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ABSTRACT: Since the isolation and discovery of human T-cell leukemia virus type 1 (HTLV-1) over 30 years ago, researchers have utilized animal

models to study HTLV-1 transmission, viral persistence, virus-elicited immune responses, and HTLV-1-associated disease development (ATL, HAM/

TSP). Non-human primates, rabbits, rats, and mice have all been used to help understand HTLV-1 biology and disease progression. Non-human primates

offer a model system that is phylogenetically similar to humans for examining viral persistence. Viral transmission, persistence, and immune responses have

been widely studied using New Zealand White rabbits. The advent of molecular clones of HTLV-1 has offered the opportunity to assess the importance

of various viral genes in rabbits, non-human primates, and mice. Additionally, over-expression of viral genes using transgenic mice has helped uncover the

importance of Tax and Hbz in the induction of lymphoma and other lymphocyte-mediated diseases. HTLV-1 inoculation of certain strains of rats results in

histopathological features and clinical symptoms similar to that of humans with HAM/TSP. Transplantation of certain types of ATL cell lines in immuno-

compromised mice results in lymphoma. Recently, “humanized” mice have been used to model ATL development for the first time. Not all HTLV-1 animal

models develop disease and those that do vary in consistency depending on the type of monkey, strain of rat, or even type of ATL cell line used. However,

the progress made using animal models cannot be understated as it has led to insights into the mechanisms regulating viral replication, viral persistence,

disease development, and, most importantly, model systems to test disease treatments.
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Introduction

Human T-cell leukemia virus type 1 (HTLV-1) is a tumori-
genic retrovirus that infects an estimated 15-20 million
people worldwide. Geographic areas with the highest infec-
tion prevalence include the Caribbean, southwestern Japan,
Africa, South America, and the Pacific islands. HTLV-1 is
well-known as the causative infectious agent of an extremely
aggressive and fatal disease of CD4+ T-lymphocytes known as
adult T-cell leukemia/lymphoma (ATL)"? and other inflam-
matory disorders such as HTLV-1-associated myelopathy/
tropical spastic paraparesis (HAM/TSP).>* However, these
diseases associated with HTLV-1 infection often occur follow-
ing an extensive clinical latency period of up to 3—4 decades. In
addition, approximately only 2—5% of infected individuals will
develop any symptoms over their lifetime. Since the isolation

and discovery of HT'LV-1 from ATL patients in the late 1970s,
significant progress has been made regarding viral determi-
nants of cellular transformation and host immune responses,
as well as host and viral factors involved in HTLV-1 trans-
mission and spread. While many aspects of HTLV-1 biology
have been revealed over the years, the detailed mechanism(s)
of ATL development after an extensive latency period in only
a subset of individuals remains unclear.

HTLV-1 is a member of deltaretroviridae, a family of
retroviruses that includes both simian T-lymphotrophic
virus (STLV-1) and bovine leukemia virus (BLV). HTLV-1
is a complex pathogenic retrovirus with a genome structure
containing structural, enzymatic, regulatory, and acces-
sory genes. Accumulating evidence suggests that expres-
sion of viral proteins early in infection plays a major role in
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disease development. One widely accepted theory is that the
pleiotropic functions of the HTLV-1 viral transcriptional
activator, Tax, which include deregulating mitotic check-
points, inducing nuclear factor (NF)-kB activation, and
inactivating tumor suppressors, play a critical role in the
early stages of leukemogenesis.>® However, Tax expression
may require strict regulation during clinical latency and may
be expendable during the later stages of disease development.
For example, >70% of ATL cells lack Tax expression due to
genetic and or epigenetic changes in the HTLV-1 provirus
that include deletion or methylation of the promoter located
in the 5' long terminal repeat (LTR).” These changes abol-
ish expression of other viral genes with the exception of the
HTLV-1 B-Zip factor gene, Hbz. Hbz is unique among the
HTLV-1 genes; it is encoded on the complementary strand
of the HTLV-1 provirus and is regulated by an independent
promoter in the 3' LTR. This promoter is not repressed dur-
ing the leukemogenic process, thus resulting in consistent
Hbz expression over time, including in the malignant tumor
cell. The HBZ protein has been shown to interact with sev-
eral cellular transcription factors, such as CREB and CBP,
p300,% JunD,’ JunB, and c-Jun,®!® and is a negative regu-
lator of Tax-mediated HTLV-1 transcription.!! It has been
reported that the HBZ protein is required for enhanced viral
infectivity and persistence in inoculated rabbits!? and pro-
motes cell proliferation and tumor cell growth in cell cul-
ture and transplantation models.!® There is also evidence
that the Hbz mRNA supports proliferation of ATL tumor
cells, suggesting that the gene has bimodal functions in two
different molecular forms (RNA and protein). HBZ is also
tumorigenic in transgenic mice.!

Shortly after the discovery and isolation of HTLV-1
particles from an ATL patient cell line, researchers began
using animal models to help understand the biology of
HTLV-1 in the context of macro- and micro-environments.
Animal models are useful for developing vaccines, study-
ing course of disease transmission and development, and
testing emerging therapies. The long-term goal of HTLV-1
researchers is to understand how HTLV-1 alters T-cell
physiology and thus gain insight into the mechanisms
regulating viral replication, the early phases of lymphocyte
activation, and cellular transformation. Recent advances in
cell culture should ultimately be tested and/or confirmed
in animal models. This review focuses on the various ani-
mal model systems available for HTLV-1 research and the
progress made using each system.

Non-human Primate Models

Establishment of persistent infection and disease
incidence. HTLV-1 infection in non-human primates was
first reported in 1984 by Miyoshi et al.'® The HTLV-1-
producing cell line, Ra-1 (established from rabbit lymphocytes
co-cultivated with human HTLV-1 producing M'T-2 cells), was

inoculated intravenously into Japanese monkeys, which resulted

in antibody production and seroconversion.!> Cynomolgus and
squirrel monkeys were also inoculated with an HTLV-1-pro-
ducing cell line. Specific antibodies against HTLV-1 were
detected in the plasma, along with the recovery of transformed,
infected cells from the peripheral blood up to 6 months post-
inoculation. No signs of ATL development were present up to
two years following inoculation.!® Numerous studies in squir-
rel monkeys found that early in infection, the peripheral lym-
phocytes, spleen, and lymph nodes were major reservoirs for
HTLV-1.17"1 Tt was also determined that infection of squirrel
monkeys with HTLV-1 could be divided into two phases of
infection: reverse transcription of the viral genome followed by
persistent clonal expansion of infected cells.?’

Rhesus macaques inoculated with HTLV-1-producing
cells developed arthritis, uveitis, and polymyositis.?! Anti-
bodies to membrane antigens were found in macaques with
malignant lymphoma or lymphoproliferative disease.??
Infection of pig-tailed macaques with the ACH HTLV-1
molecular clone is associated with multiple signs of disease
characteristic of both HAM/TSP and ATL.?* A subsequent
report found that in the first few months after infection of
pig-tailed macaques, there was activation of both innate and
adaptive immunity, limited virus-specific cellular responses,
sustained immune system activation, and, in some cases,
immunodeficiency.?* A recent report examined HTLV-1
infection in macaques using a variety of molecular clones.
HTLV-1 viruses with mutations in functional HBZ reverted
to the wild-type genotype in 3 out of 4 animals within weeks
after initial infection. Animals infected with a p30 mutant
virus also experienced reversion to wild-type in 2 out of
4 animals, while all 4 animals exposed to a p12 mutant virus
remained seronegative. This report established p12, p30, and
HBZ as essential for the establishment and maintenance of
HTLV-1 infection in macaques.?

Immunization and vaccination studies. Immuniza-
tion studies in non-human primates began in 1987 with the
successful immunization of cynomolgus monkeys with enve-
lope peptides synthesized in bacteria.?® Since then, Japanese
macaques have been immunized with hyperimmune globu-
lin from healthy blood donors with high titers for HTTLV-1?’
and cynomolgus monkeys were passively immunized 24 hours
before viral inoculation with purified human immunoglobu-
lin against HTLV-1.2% Successful vaccination has also been
recorded using recombinant vaccinia virus with HTLV-1 env

and gag in both cynomolgus and squirrel monkeys.?%3°

BLV and STLV. Large bodies of work exist for retrovi-
ruses closely related to HTLV-1, including bovine leukemia
virus (BLV) and simian T-cell lymphotropic virus (STLV).
BLV naturally infects cattle and shares a series of structural
and functional properties with many HTLV-1 viral gene
products. Similarly to HTLV-1, 3-5% of infected animals
develop leukemia or lymphoma, but unlike HTLV-1, the
latency period for disease is relatively short at 4-10 years.
Additionally, the permissive cell types for HTLV-1 infection
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include CD4+ and CD8+ T cells, while BLV infection is
restricted to B lymphocytes.’!

STLV naturally infects Asian and Afrian non-human
primates, with more than 30 documented species infected
to date. This related virus can also cause T-cell leukemia/
lymphoma, with many of these tumors displaying all of the
hallmarks of ATL found in humans.3*> While both BLV and
STLV provide useful models for infection, seroconversion,
and/or disease pathogenesis, this review will focus on animal

models for HTLV-1.

Rabbit Model

Transmission of HTLV-1. The rabbit model for
HTLV-1 research was first established in 1984 when it was
shown that intravenously inoculating rabbits with Ra-1 cells
would lead to seropositivity for HTLV-1. This initial study
also demonstrated that HTLV-1 was transferable via blood
transfusions in rabbits.!>3* Over the next few years, several
studies demonstrated other possible routes of transmission for
HTLV-1, including breast milk and semen.** Another study
demonstrated that cell-free plasma was not capable of trans-
mitting the virus to rabbits, while whole blood and washed
blood cells were capable of infecting healthy rabbits.>* Rabbit
immune responses to HTLV-1 infection, as well as the dose
of blood necessary to infect a healthy rabbit have also been
well-characterized.3®37 Several studies have used passive
immunization in an attempt to halt HTLV-1 transmis-
sion.3¢:38:39 Rabbits have been used to test possible vaccines
using both synthetic peptides and chimeric pox viruses.*0~*

Haines et al** recently developed a new method to ana-
lyze the early immunological events in orally acquired infec-
tions using the rabbit model. Female New Zealand White
(NZW) rabbits were orally or intravenously inoculated
with R-49 cells (rabbit lymphocyte cell line immortalized
by HTLV-1 infection) and then monitored for hematologic
and virologic parameters over an 8-week period. Researchers
found a delay in HTLV-1 antibody response and p19 produc-
tion from 1-4 weeks in orally inoculated rabbits compared
to those that were intravenously inoculated. This delay was
diminished by 8 weeks post-infection. The results suggested
that this protocol can be utilized to better understand param-
eters of mother-to-child transmission via breast milk.

Cell tropism of HTLV-1. HTLV-1 can infect many
different cell types; however, CD4+ T cells are the permis-
sive cell type for transformation in vivo. Recently, the rab-
bit model was used to determine whether the transformation
tropism of HTLV-1 for CD4+ T cells was established at the
time of infection or during the transformation process.* Male
NZW rabbits were inoculated intravenously with a lethally
irradiated HTLV-1 producing cell line. One week post-
inoculation, HTLV-1 was detected in both CD4+ and CD8+
T cell populations, demonstrating that HTLV-1 does not
exhibit cellular preference during the initial infection stage.
However, beyond 5 weeks post-infection, the CD4+ T cell

population became the predominant cell type, leading to the
conclusion that preferential tropism of CD4+ is established
via a post-infection clonal selection/expansion.

Molecular clones of HTLV-1. Molecular clones of
HTLV-1 were developed in the mid-1990s.4¢4" After the
generation of one of the HTLV-1 molecular clones, termed
ACH, rabbit studies demonstrated that the molecular clone
acted similarly to previously characterized virus isolated from
infected humans.*®* Molecular clones were subsequently gen-
erated with mutations that ablated the expression of certain
viral genes. Virus-infected NZW rabbits were used to analyze
the importance of these genes during in vivo infection. The
regulatory gene, Rex, and accessory genes, p12 and p30, have
all been demonstrated as dispensable for viral immortalization
in vitro. However, when compared to wild-type virus in the
rabbit model, infection with these mutants led to a diminished
anti-HTLV-1 antibody response, a lack of p19 production in
peripheral blood mononuclear cells, and only a transient ability
to detect proviral DNA via PCR. These findings suggest that all
three viral genes play a role in viral persistence and spread within
rabbits.’*>? Using the same approach, the anti-sense transcript
protein, HBZ, and the PDZ domain of Tax were found to be
necessary for viral persistence in vivo.!>** While studying the
effect of ablating the expression of the HTLV-1 accessory gene,
p30, evidence for reversion to wild-type sequence was found.
As early as 2 weeks post inoculation, the wild-type sequence
of the provirus was found in some rabbits that were infected
with mutant virus. This finding demonstrates the importance
of p30 for persistence and the necessity to carefully sequence/
verify all mutants in such studies to ensure that reversion does
not obscure the results.*?

Advantages and disadvantages of rabbits. The rabbit
model has been used for many studies and has driven the
progress of HTLV research due to its ease of use. This model
is extensively used due to the low cost and the little main-
tenance necessary for rabbit upkeep. Major strengths of the
rabbit model include the ease of infection, different methods
for testing the immune response, multiple routes of transmis-
sion, and the ability to use molecular clones to analyze geneti-
cally variant viruses. However, there are some limitations to
this model. The most prominent is the inability to efficiently
establish disease. While disease has been reported several
times in rabbits, including an ATL-like disease, uveitis, and a

cutaneous lymphoma, these cannot be replicated reliably.>*>?

Rat Model

A manageable model for HAM/TSP. The rat ani-
mal model utilized for HTLV-1 research was first published
in 1991, approximately 15 years after the discovery of ATL.%0
The ATL-derived, HTLV-1-producing cell line, M'T-2, was
injected intravenously into female F344 rats to produce
HTLV-1 carrier rats that produced antibody titers against
a variety of HTLV-1 antigens and proviral loads consistent
with chronic infection. In the years that followed, researchers
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found that while HTLV-1 can be efficiently transmitted to
several inbred strains of newborn and adult rats (ACI, F344,
SDJ, WKA, BUF, LE], LEW) regardless of age at transmis-
sion, the production of HTLV-1 antibodies differed signifi-
cantly among strain and age at the time of transmission.®"*2
Multiple studies concluded that HTLV-1-infected Wistar-
King-Aptekman (WKA) strain of rats not only produced an
antibody response to HTLV-1, but these rats also developed
spastic paraparesis of the hind legs with degenerative thoracic
spinal cord and peripheral nerve lesions.®%3- The histopath-
ological features and clinical symptoms of these infected rats
mimicked that of humans with HAM/TSP, and thus a man-
ageable model for HAM/TSP was born.

Transmission and immunological studies in rats. Rat
models are a valuable tool for studying mother-to-child trans-
mission of HTLV-1—the major route of HTLV-1 infection.
By mating an HTLV-1-infected female F344 rat with a non-
infected male rat, researchers were able to show vertical trans-
mission of the virus in 2 of 9 offspring.®® Pregnant female rats
were also infected with HTLV-1 and were able to pass the virus
via intrauterine transmission to their offspring, also validating
the use of rats as a model for mother-to-child transmission.®”
Immunological studies suggest that T-cell unresponsiveness to
HTLV-1is arisk factor for HTLV-1-infected cell propagation,
but this risk may be reduced by re-immunization after infec-
tion. Komori et al®® found that subcutaneous re-immunization
(using mitomycin C-treated syngeneic HTLV-1 transformed
cells) restored the HTLV-1 specific T-lymphocyte response
and decreased the proviral load in viral-infected rats.

Rat HAM/TSP disease pathology. The disease pathol-
ogy in rats has been characterized over time, beginning with
apoptotic cell death by 9 months in the spinal cord of
HTLV-1-infected WKA rats, followed by demyelination at
12 months, macrophage infiltration in response to demyelin-
ation at 15 months, and activation of astrocytes at 20 months.®
Apoptosis of oligodendrocytes and Schwann cells is thought
to be the primary event leading to demyelination.®*~’2 Initial
reports indicated that the pathology of rat HAM/TSP differed
from the HAM/TSP reported in humans. Human HAM/TSP
lesions showed distinct T-cell infiltration, while the HAM/
TSP lesions in rats did not.” However, a recent report found
that HTLV-1-infected Wistar rats showed diffuse lymphocyte
infiltration in some cases.”* Other studies using HTLV-1-
infected rats reported selective activation of HTLV-1 pX and
tumor necrosis factor (I'NF)-oo mRNA in target spinal cord
and peripheral nerves, altered expression of bc/-2, bax, and p53
apoptosis-regulating genes in lesions, and interferon (IFN)-y
production in spinal cord lesions.®*”%747 HTLV-1 proviral
DNA has also been found in lesion-associated microglial cells
and macrophages of infected animals.”® Taken together, these
data reveal several major pathogenetic pathways of HTLV-1-
induced myeloneuropathy in the WKA rat.

ATL and tumorigenic disease model in rats.
Transgenic rats have shown promise as a suitable model for

oncogenesis and immune pathogenesis. In 1997, a transgenic
rat with the HTLV-1 pX gene under control of the mouse
H-2Kd promoter was created and shown to develop mam-
mary carcinomas.’”’ Ten years later, a transgenic rat express-
ing the humanviral RNA transporter, cellular cofactor of Rex
(CRM1 gene) was established. HTLV-1 viral production in
the CRM1 transgenic rat was 100-10,000-fold higher than
in wild-type rats.”® Interestingly, the CRM1 transgenic rats
showed similar viral loads to those found in human T-lym-
phocytes, indicating an essential role for CRM1 in proper
HTLV-1 replication and its importance in the rat model.
Immunodeficient rats have also provided the opportunity
to develop models for clinical ATL. Inoculation of adult
nude rats with HTLV-1 immortalized cell lines resulted in
a lymphoproliferative disease similar to ATL.”’ Protection
against tumor development was examined in immunode-
ficient rats using adoptive transfer of T-lymphocytes, Tax-
specific peptide vaccines, and Tax-specific small interfering
RNAs (siRNA).80-82

The past and future of rat model research. Laboratory
rats provide a model HTLV-1 animal system that is low in
cost, easy to maintain, and provides useful parameters of infec-
tion (immune response, viral loads). Over 20 years of research
using rats has proven their usefulness as tools for the study
of the neurological disease HAM/TSP, provided the correct
strain is utilized. While the disease induced from HTLV-1
infection of rats does not completely follow the histology of
human disease, recent advances have shown that some patho-
logical features are similar. Like other rodent models, rats can
be genetically modified; however, immunodeficient rats must
be used to model ATL—a feature that eliminates a functional
immune system. While rats are not as popular as other small
animal models, they continue to provide a useful tool for the

study of HAM/TSP and immune regulation of HTLV-1.

Mouse Model

Immunocompetent HTLV-1 carrier mice. As with
rabbit and rat models, HTLV-1 does not efficiently infect
murine cells and therefore must be manipulated using intra-
peritoneal inoculation to establish persistent infection. In
1997, Kushida and colleagues®> published one of the first
studies demonstrating persistent infection in mice. Using
C3H/HeJ and BALB/c strains of immune competent mice,
they injected HTLV-1-producing MT-2 cells intraperitone-
ally into neonatal mice. After 3 months, provirus was detected
in the peripheral blood mononuclear cells, lymph nodes,
thymus, spleen, and liver of the mice. However, antibody
responses against viral Gag were minimal and found only
in BALB/c mice. Further studies confirmed this finding of
persistent infection, but without the presence of an antibody
response.?* In many ways, inoculation of immunocompetent
mice is similar to in vivo human infection. Infected mice
demonstrate a broad spectrum of infected cell types including
CD4+, CD8+, B cells, and granulocyte fractions, similar to
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those observed in HTLV-1-infected individuals.®> Similarly
to HTLV-1-infected individuals, infected mice present poly-
clonal proliferation of spleen infected cells and lymphatic tis-
sues that prove a reservoir for infected and proliferating cell
clones.?¢8” Although easy to maintain and care for, immu-
nocompetent HTLV-1 carrier mice have provided very little
evidence of the in vivo spread of infection and no apparent
disease following infection, although there has been one
report of tumor induction.®’

Chimeric murine/HTLV-1 virus. In an effort to imp-
rove murine infection by HTLV-1, Delebecque and colleagues
created a chimeric murine/HTLV-1 provirus (infectious for
murine cells in culture), which replaced the original HTLV-1
envelope precursor sequence with that of the modified eco-
tropic Moloney murine leukemia virus.®® This chimeric virus
retained the replication characteristics of HTLV-1, but could
now be used to persistently infect adult mice. Infected mice
presented with persistent infection in the spleen, thymus,
lung, brain, and spinal cord, as well as oligoclonal integration
resembling human retroviral integrations and humoral and
cellular immune responses, although no lesion development
was observed.?? Using a dendritic cell (DC) depleted trans-
genic mouse (CD11c-diphtheria toxin receptor transgenic),
infection with cell-free chimeric virus led to higher provi-
ral and Tax mRNA loads and diminished cellular immune
responses compared to mice infected with cell-associated
virus,”® demonstrating that DCs control cell-free virus at an
early stage of viral infection. More recent studies utilizing this
transgenic mouse and chimeric virus demonstrated that the
role of DCs during the early phase of infection with cell-free
virus is to up-regulate the expression of various interferon-
stimulated genes (ISGs), an array of antiviral cytokines, and
transcription factors that help to control viral infection. In
addition, down-regulation of critical chemokines by the virus
acts as an attempt to counter the threat posed by DCs.?! These
studies represent a working model for productive murine viral
infection that has already resulted in significant findings on
viral immunogenesis.

SCID mice and leukemic potential. Despite advances
with rats and rabbits as model systems for HT'LV-1-associated
diseases, the need for an effective tumorigenic small ani-
mal model remained. First reported in 1992 by Ishihara and

92

colleagues,’® severe combined immunodeficiency (SCID) mice

were used to successfully model the proliferative and tumori-
genic potential of ATL cells in mice. BALB/c nu/nu SCID
mice were treated with an anti-asialo GM-1 antibody, to abol-
ish NK activity and enhance growth of lymphoma, and inocu-
lated with MT-2 cells. Some of the mice developed tumors
at or near the injection site, which were positive for viral p19
and positive detection of proviral DNA. Similarly, repres-
sion of SCID mouse NK cells using an anti-murine interleu-
kin 2 receptor beta chain monoclonal antibody followed by
injection with ATL patient cells resulted in tumor and leuke-
mia development 5-7 weeks after inoculation. In this study,

proliferating leukemic cells in the mouse were verified as
deriving from the original inoculating ATL cell clone; infil-
tration of ATL cells into various mouse organs was similar to
what is observed in ATL patients.”® While these experiments
utilized reduced NK cell function to establish tumors, a report
by Ohsugi et al’* demonstrated successful tumorigenesis from
MT-2 cell engraftment in SCID mice with normal NK cell
function.

Differences between the tumorigenic potential of in vitro
immortalized cells and ATL leukemic cells were first revealed
when SCID mice were injected with peripheral blood lym-
phocytes (PBLs) from ATL patients or cell lines created in
vitro from HTLV-1-immortalized T-lymphocytes.” Interest-
ingly, lymphoblastic lymphomas developed in mice injected
with PBLs from ATL patients, but not with the in vitro gen-
erated immortalized/transformed T-lymphocyte cell lines.
In addition to verifying that cells of non-leukemic origin

96=98 other reports have shown

cannot induce tumorigenicity,
that immunosuppression of SCID mice with whole-body
irradiation or treatment with antiserum to reduce/eliminate
NK cell activity is needed to derive tumors from HTLV-1 cell
lines.””%? In fact, a report by Ohsugi et al'® showed that even
age can affect tumor formation; SCID mice less than 5 weeks
old with low NK cell activity developed rapid tumor forma-
tion that resulted in death.

The success of ATL leukemic cells vs in vitro trans-
formed cell lines in establishing tumorigenesis may also reside
in their lack of detectable viral gene expression compared to
cell lines that display measurable quantities of all viral gene
transcripts.’1%2 A HTLV-1 superinfected ATL cell line,
H'T-1RV, showed a reduced tumorigenic phenotype com-
pared to the parental ATL cells, RV-ATL, as the cells were
more sensitive to NK cell cytolysis.!®? The absence of viral
gene expression in ATL cells helps these cells evade detection
by the immune system and establish tumors. Taken together,
these data suggest that cells originating from a non-leukemic
origin have not gathered the required genetic changes, such
as the ability to evade NK cell-mediated cytoloysis, needed to
reach the full tumorigenic potential. Further support for the
notion that genetic environment plays a role in tumorigenesis
was the use of Alymphoplasia (aly/aly) mice. These mice have
a mutation in NF-xB inducing kinase (NIK), which is critical
for non-canonical activation of NF-xB, in addition to defects
in lymphoid organ development and deficiencies in immune
function. Alymphoplasia mice have impaired viral prolifera-
tion, lack of provirus, and undetectable clonal proliferation in
secondary lymphoid organs, which may provide a reservoir for
HTLV-1 persistence.!%3

'The use of NOD/SCID gamma ¢ (null), or NOG mice,
which have immunological dysfunctions of T, B, and NK cells,
has been beneficial for examining viral-induced cell prolifera-
tion.!%* Successful transplantation of peripheral blood mono-
nuclear cells (PBMCs) from NOG mice with primary HTLV-1
engraftment into a 2nd group of NOG mice resulted in a higher
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proviral load and multiple proviral integrations indicative of
new infections.!®® The Hbz anti-sense viral transcript and pro-
tein has also been shown to enhance the proliferative capacity
of HTLV-1-infected T cells in NOG mice.'3 SLB-1 cells, an
HTLV-1 in vitro transformed cell line, with HBZ knockdown
showed significantly reduced tumor formation and viral organ
infiltration in NOG mice compared to wild-type SLB-1 cells.

Therapeutic potential of SCID mice. In addition to
developing lymphomas following transplantation, SCID
mice provide a testable model for diverse therapeutic reagents
against HTLV-1-induced tumors. Various inhibitors and
small molecules such as the proteasome inhibitor, PS-341,106
humanized anti-CD2 monoclonal antibody, MEDI-507,17
NF-«B inhibitor, Bay 11-7082,1%8 reverse transcriptase inhib-
itors, azidothymidine and tenofovir,'%’ biphosphinic cyclopal-
ladated complex, C7a,"° and the small molecule inhibitor of
Bcl-2, Bel-X(L), and Bcel-w, ABT-737,11 have been success-
fully used to examine primary viral infection, tumor growth,
leukemic infiltration in various organs, and overall survival of
HTLV-1-infected cells in SCID mice.

The SCID mouse model for ATL was also shown to
be associated with humoral hypercalcemia of malignancy
(HHM), a life threatening complication of ATL.1? Parathy-
roid hormone-related protein (PTHrP), an important factor
in the pathogenesis of HHM, was elevated in SCID mice,
independently of Tax expression. Expression of PTHrP can be
activated by NF-xB, which is well-known to be constitutively
activated in ATL cells. By using the proteasomal inhibitor
PS-341 to disrupt NF-xB, researchers found that SCID mice
had a reduced tumor burden and reduced PTHrP expression
in tumor cells compared to the control treatment groups.!!?

Until the use of SCID mice, attempts to propagate
ATL tumor cells in animals were unsuccessful. HTLV-1 can
immortalize T lymphocytes in culture, but the factors leading
to tumor progression after infection remained elusive. Over
the past 20 years, the microenvironment of SCID mice has
proved conducive for leukemic tumor growth and clues as to
the factors involved in ATL tumor development, viral prolif-
eration, and a testable model for therapeutic drugs.

Tax transgenic mice. Shortly after establishment of the
rabbit model of HTLV-1 persistence, transgenic (Tg) mice were
used to provide an understanding of the role of Tax and Tax-
mediated disruption of lymphocyte function. HT'LV-1 promoter
(LTR)-Tax transgenic mice were first described by Nerenberg
et al'* in 1987. Tax protein expression efficiently induced mes-
enchymal tumors in the Tg mice and had tissue-specific expres-
sion patterns. In other Tax Tg mice, Tax protein was expressed
in the brain, salivary gland, spleen, thymus, skin, muscle, and
mammary gland tissues.!'> These mice had a higher incidence
of mesenchymal tumors and adenocarcinomas with activated
c-Fos and c-Jun expression in the tumors. Interestingly, LTR-
c-myc mice mated with Ig promoter/enhancer-driven Tax Tg
mice produced offspring with both CD4+ T-cell lymphomas

and central nervous system tumors.!1

In order to restrict Tax expression to the lymphoid
cell compartment, the use of alternative promoters was
investigated. Over-expression of Tax under the human
granzyme B promoter to target expression to the mature
T-lymphocyte compartment causes large granular lympho-
cytic leukemia/lymphomas in mice.''” These Tax Tg mice
also spontaneously developed hypercalcemia, high frequency
osteolytic bone metastases, and enhanced osteoclast activity,
symptoms frequently associated with ATL development.!8
Upon further examination, Tax-positive tumor cells expressed
transcripts for distinct osteoclast-activating factors and mice
doubly transgenic for Tax and the osteoclast inhibitory factor,
osteoprotegerin, were protected from osteolytic bone disease
and developed fewer soft tissue tumors. IFN-ywas also shown
to play a role in tumor-induced bone loss, hypercalcemia, and
host-induced osteolysis in Tax Tg mice.!’? Using Gzb-Tax
and LTR-luc transgenic mice, inflammation and lymphoma
can be monitored using non-invasive bioluminescent imag-
ing. Studies using these doubly transgenic mice found that
development of lymphoma is promoted by an inflammatory
stimulus and that Tax expression causes chronic inflamma-
tion that begins as microscopic intraepithelial lesions and
progresses into inflammatory nodules, subcutaneous tumors,
and large granular lymphocytic leukemia.!?%12! Other Tax Tg
models have used Tax under the control of the CD3-epsilon
promoter-enhancer sequence to show that Tax expression in
tumors is closely associated with apoptosis!?? and Tax under
the control of the Lck proximal promoter (restricts expres-
sion to developing thymocytes) to demonstrate lymphomas
characterized by constitutive NF-xB activation and increased
cytokine and growth factor expression.!?312* These bodies of
work confirm HTLV-1 as a transforming virus with Tax as its
oncogenic protein.

In addition to Tax, other mechanisms of carcinogen-
esis have also been investigated, including the p53 pathway.
Mutations in p53 apoptotic pathways are commonly found
in Tax-induced tumors and tumor-derived cell lines. Mating
Tax Tg mice with p53-deficient mice resulted in minimal
acceleration of initial tumor formation, but when mated with
p53 heterozygous mice, there was significant acceleration of
disease and rapid progression to death.!?> This showed that
functional inactivation of p53 is not critical for initial tumor
formation, but does contribute to late-stage tumor progres-
sion. A recent report using both Tax and p53 Tg mice showed
that Tax expression does not achieve a functional equiva-
lence of p53 inactivation, but did point out a role for the
cellular phosphatase protein, Wipl, in tumor formation.!2¢
Cytokine expression analyses in Tax transgenic mice have
also provided evidence that Tax may be responsible for the
up-regulation of certain cytokines and adhesion molecules
that affect the infiltrating capabilities of HTLV-1-infected
cells.!?” Recently, a small portion (8/297) of Tax Tg mice
developed HAM/TSP-like disease with symmetrical para-

paresis of the hind limbs.128
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HBZ transgenic mice. The viral anti-sense transcript,
Hbz, is expressed in all ATL tumor cells and plays a role in
viral proliferation.!14129130 I order to better understand its
role during ATL development, Tg mice expressing Hbz in
CD4+ T cells were developed. These mice developed T-cell
lymphomas and systemic inflammation.’¥ HBZ Tg mice
also displayed elevated levels of CD4+ Foxp3+ T(reg) cells
and effector/memory CD4+ T cells, and HBZ expression
directly induced Foxp3 gene transcription. Foxp3 is a key
transcription factor for T(reg) cells found in approximately
60% of ATL cases.!3! HBZ Tg mice are also more vulner-
able to both HSV-2 and listeria monocytogenes infections,
likely due to suppressed IFN-y production by CD4 + T cells
in these mice.!3?

Therapeutic potential of transgenic mice. Similarly
to SCID mice, Tg mice provide a valuable tool to test ATL
treatments, particularly those targeted for Tax or Tax-related
activities. The proteasome inhibitor PS-341,13 CXCR4
antagonist AMD3100,** NF-kB inhibitor DHMEQ,
and HSP90 inhibitor 17-DMAG!¢ have shown promise
as novel therapies or in some cases as part of combina-
tion therapies for ATL. Recently, an HTLV-1/hepatitis B
virus core chimeric particle was also found to be capable of
inducing strong cellular immune responses in HLA-A*201-
transgenic mice without adjuvants via effective maturation
of dendritic cells.'3”

Transgenic mice and RA. Another common feature
of Tax Tg mice is the development of chronic arthritis at
2-3 months. The many histopathologic features of the joints
in the murine form of chronic arthritis, including synovial
and periarticular inflammation, articular erosion from inva-
sion of granulation tissues, etc, are similar to symptoms of
human rheumatoid arthritis (RA).1%813 In patients with
RA, anti-Fas antibody (RK-8) can be used to treat RA
symptoms and in Tax Tg mice treated with RK-8 there is
reduction of paw swelling and arthritis with apoptosis of
many reactive cells in the synovium and no systemic side
effects.*® However, a recent report found that the portion
of different splenic T-cell subsets in Tax Tg mice was com-
pletely different from those of the other commonly used ani-
mal models of RA.141

“Humanized” mice. Humanized mouse models have
been used extensively for both HIV-1 and EBV models of
infection and disease state.'*»*3 A modified humanized
mouse model for HTLV-1 was first used by Miyazato et al'®”
in 2006, in which NOG mice were inoculated with human
PBMCs followed by inoculation with HTLV-1-virus pro-
ducing cells resulting in a readily detectable proviral load
in both the CD4+ and CD8+ T cells. In a similar experi-
ment, researchers established HTLV-1 infection in mice with
PBMCs from HTLV-1-infected individuals.!®* Although the
approaches were different, the end result was the same: mice
can harbor HTLV-1-infected human cells and permit clonal
proliferation of these cells.

In order to develop a more humanized model of ATL
progression and initiation, two different methods of HTLV-1
humanized mice were established using NSG mice, or NOD-
SCID/gamma(null) mice, (NOD.Cg-Prkdc<* I/12rg"""/Sz]).
These mice lack mature T, B, and NK cells, are deficient in
multiple cytokine signaling pathways, and have many defects
in innate immunity. These immunodeficiencies make them
ideal for engraftment with human cells. In 2010, Banerjee

et al’** infected CD34+ hematopoietic progenitor and stem

cells (HP/HSCs) with HTLV-1 ex vivo and then inoculated
these cells into NSG mice. These mice developed CD4+
T cell lymphomas with characteristics similar to ATL such as
elevated T cell proliferation. Additionally, they also purified
CD34+ HP/HSCs from HTLV1-infected patient PBMCs
and found proviral integrations, suggesting viral infection of
bone marrow-derived stem cells. Their conclusions suggest
that HSCs may provide a viral reservoir in vivo and act as
cellular targets for cell transformation in humans. In 2011,
Villaudy et al'* repopulated NSG mice with CD34+ hemato-
poietic progenitor cells (reconstitution with CD34+ stem cells
results in phenotypically normal human lymphocytes), and
then infected the mice with HTLV-1. Efficient viral infection
was established in this model system as measured by proviral
integration in thymocytes and increased proviral load during
the course of infection. Alterations in human T cell develop-
ment and accumulation of activated human CD4+ and CD8+
cells were found in the thymus and spleen of the infected mice.
'The mice also developed hepatosplenomegaly, lymphadenopa-
thy, and lymphoma/thymoma several months after infection,
with Tax expression present in all tumors.

The advent of humanized mice for HTLV-1 research
has provided an invaluable tool for the study of ATL devel-
opment and testing of potential ATL therapeutics. Recent
advances have demonstrated that infection of humanized
mice with molecularly cloned HTLV-1 leads to CD4+
T-cell proliferation (unpublished data, Niewiesk et al). The
ability to incite disease in this model with HTLV-1 allows
for not only a detailed investigation of the pathogenesis of
CD4+ T-cell transformation and tumorigenesis, but also
the interaction of tumor cells with the microenvironment
and importance of various viral genes on transformation and
tumorigenesis. Limitations with humanized mice include
the cost associated with their generation, maintenance,
and care, but more importantly the absence of a functional
immune system.

Summary

Over the years, the use of animal models in HTLV-1 res-
earch has provided invaluable information regarding viral
transmission, persistence of viral infection, immunologi-
cal responses, the role of viral accessory proteins in disease,
disease development, and potential therapeutics (Table 1).
The use of non-human primates as a model system offers the
advantage of phylogenetic similarity to humans and has been
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Table 1. Summary of the different types of animal models used for HTLV-1 research, the aspects of viral infection and tumorigenesis they are

most useful to study, and limitations associated with each animal model.

ANIMAL MODEL

Non-human primate

USED TO STUDY...

Persistent infection, immune response, vaccination/immu-
nization, lymphoma/leukemia (in certain types of monkeys)

LIMITATIONS

High cost, inconsistent disease development

Rabbit

Transmission, persistent infection, immune response

Inability to establish persistent disease

response, lymphoproliferative disease
(in immunodeficient rats)

Rat HAM/TSP (in certain strains), transmission, immune

Induced disease does not completely follow histology
of human disease, strain dependent disease develop-
ment, immunodeficient rats are required to model ATL

Mouse (immune Persistent infection

competent)

Lock of disease and in vivo spread of virus following
infection

SCID mouse
viral proliferation, therapeutic drugs

Proliferation and tumorigenic potential to ATL tumor cells,

No immune system, high maintenance costs, use of
certain ATL cell lines to induce disease

Transgenic mouse
ated disruption of lymphocyte function,
ATL treatments, chronic arthritis

Role of Tax and HBZ during ATL development, Tax-medi-

High production and maintenance costs, overexpres-
sion of viral gene products is not representative of
true viral infection of disease

“Humanized”
mouse

ATL development, ATL therapeutics, tumor microenviron-
ment, role of viral and cellular genes in tumorigenesis

Absence of a functional immune system, higher cost
associated with generation, maintenance, and care

successfully used to study persistent infection and immuno-
logical responses. However, limitations in the form of cost
and inconsistent ability to develop disease are associated
with non-human primates. Rabbits have proved most useful
for studying viral transmission, persistent infection, and the
immune response. A distinct disadvantage is their lack of
disease development. Rats (certain strains) have been used to
study viral transmission, immune response, and neurologic
disease. However, there is wide variation in infection in some
strains and lymphoproliferative disease can only be studied
in immunodeficient rats. Immune competent mice are easy
to maintain and offer a model for persistent infection; how-
ever, there is little in vivo spread of viral infection in these
animals and they fail to develop disease following infection.
As expected, immunodeficient mice (ie, SCID mice) develop
lymphoma following transplantation of ATL tumor cells and
are useful for testing various therapeutic reagents. However,
only certain types of transplanted ATL cell lines will develop
into lymphoma in these animals, which lack a functional
immune system. Transgenic mice are useful for induction of
lymphoma and other lymphocyte-mediated diseases for inves-
tigating individual viral genes. They also have been used for
testing of ATL treatments and as a model for chronic arthri-
tis. Obvious limitations are the lack of a functional immune
system and over-expression of viral gene products that are not
representative of true HTLV-1 infection. The recent advent of
“humanized” mice to the HTLV-1 research field has finally
offered a model system in which ATL development can be
studied. These mice also offer a testable model for ATL ther-
apeutics and permit study of the tumor microenvironment.
Limitations associated with these animals are the cost of pro-
duction and maintenance, as well as the lack of a functional
immune system. In summary, while each animal model offers
distinct advantages, no single model system recapitulates all
aspects of virus transmission, infection, and pathogenesis.

The use of many different animal models in HTLV-1
research has enabled researchers to better understand HTLV-1
infection and the multiple genetic and cellular changes that
occur during HTLV-1-associated disease development. Ani-
mal models enable the continued development and testing of
vaccines against key viral proteins that mediate cellular trans-
formation. While progress has been made concerning thera-
pies to treat ATL, it remains a deadly disease that is highly
chemotherapy and drug resistant. Various drugs and novel
small molecule inhibitors can be tested for efficacy in animal
models to determine their value before preclinical trials. Ani-
mal models, in particular the humanized mouse, will allow
researchers to understand the role of viral gene products in
the maintenance and development of ATL by using molecular
viral clones and inducible viral gene expression systems. The
importance of animal models in HTLV-1 research has been
and will continue to advance the field towards understanding

HTLV-1 biology and disease progression.
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