K(HML-2) transcription has been shown to be highly regu-
lated by cytosine methylation (275). Nevertheless, there is
mounting evidence that the HERV-K Rec and Np9 proteins
may play a direct role in tumorigenesis. Both Rec and Np9 can
bind to the promyelocytic leukemia zinc finger (PLZF) protein
(58, 117), a transcriptional repressor that is critical for sper-
matogenesis. The impairment of PLZF function is associated
with an increased frequency of teratocarcinoma. Therefore,
Rec and Np9 could trigger germ cell transformation by inter-
fering with PLZF, thereby promoting cellular proliferation
through the activation of transcription factors such as c-Myc
(117). This model is supported by evidence from mice that are
transgenic for Rec, which develop carcinoma in situ, an early
marker of testicular cancer (156). This effect is specific to the
testis because other tissues in these mice which also express
Rec do not show signs of carcinoma. Further studies on the
mechanism of action of Rec and Np?9 in this transgenic model
will be valuable in determining the role of HERV-K in tumor-
igenesis in testicular cancer.

CANDIDATE NOVEL RETROVIRUSES IN HUMAN DISEASE 177

HERV-K and melanoma. Malignant melanoma is an aggres-
sive form of skin cancer that arises from pigment-producing
melanocytes in the epidermis (302). The etiology of melanoma
is strongly linked to overexposure to UV radiation, although
additional cofactors may be required. Retroviruses were linked
with melanoma following the detection of RVLPs in cell lines
derived from tumor biopsies (25, 50), and a number of recent
studies have shown that HERV-K(HML-2) is expressed in
primary melanomas and in lymphoid and cutaneous metastases
(81, 82, 354). Particles and RT activity have been detected in
the supernatants of cultured tumor biopsies and cell lines, and
the expression of HERV-K Gag, Env, and Rec proteins has
been demonstrated by immunoblotting and immunofluores-
cence (81, 82, 223, 354). As with testicular tumors, multiple
HERV-K proviruses appear to be expressed in melanoma.
Intriguingly, Muster and colleagues described the transmission
of HERV-K sequences from melanoma supernatants to bovine
kidney cells (354). The supernatant used in that study con-
tained a number of distinct HERV-K sequences (211), and
additional work is therefore required to clone the transmitted
provirus and to determine whether it represents an infectious
HERV-K.

In addition to HERV-K(HML-2), other HERV-K elements
may be expressed in melanoma. In one study, a short peptide
of 9 amino acids derived from the env region of a highly
defective HERV-K(HML-6) provirus was demonstrated to be
a melanoma-specific antigen (431). Moreover, patients with
melanoma have cytotoxic T lymphocytes that can specifically
recognize and kill cells expressing this peptide in association
with MHC class I molecules. Whether the expression of this
HERYV peptide has a function in clinical disease or a role in
tumor immunosurveillance is currently under investigation.
The expression of a short peptide with physiological function
demonstrates the potential importance of defective HERV
elements, even where the coding capacity is not obvious.

HERV-K and IDDM: the superantigen hypothesis. IDDM is
an autoimmune disease characterized by the destruction of
insulin-producing B cells in the pancreatic islets of Langerhans
(484). The etiology of IDDM is complex, involving many ge-
netic loci, with the MHC and the insulin gene being the most
important (487). A concordance rate in monozygotic twins of
only 50% suggests the additional involvement of environmen-
tal factors such as viruses or other infections. SAg activity in
IDDM was suggested by the finding that VB7-bearing T cells
are enriched in patients with recent-onset IDDM (104) and
raised the question of whether a retrovirus might be involved.

To investigate this, Conrad and colleagues examined short-
term cultures of freshly isolated pancreatic islets and spleno-
cytes derived from IDDM patients for the presence of a ret-
rovirus (105). RT activity detected in supernatants from these
cultures was up to 100-fold greater than that detected in su-
pernatants from cultures from nondiabetic donors (105). Sub-
sequent experiments led to the cloning of a HERV-K element
from the supernatants of the splenocyte cultures as a series of
overlapping RT-PCR fragments. The retroviral genome that
was isolated was initially designated IDDMK, ,22 (105) and
was later identified as a specific allele of HERV-K18, an
HML-2 provirus located in the first intron of the CD48 gene
on chromosome 1 (198). Allele K18.1 corresponds to
IDDMK, ,22 (105), allele K18.2 is identical to a published
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FIG. 6. Activation of HERV-K superantigen. Possible mechanisms for activation of a superantigen encoded by HERV-K18 on chromosome
1 (based on data from references 105, 219, 463, 471, 472, and 476). IgM, immunoglobulin M.

sequence (488), and K18.3 is novel (463). Additional rare vari-
ants have also been described. None of the K18 alleles has
intact gag or pol genes that could encode functional RT activity
or capsid proteins. Thus, it does not appear that this is an
infectious strain of HERV-K.

Conrad and colleagues suggested a link between HERV-K
and IDDM based on RT-PCR data showing the presence of
HERV-K18 RNA in sera from 10 of 10 IDDM patients but in
none of 10 age-matched non-IDDM controls (105). This dis-
ease specificity was later refuted after a number of groups
failed to find any association between HERV-K RNA and
IDDM (24, 234, 256, 270, 272, 296, 351, 463). In addition, the
increased RT activity detected in supernatants of splenocyte
cultures from IDDM patients could not be confirmed (234). It
is unclear why the initial association with IDDM appeared to
be so strong. The presence of contaminating genomic DNA in
the serum RNA extracts is one possible explanation, although
control reactions were performed to monitor this (105).

Despite the uncertainty of the link with IDDM, the initial
report was notable in that it described a SAg activity encoded
by the truncated env ORF of IDDMK, ,22 that could specifi-
cally activate human VB7-specific T lymphocytes (105). Sub-
sequent work has shown that HERV-KI18 transcription is ac-
tivated by the treatment of PBMCs with IFN-« and that these
IFN-a-treated cells have a mitogenic effect on syngeneic VB7-
specific T cells (463). Treatment with an antiserum to the
N-terminal peptide of the SAg inhibits this effect, indicating
that it is indeed due to SAg expression. In a parallel study,
Sutkowski and coworkers (472) showed that EBV infection of
B lymphocytes leads to the transactivation of HERV-K18 env
expression and proposed that HERV-K18 encodes the EBV-
associated SAg activity reported previously (473).

It is worth noting that other groups initially failed to dem-
onstrate SAg activity using very similar assays of human or
murine cells (22, 272, 296), leading to some skepticism that the
HERV-K18 env region encodes a functional SAg. However,
more recent work in mice transgenic for the HERV-K18

genomic locus has shown that murine VB3 and VB7 T-lym-
phocyte subsets are activated by HERV-K18 SAg in vivo (476).
In addition, studies on the mechanism by which EBV stimu-
lates HERV-K18 has implicated the EBV surface glycoprotein
gp350 via signaling through CD21 (219) and the latent EBV
proteins LMP-1 and LMP2A (471). HERV-K18 expression is
also induced in B cells by immunoglobulin M cross-linking of
CD40 on the cell surface (476). Therefore, current evidence
now provides a more persuasive argument that the HERV-K18
SAg activity is genuine. Further studies are necessary to deter-
mine whether HERV-K18 SAg activity is actually relevant to
immunopathology in IDDM or other inflammatory diseases.
Since EBV infection is almost ubiquitous in humans, it will be
important to determine how HERV-K18 SAg activation might
cooperate with other cofactors to cause disease in a minority of
individuals.

An intriguing aspect of the studies on HERV-K18 SAg is
that they provide a model linking virus infection, HERVs, and
inflammatory disease (463, 471, 472) (Fig. 6). This model could
explain how diverse and perhaps common viral infections
might be etiological cofactors in diseases such as IDDM that
are not regarded as contagious in the conventional sense. For
example, multiple acute enterovirus infections (such as cox-
sackieviruses) in patients who were newly diagnosed with
IDDM have been described, and the timing of these infections
appears to be related to an increase in VB7 gene transcripts
(299). It would therefore be of great interest to know whether
enteroviruses have the ability to activate HERV-K18 expres-
sion and whether such activation is IFN-a dependent.

A recent study has shown that endogenous MMTV SAg
expression can increase susceptibility to infection by a range of
bacterial and viral pathogens through an unidentified mecha-
nism (45). Potentially, HERV-K18 SAg may exert similar
properties. As with the studies on MSRV/HERV-W described
above, the initially reported HERV-K virus particles in IDDM
did not turn out to represent an infectious retrovirus but in-
stead led to the identification of a functional HERV protein
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that may have pathological effects through an entirely unpre-
dicted mechanism.

Infectious HERV-K viruses. The coding competence of
HERV-K(HML-2) indicates that it invaded the genome rela-
tively recently in our evolutionary history, and this is supported
by the presence of polymorphic insertions that are present in
only a proportion of individuals (38, 221, 300, 494). Some
estimates have suggested that HERV-K may have been infect-
ing our ancestors as recently as 100,000 years ago (494), and
analysis of the env gene indicates that it has been under con-
tinuous purifying selection, suggesting that the infectious
spread of HERV-K has continued until very recently. While it
is possible that such spread may have occurred within an indi-
vidual rather than by human-to-human transmission, this
nonetheless hints at the possibility that a closely related virus
may still be infecting humans today (39).

Although there are some functional copies of the individual
HERV-K(HML-2) proteins present in the human genome, no
provirus has so far been shown to encode a fully replication-
competent virus. Recently, two groups independently con-
structed recombinant HERV-K viruses based on a consensus
of known HML-2 sequences. These viruses, designated Phoe-
nix (120) and HERV-K oy (277), therefore represent close
relatives of the progenitor HERV-K(HML-2) virus. The two
viruses differ at several positions in the genome, but both
viruses are infectious in cultured cells. Although these viruses
are artificial, they provide novel tools for future analysis of
HERV-K replication and its possible role in disease.

Betaretrovirus in Bronchioloalveolar Carcinoma

Ovine pulmonary adenocarcinoma (OPA) is a transmissible
lung cancer of sheep caused by JSRV, which infects and trans-
forms alveolar type II pneumocytes and bronchiolar Clara cells
in the periphery of the lung (377). In addition to its importance
as an agricultural disease, OPA has attracted attention due to
its histological similarity with some forms of human pulmonary
adenocarcinoma, particularly cases involving bronchioloalveo-
lar carcinoma (BAC), which arise from the same cell types as
OPA (341). These forms of human lung cancer are not strongly
associated with smoking, and other environmental agents have
therefore been proposed to play an etiological role.

The mechanism of tumorigenesis by JSRV in sheep is cur-
rently under investigation, but the viral Env protein is sufficient
to induce cellular transformation in vitro (304) and in vivo (86,
535). The histological and pathological similarities of human
lung adenocarcinoma and OPA have led to an examination of
human tumors for evidence of JSRV infection. An intriguing
finding was that 26% of all lung adenocarcinomas reacted
positively to an anti-JSRV Gag antiserum by immunohisto-
chemistry, while only 2.5% of the other tumors studied ex-
pressed this antigen (115). Antibodies to other betaretroviral
Gag proteins also react with an antigen in the same tumors
(116).

PCR with primers specific for JSRV gag do not amplify viral
sequences from human tumors, indicating that JSRV itself is
not present in humans (209, 544). This antigen may therefore
represent a related (possibly novel) retrovirus, a HERV pro-
tein activated in some tumors, or a different cross-reacting
cellular protein coincidentally up-regulated in these tumors.
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Analysis of expressed betaretrovirus sequences in BAC by de-
generate primer RT-PCR could identify only HERV-
K(HML-2) and HERV-K(HML-3) sequences in these tumors,
and the same HERVs were also expressed in normal lung
tissue (P. Hopwood, M. Norval, and D. Griffiths, unpublished
data). JSRV infection in humans has also been suggested by
the reported PCR amplification of JSRV gag and pol se-
quences from blood donors and AIDS patients from Came-
roon and Nigeria (342). Notably, the lung cancer cases tested
in that study were negative. However, some of the sequences
obtained were almost identical to sheep ERV sequences,
which suggests that some contamination of the PCRs with
sheep DNA was present. This result therefore requires confir-
mation, particularly since JSRV LTR sequences could not be
detected in these individuals. Identification of the Gag-reactive
antigen(s) in human lung adenocarcinoma should resolve the
issue, while elucidation of the signaling pathways activated in
sheep tumors may have relevance to oncogenesis in human
disease.

Xenotropic MLV-Related Virus and Prostate Cancer

Prostate cancer is one of the most common cancers in men
in developed countries and is a leading cause of death (360).
The available evidence on the etiology of prostate cancer im-
plicates diet, inflammation, and androgen hormones as con-
tributory cofactors in addition to a strong hereditary compo-
nent. Several candidate genes have been identified, including
some that have roles in innate immunity to infections. One
example is RNase L, an RNase that is activated as part of the
IFN response and acts to degrade double-stranded viral RNA.
An increased risk of prostate cancer is also associated with
sexually transmitted infections, although the inflammatory re-
sponse to infection, rather than any specific agent, is suspected
to be involved in promoting the development of neoplastic
cells (360).

In light of the defect in antiviral immunity in some familial
cases of prostate cancer, a search was made for viruses in
tumor tissue using the Virochip microarray, which contains
oligonucleotides for all known virus families of animals and
plants (511, 512) (Fig. 5). When tumor RNA from prostate
cancer was analyzed with this microarray, 8 of 19 samples
hybridized with probes from gammaretroviruses (497). Seven
of the eight positive specimens were from individuals homozy-
gous for a defective allele of RNase L designated R462Q.
Subsequently, the hybridized RNA was recovered from the
array and identified as a relative of xenotropic MLV (>96%
similarity) and was designated xenotropic MLV-related virus
(XMRYV) (497). Full-length XMRV genomes identified by
PCR from three different tumors had >98% similarity to each
other, and the polymorphisms suggested independent acquisi-
tion of the virus by these patients. In comparison to previously
described murine viruses, XMRYV is distinguishable by unique
amino acid substitutions and a short deletion in the gag leader
region. The prevalence of XMRYV in prostate tumors was ex-
amined using nested RT-PCR for gag RNA (497). Strikingly,
XMRYV was detected in 8 of 20 patients homozygous for the
impaired R462Q mutant but in only 1 of 66 patients who
carried either one or two functional alleles, consistent with the
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idea that impaired innate immunity could favor infection with
this virus.

Following the identification of the XMRV sequence, evi-
dence confirming this as a bona fide human infection has now
been presented. Dong and coworkers cloned three XMRV
integration sites from tumor tissues from two patients with
prostate cancer (125). Two of the integration sites are close to
genes encoding the transcription factors CREBS and NFATCc3,
while the third is close to APPBP2, a protein involved in
microtubule function and androgen signaling. Further studies
are needed to determine whether XMRYV integration affects
the function of these genes and whether this might contribute
to tumorigenesis.

Other evidence that XMRV is active in human tissues in-
cludes the demonstration of XMRV DNA in tumors by FISH
and the detection of MLV-related Gag protein in the same
cells by immunohistochemistry (497). In addition, cell culture
studies have confirmed that the cloned provirus is infectious in
cultured fibroblasts and epithelial cells and that it utilizes a
known receptor for xenotropic MLV (125). Furthermore, the
replication of XMRYV in culture is inhibited by functional IFN
response pathways, including RNase L (125), consistent with
findings in patients.

The available data confirm that XMRYV is a human infection
and provide a coherent model for its presence in individuals
with a defective innate immune response that fits with existing
data on risk factors for prostate cancer. Clearly, it is now
important to determine whether XMRYV has an etiological role
in prostate cancer in these patients. Significantly, in situ studies
have demonstrated that XMRYV is present in stromal fibro-
blasts and hematopoietic cells within the tumor but not in
neoplastic epithelial cells (497). The infected cells represent
less than 1% of the cells within the tumor. This indicates that
if XMRYV is involved in tumorigenesis, it does not act through
the classical mechanism of cis activation of oncogenes in the
tumor cell. Nevertheless, a role for stromal cells in promoting
tumor progression and survival through the release of modu-
latory cytokines and chemokines into the local microenviron-
ment has been established for several tumors including pros-
tate cancer (109). Thus, it is possible that XMRYV infection
may modulate fibroblast function and indirectly promote tu-
mor growth. Alternatively, XMRV may simply represent a
commensal infection that has found a particular niche due to
defective RNase L function in these patients. So far, nonneo-
plastic prostate tissue (either normal tissue or tissue from
precancerous inflammatory lesions) from R426Q homozygous
individuals has not been studied. If such tissue were found to
be positive, this would indicate that infection precedes the
tumor, consistent with a causal role. Serological studies
could also be of value here, although, as discussed above, it
can be difficult to interpret the significance of antiretroviral
antibodies.

A further interesting question is the origin of XMRYV infec-
tion in these patients and whether this represents human-to-
human transmission or independent zoonotic events from mice
or other species. It is possible that XMRYV is commonly circu-
lating among humans but establishes infection only in individ-
uals with defective innate immunity. If this is the case, adaptive
immunity to prior XMRYV infection might explain some of the
serological data on antiretroviral antibodies in various patient
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groups (e.g., see references 78, 96, 212, 369, 477, and 523). In
addition, it will also be of interest to examine immunosup-
pressed populations such as AIDS patients and transplant re-
cipients for XMRYV infection.

These two recent papers describing XMRYV (125, 497) have
presented a solid case for XMRYV infection in prostate can-
cer and provide exciting data for future studies. In addition,
this example demonstrates that despite the controversy and
skepticism associated with virus discovery, studies on novel
human retroviruses are still relevant today. Furthermore,
the use of microarrays such as the Virochip microarray may
prove to be more productive than PCR for future virus
discovery.

HUMAN INFECTION WITH SIMIAN RETROVIRUSES

Studies on HIV and HTLV have revealed that they origi-
nated as cross-species infections of humans from other pri-
mates. HIV-1 and HIV-2 are thought to have first evolved
from simian immunodeficiency viruses (SIVs) in humans
within the last 100 years (443), while HTLV-1 and HTLV-2
crossed into humans several thousand years ago (453). Such
zoonotic transfers from primates appear to have occurred
many times in the recent past and are likely still continuing
today. Recent studies have identified new HTLV-like viruses
(HTLV-3 and HTLV-4) in individuals from Cameroon (83,
532), although there is no evidence yet that these new viruses
are transmitted from human to human.

There have also been a number of reports of human infec-
tion with other primate retroviruses. Some of these infections
have been shown to represent zoonotic transfer to individuals
exposed to infected animals, such as workers in primate cen-
ters or researchers handling cultured virus in the laboratory.
For example, several cases of humans infected with SIV
have been documented (254, 255). Other studies have ex-
amined human infection with simian foamy viruses (SFV)
(spumaviruses) and primate betaretroviruses. The authen-
ticity of some of these cases remains unconfirmed, but this
has not prevented some authors from speculating on an
association with disease.

Human Foamy Virus

A spumavirus designated human foamy virus (HFV) was
first isolated from cultured lymphoblastoid cells of a Kenyan
patient with nasopharyngeal carcinoma in 1971 (4, 327). Ad-
ditional isolates were reported later in patients with de Quer-
vain thyroiditis (462) and dialysis encephalitis (85). Several
attempts to determine the prevalence of HFV in different
populations, both geographically and in relation to disease,
particularly in thyroid disease and neurological disorders, have
been made (6, 64, 85, 268, 363, 462, 525). However, those
studies became controversial as different groups produced con-
flicting results (reviewed in reference 327).

Early seroepidemiological studies suggested that HFV infec-
tion is common in East Africa (Kenya and Uganda) and some
Pacific islands and rare in regions of North Africa (Tunisia),
North America, and Britain (3, 290, 347). However, this was
disputed by Brown and colleagues (74, 75), who failed to detect
markers of HFV infection in people from any of these areas.
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The same group also demonstrated that HFV is antigenically
related to SFV-6 of chimpanzees, and this was the first sug-
gestion that HFV may be a rare SFV zoonosis or a nonhuman
laboratory contaminant (75, 361). Later, Schweizer and co-
workers used immunoblotting, enzyme-linked immunosorbent
assay, and immunofluorescence to study sera from 2,688 indi-
viduals, many of whom were individuals identified as being at
“high risk” of HFV infection on the basis of geographical
location or disease (437). All but seven of these sera were
negative for antibodies to HFV antigens, and the remainder
gave indeterminate results for technical reasons. In contrast,
control sera from SFV-infected nonhuman primates or from
human subjects that had become accidentally infected with
SFV-3 or HFV were positive by these tests, demonstrating that
foamy virus infection of humans does elicit an antibody re-
sponse. Ali and colleagues reported similar results in a study of
6,000 human sera (7). PCR on DNA from 223 individuals by
use of HFV pol primers also produced exclusively negative
results, while DNA from individuals known to be infected with
HFYV were positive (437).

In light of these data, it is now widely accepted that HFV in
humans represents a rare zoonotic infection by a simian spu-
mavirus, and all confirmed cases of infection have been in
persons with occupational or other close contact with nonhu-
man primates (205, 327, 474, 533). Human-to-human spread of
the virus has not been demonstrated, even in recipients of
blood transfusions from an HFV-infected donor (62). Thus,
the papers citing positive results for human infection appear to
have been based largely on false-positive immunological assays
or laboratory contamination. It should also be noted that gen-
uine cases of human infection, in common with SFV infections
of nonhuman primates, are not pathogenic.

Sequence analysis of foamy virus isolates from the four sub-
species of chimpanzee shows that the original HFV isolate is
most closely related to SFV from Pan troglodytes schweinfurthii
(474). Given that this subspecies is native to Kenya, there is a
possibility that the original patient (4) may have caught the
virus through contact with an infected chimpanzee, although
laboratory contamination could also have been the source of
this isolate. To indicate the simian origin of HFV, its current
designation is SFV ., or prototype foamy virus 1 (286).
Other zoonoses of spumaviruses from primate species have
included infections from African green monkey, bonobos, and,
most recently, macaques (72). It is striking that the definitive
studies on HFV that determined its true provenance depended
on the use of PCR (436, 437, 474), which contrasts well with
the difficulties associated with the use of this technique in
studies of other human “rumor” viruses.

Primate Betaretroviruses

Primate betaretroviruses (previously designated type D ret-
roviruses) are another group of viruses with the potential to
infect humans (141, 157). These viruses naturally infect wild
macaques in India and Indonesia and are also common infec-
tions in captive macaques. To date, seven serotypes, designated
simian retrovirus 1 (SRV-1) to SRV-7, have been found in
Asian macaques housed in primate centers in the United
States or China and in feral monkeys in India (358). SRVs
cause an immunosuppressive disease that resembles simian
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AIDS but which is distinct from that induced by SIV. The first
SRV isolated, MPMYV (SRV-3), was originally detected in 1970
in a macaque with breast cancer (92). Although this group of
viruses is now not regarded as being oncogenic, the identifica-
tion of MPMV in a mammary carcinoma helped to perpetuate
the theory that a related virus might cause breast cancer in
humans (see above) (523).

The most convincing case report of human SRV infection
described MPMYV infection in an AIDS patient with a B lym-
phoma (59, 146). Infectious virus was isolated from cultures of
lymphoma tissue, and bone marrow DNA was positive by PCR
with MPMYV gag, pol, and env primers. Serum antibodies that
were reactive with MPMV Gag and Env proteins were de-
tected by immunoprecipitation and immunoblotting. This ap-
pears to be a genuine human MPMYV infection since several
lines of evidence were in agreement. However, whether the
virus played any role in the pathogenesis of AIDS or the
lymphoma could not be determined. Also, it was not known
whether MPMV was acquired before, at the same time as, or
after HIV infection, although it is possible that MPMV was
acquired as an opportunistic infection after the development of
AIDS.

While this appears to be a genuine human infection, other
reports of SRV in humans have been more difficult to assess
(204). Serological studies have either supported (224, 483) or
disputed (88) human SRV infection. More recent large-scale
studies in groups considered to be at risk for retroviral infec-
tion could not confirm SRV infection in humans, although a
small percentage of patients with lymphoma scored as weak
“indeterminate” positives (281). As with SFV and SIV, rare
cases of genuine infection of primate handlers with SRVs have
been described (282). In addition, SRVs grow efficiently in
many human cell lines, and a number of reports that claimed
the isolation of new human retrovirus turned out to be cases of
laboratory contamination with SRV (19, 262, 496).

In the PCR age, there have been a few further attempts to
detect SRV infections in humans. MPMV sequences were
reported for individuals in Guinea (343). MPMV antibodies
and sequences have also been detected in Russian children
with Burkitt’s lymphoma (225, 266). In that small study,
purified lymphocytes from 6 of 8 children with lymphoma
were positive by PCR for MPMV sequences, while 20
healthy donors were negative. Interestingly, five of the six
positive children had at least one parent who also had evi-
dence of MPMYV infection.

In those reports of PCR detection, the sequences ob-
tained were all almost identical to the original molecular
clone of MPMYV. Since the natural reservoir for MPMYV is
Asian macaques, it is reasonable to ask whether virus iso-
lates from different hosts and on different continents would
be so similar. Only one type D virus sequence from a pri-
mate not native to Asia has been reported, and this was
obtained from captive Ethiopian baboons, which is most
likely a result of cross-species transfer from macaques (183).
This virus had 82 to 85% nucleotide sequence similarity to
MPMYV and SRV-2 in the Gag region. Thus, these instances
of MPMV detection in humans need confirmation to be
accepted as genuine.
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HUMAN RNA “RUMOR” VIRUSES:
PROVING CAUSATION

The past 25 years have seen extraordinary developments in
the field of human retrovirology, with the emergence of HIV
and AIDS being of overwhelming importance. In addition, the
identification of HERVs and the recognition of zoonotic trans-
fer as a mechanism of human infection have been important in
shaping our view of the evolutionary relationships between
these pathogens and ourselves. The ease with which cross-
species transfer of retroviruses can occur has implications for
plans for xenotransplantation of animal organs into humans
(306). In light of these developments, the candidate human
retroviruses discussed here all deserve our attention, whether
genuine or not. The ease by which the PCR can be applied has
led to an increase in the number of new putative retroviruses
(and other viruses) associated with human disease. However,
as we have described above, many of these data have not
received acceptance among retrovirologists, and a number of
controversial claims remain unresolved.

Why has it been so difficult to make progress in this field?
One contributory factor has been that some of the claims for
novel human retroviruses have relied on one or two high-
profile papers, which have subsequently failed to be corrobo-
rated by others. The skepticism that exists in the virological
community has perhaps deterred others from attempting to
reproduce those preliminary reports experimentally. This is
unfortunate, since it is important to validate any new virus
quickly so that the importance of each claim can be assessed
and erroneous reports can be corrected. For example, reports
of HTLV sequences in MS (186, 408) were quickly scotched by
negative findings from several groups (27, 114, 130, 237, 244,
366, 370, 412, 520). Similarly, large-scale serological and PCR
analyses of HFV infections were crucial to the identification of
this virus as a zoonotic agent from nonhuman primates (7, 436,
437).

Another problem with making sense of the disparate data on
retroviruses and human disease is that few studies have at-
tempted to link the various experimental observations in the
same group of patients. For example, in psoriasis, a common
chronic inflammatory disease of the skin, various observations
that implicate retroviruses have been made. RVLPs have been
observed in tissue biopsies, in derived cell lines, and in patient
urine by EM (110, 230). A putative retroviral antigen desig-
nated pso-p27 was purified from these particles (231), and
antibodies to pso-p27 were detected in patients (232). More
recently, HERV-E RNA and Env proteins were found in pso-
riatic lesions (43, 336), and antibodies that were reactive with
MLV Gag and Env in patient sera have been described (335).
Interestingly, HERV-E expression is down-regulated by UV
irradiation, which also clears psoriatic lesions (43, 214). While
those reports provide intriguing evidence of retroviral activity
in psoriasis, it is difficult to draw together the various strands,
and none of the studies has related retrovirus expression to
immunopathology. HERV-E is the latest target, but it remains
to be seen whether this is linked to the previously observed
RVLPs or to the serological reactivity.

Similar issues surround the putative role of retroviruses in
thyroid diseases. HFV was linked to Graves’ disease by serol-
ogy, PCR, and Southern hybridization prior to the recognition
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that this virus is not a common human infection (268). In
addition, sequences related to HIV-1 were detected in DNA
from thyroid tissue and PBMCs of Graves’ disease patients by
Southern hybridization (100). Whether these data are due to
cross-reaction with HERVs is unknown but unlikely given the
absence of closely related elements in the human genome.
Other studies reported that 87% of Graves’ disease patients
have antibodies to two proteins present in lysates of cells pro-
ducing HIAP-I (235), but attempts to rescue a virus by cocul-
tivation with H9 cells as was done for HIAP-I, HIAP-II, and
HICRYV (161, 162, 193) were unsuccessful (139). There are
also reports on putative retroviruses in other thyroid disorders.
For example, isolates of HFV were reported in patients with de
Quervain thyroiditis (462, 525). As with psoriasis, there is noth-
ing to link these various observations, and it is unclear whether
they represent the detection of the same entity or how they
might be related to disease.

A further difficulty in studying novel retroviral infections
relates to the practicalities of obtaining an adequate number of
tissue specimens. In order to demonstrate a strong and specific
association between a disease and an etiologic agent, sufficient
clinical specimens and appropriate controls are required for a
robust statistical analysis. In some instances, this may not have
been the case. Possibly, this has been due to genuine difficulties
in obtaining sufficient specimens; for example, initial studies on
a putative retrovirus in MS used cultured leptomeningeal cells
from a single patient (387). Here, a rigorous examination of
tissues from 30 to 40 patients would have been difficult due to
the restricted availability of the appropriate material.

The clinical and pathogenetic heterogeneity of some of the
proposed retrovirus-associated diseases such as SLE, RA, and
MS can also present a problem in defining the role of infection
because it is possible that a virus might be involved in a specific
subtype of a particular disease but that such subtypes are not
recognized by existing diagnostic criteria. For example, in MS,
four distinct patterns of demyelinated plaques have been de-
scribed (297). In comparison with established experimental
models of MS, two of these patterns of demyelination resemble
an autoimmune-mediated pathology directed against myelin,
whereas the other two patterns resemble models where oligo-
dendrocyte pathology is the primary lesion, with demyelination
being a secondary event. Importantly, within an individual pa-
tient, all lesions show the same pattern, which is suggestive of
a single mechanism. Therefore, distinct forms of MS in differ-
ent patients may involve fundamentally different etiological
factors (or combinations of factors) but may be difficult to
distinguish clinically. An improved understanding of the dif-
ferent pathogenic mechanisms that play a role in complex
diseases and how they relate to clinical markers would greatly
assist the identification of the etiological factors involved.

Similarly, for some diseases, diagnostic criteria may change
over time, and clinicians can differ in how they diagnose certain
conditions. An example is BAC, which is currently classified as
being a strictly noninvasive tumor (490). The classification of
lung tumors has been revised several times over the last 30
years, and previous systems did not have such a restricted
definition of BAC (490). Moreover, even under the previous
classification, reports from European laboratories suggested
that the frequency of BAC is around 1% of all lung cancers,
while studies in the United States put the figure at around 25%
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TABLE 7. Hill’s criteria for causation in disease”

Criterion

Association

Strength of assOCIAtioN .......ccceevevvevieirivinirinicicieiccecee What is the relative increased risk in disease after exposure to virus?

Consistency of association.
Specificity of association.
Temporality ........c.c.c.....
Biological gradient ...
Plausibility .........

Coherence ..
Experiment.

....How reproducible are the data with different methods and by different laboratories, etc.?
....Is the disease unique to exposure to virus?

....Does disease follow exposure?

....Does an increased dose of virus lead to more rapid onset or more severe symptoms?
....Is a causal relationship biologically plausible?

....Is a relationship compatible with present knowledge of the disease?

....Does experimental manipulation or intervention affect disease outcome, e.g., therapy?

ANALOZY ... Is there a comparable association with related virus or disease, e.g., animal models?

“ Adapted from reference 152 with permission. See also reference 210.

(35, 341). Although genuine geographical differences exist for
some human tumors, this does not appear to be the case in this
instance, and the apparent variation in prevalence is more
likely to be due to regional differences in how diagnostic cri-
teria are applied (457). Clearly, such inconsistency in diagnosis
has significance for virologists studying the potential involve-
ment of a retrovirus in BAC.

Many of the diseases that are suspected to have a retroviral
involvement are chronic conditions such as autoimmune in-
flammatory diseases, neurological disorders, and cancers that
are thought to have a multifactorial etiology (Table 3). In
addition to the postulated retroviral infection, other factors
(genetic or environmental) are proposed to be required for the
manifestation of symptoms. This may lead to difficulties in
demonstrating a causal association, since the virus may be a
common infection, and specificity may therefore be difficult to
show without a good understanding of the other cofactors
required. The specific association of the virus with the target
cell of the disease can strengthen the evidence for a causative
role but does not provide definitive proof. Together, these
issues can confound studies on novel retroviruses since they
create difficulties in determining the specificity of the disease
association. When the effect of HERV expression is added, the
challenge of assessing the role of the candidate virus can be
appreciated. “Traditional” methodologies such as serology and
RT assays can provide supporting evidence, but this is only
circumstantial when these approaches are used alone. PCR or
other molecular approaches are necessary to identify the agent
and confirm that it as a human infection prior to analysis of
disease association.

Assessing the Etiological Role

Guidelines for demonstrating causation in infectious disease
were first set out by Henle and Koch in the 19th century (152)
and are commonly cited as the definitive method of proving
infectious disease etiology. However, while Koch’s postulates
have been an important concept in defining our understanding
of acute infectious disease, it is now accepted that a broader
framework is required for assessing the importance of a can-
didate pathogen in complex multifactorial disease (152). Such
a framework needs to accommodate current knowledge of cell
biology yet be flexible enough to allow for developing themes
and new paradigms. A number of revisions to Koch’s postu-
lates have been suggested (133, 134, 152, 210, 220, 417, 510)
and are exemplified by those proposed by Hill (210), who

suggested nine criteria that may be used for evaluating the role
of a putative causative factor (Table 7). These tests include
determining the strength, specificity, and consistency of an
association and evaluating whether such an association is bio-
logically plausible and coherent. The association can also be
tested experimentally or by drawing information from analo-
gous situations, such as animal models. Although devised orig-
inally for environmental and occupational medicine, these tests
can be applied to infectious diseases including chronic infec-
tions since they simply provide a structure for weighing the
epidemiological, experimental, and clinical evidence for cau-
sation.

The value of Hill’s criteria can be illustrated by considering
the data on the known human retroviruses. On this basis, there
is an extremely strong case that HIV-1 causes AIDS in the
absence of Koch’s postulates being fulfilled. The strength and
specificity of the association between virus and disease are high
since HIV is found in all cases of AIDS (albeit by definition)
and is not regularly associated with any other disease (12). This
has been confirmed by a large number of independent studies
from laboratories around the world. The knowledge that the
major cellular targets of HIV-1 are CD4™" T lymphocytes and
macrophages gives plausibility and coherence to the immuno-
suppressive pathology. Pharmaceutical intervention using
highly active antiretroviral therapy to target HIV is clinically
beneficial, providing experimental evidence. Finally, AIDS in
macaques caused by SIV provides an analogous situation in
animals. Thus, for HIV and AIDS, Hill’s criteria are all met,
and the case for causation is not doubted, except for a few
diehard skeptics (465, 524).

HTLV-1 fits Hill’s criteria less well since only around 1% of
infected individuals develop ATL, and the incubation period
between infection and onset of ATL may be as long as 50 years
or more; thus, the strength of the association is low. Also, since
HTLV-1 is present in at least two (and likely more) distinct
diseases, the specificity of association of HTLV in ATL and
HAM/TSP is weakened slightly. Nevertheless, the presence of
the HTLV provirus clonally integrated into ATL cells and the
uncovering of the central role of the viral Tax protein in acti-
vating cellular gene expression provide a plausible explanation
for a role for HTLV-1 in tumorigenesis (23). Similar advances
in understanding the immune response to HTLV-1 appear
likely to provide an explanation of how virus infection results
in the inflammatory pathogenesis of HAM/TSP (180, 506).
Pharmaceutical intervention for HTLV with antiretroviral
drugs has only recently been attempted, but early results indi-
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TABLE 8. Candidate retroviruses in human disease assessed by Hill’s criteria®

Association
Causal criterion HIV-1 and HTLV-I and MMTV and HERV-W HERV-K18 HIAP and HRV-5 and RA, XMRV
AIDS ATL breast cancer and MS and IDDM SS/ICL SLE, lymphoma
Strength of association Y Y N ND? ND” ND N ND
Consistency of association Y Y N Y€ N ND N ND
Specificity of association Y N N N® N® N N ND
Temporality Y Y ND Y? Y’ ND ND ND
Biological gradient Y Y ND ND ND ND ND Y
Plausibility Y Y N ND ND ND ND ND
Coherence Y Y N ND ND ND ND Y
Experimentation Y Y ND ND ND ND ND ND
Analogy Y Y Y Y Y Y Y Y

“Y, yes; N, no; ND, not done/insufficient data.
b Because endogenous.
¢ For the Env protein.

cate that it is clinically beneficial, at least in ATL (36, 481).
Thus, the available evidence on HTLV-1 and ATL or HAM/
TSP does not fit Hill’s criteria as closely as does HIV-1 and
AIDS, but taken together, a strong case exists for the involve-
ment of the virus in these diseases, and indeed, such a role is
not doubted.

These examples illustrate how Hill’s criteria can provide a
framework for testing an association of virus and disease, but
they also show that we would not necessarily expect all of the
criteria to be satisfied as long as the balance of evidence is in
favor of a causal role (152). Therefore, when considering the
evidence for putative new retroviruses in human disease, it is
prudent to keep a broad mind and not dismiss out of hand
those cases that do not fit an accepted dogma of how retroviral
diseases should behave. Nevertheless, if we apply these criteria
to some of the prominent candidate retroviruses described
above, we can see that on this basis, there is much work to be
done to demonstrate a causal role for any of these agents in
human disease (Table 8). Most have an analogous disease in
animals, but this has generally been the starting point for
experimental studies. Aside from this, it is striking that insuf-
ficient independent reports have been published for any of
these candidates.

Perhaps the strongest case exists for MMTYV in breast can-
cer; however, despite studies that have been ongoing for over
50 years, more work is still needed to confirm or refute whether
it has a role in human malignancy. The interest generated in
recent years suggests that there are now sufficient laboratories
involved to provide independent verification of research find-
ings and resolve the issue. The preliminary report of MMTV
integration in PBC patients (see above) is an exciting devel-
opment and, if confirmed, will be an important milestone in the
field. Similarly, the description of integration sites for XMRV
in prostate cancer (125) validates this as a human infection.
The finding that murine retroviruses can potentially infect hu-
mans raises the question of how much of the evidence on
retroviral infection in humans is due to zoonoses such as these.

For the other candidates, few of Hill’s criteria for causation
have been met. The pathological role of the various human
IAPs cannot be addressed until the coding genes are identified.
The HRV-5 question appears to have been resolved by its
identification as a rabbit ERV, and indeed, there was not a
strong association with any specific disease despite the data

being reproduced in different laboratories. MSRV and
HERV-H in MS appear unlikely to act as replicating agents,
although HERV-W expression in MS led to the discovery of
the proinflammatory effects of its Env protein (13). The ubig-
uitous nature of HERV-W and HERV-K means that future
studies on their contribution to disease need to focus on the
role of individual proviral loci rather than these families as a
whole. In this respect, the identification and characterization
of insertionally polymorphic HERVs may be fruitful (345).
The large body of literature on HERVs and disease has led to
the identification of a number of specific molecules for future
study, including HERV-K SAg, Rec and Np9, and syncytin-1.
Other HERYV proteins may yet prove to have pathological
importance.

CONCLUDING REMARKS

As we have discussed above, the characterization of putative
novel human retroviruses other than HIV and HTLV has led
to a number of dead ends and produced little direct evidence
of their involvement in disease. Advances in PCR and other
molecular detection methods have greatly enhanced our ability
to detect new infections but have not led to the identification
of a confirmed retroviral pathogen. Nonetheless, there is still
great interest in novel human retroviruses, as exemplified by
recent papers on XMRYV (125, 497). Given the level of skep-
ticism in the field, new claims of retroviral infection require a
substantial level of proof to convince virologists, and the ex-
perimental design must be sufficiently robust to withstand the
most critical review. In particular, direct molecular evidence is
much stronger than circumstantial data. The two reports on
XMRYV provide excellent examples of the way forward, al-
though even here, independent confirmation of the presence of
the virus in prostate cancer is still required.

Despite the experimental difficulties, the chronic diseases
linked with retroviruses (Table 2) cause significant morbidity
and mortality, so it is important to thoroughly evaluate any
candidate pathogens even if there is a high chance of failure.
The notion that the cause of any of these complex diseases is
due to a single infectious etiological agent is most likely naive,
but the confirmation of a role for a virus (retroviral or other)
would have far-reaching benefits for the diagnosis and treat-
ment of what are frequently devastating conditions, and the
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search is therefore warranted. In the past 25 years, a high
number of genuine novel human viruses have been discovered
(250), and it appears highly likely that there are others still to
be identified, some of which may be retroviruses. New genome-
based molecular techniques are likely to increase the number
of viruses discovered in human tissues and may circumvent the
difficulties associated with identifying retroviruses by PCR. Ul-
timately, however, improved criteria for determining causation
need to be defined.
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