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Abstract
Infection with human T cell leukemia virus type I (HTLV-I) causes adult T cell leukemia (ATL) in a minority of infected
individuals after long periods of viral persistence. The various stages of HTLV-I infection and leukemia development are studied
by using several different animalmodels: (1) the rabbit (andmouse)model of persistent HTLV-I infection, (2) transgenicmice to
model tumorigenesis by HTLV-I specific protein expression, (3) ATL cell transfers into immune-deficient mice, and (4) infection
of humanizedmicewithHTLV-I. After infection, virus replicateswithout clinical disease in rabbits and to a lesser extent inmice.
Transgenic expression of both the transactivator protein (Tax) and the HTLV-I bZIP factor (HBZ) protein have provided insight
into factors important in leukemia/lymphoma development. To investigate factors relating to tumor spread and tissue
invasion, a number of immune-deficient mice based on the severe combined immunodeficiency (SCID) or non-obese diabetic/
SCIDbackgroundhave beenused. Inoculationof adult T cell leukemiacell (lines) leads to lymphomawith osteolytic bone lesions
and to a lesser degree to leukemia development. Thesemice have been used extensively for the testing of anticancer drugs and
virotherapy. A recent development is the use of so-calledhumanizedmice,which, upon transferof CD34+ humanumbilical cord
stem cells, generate human lymphocytes. Infection with HTLV-I leads to leukemia/lymphoma development, thus providing an
opportunity to investigate disease development with the aid of molecularly cloned viruses. However, further improvements of
this mouse model, particularly in respect to the development of adaptive immune responses, are necessary.

Key words: adult T cell leukemia; CD4 T cell; HTLV-I BZIP factor; human T cell leukemia virus; immune-deficient mice;
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Diseases Induced by Human T Cell Leukemia
Virus Type I Infection in Humans

Approximately 5 to 20million peopleworldwide are infectedwith
human T cell leukemia virus type I (HTLV-I) (de Thé and Bomford
1993; Gessain and Cassar 2012). The highest prevalence of infec-
tion is found in Japan, the Carribean, Africa, South America, and
the Pacific islands (Proietti et al. 2005). Infection with HTLV-I
leads to life-long persistence in humans. After decades of infec-
tion, a minority of individuals (an estimated 2–5%) develops clin-
ical symptoms such as HTLV-I–associated myelopathy/tropical
spastic paraparesis (HAM/TSP) or adult T cell leukemia (ATL)

(Ishitsuka andTamura 2014). HAM/TSP is a chronic inflammatory
disease of the spinal cord that results in weakness of the legs or
paraparesis. The spinal cord as such is not infected with HTLV-I
but is infiltrated with HTLV-I–infected and –uninfected T cells,
which are thought to cause damage to the nerve tissue. Adult
T cell leukemia is caused by the transformation of CD4T cells
into leukemic cells by HTLV-I infection and leads to an aggressive
and ultimately untreatable leukemia/lymphoma (Ishitsuka and
Tamura 2014). Because a chronically active immune response
against the virus is found in infected asymptomatic individuals,
the strength of immune surveillance is thought be an important
factor in ATL development (Arnulf et al. 2004; Kannagi et al. 2005;
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Masamoto et al. 2015; Matsuoka and Jeang 2007) (the other con-
tributing factor being the transformation of leukemic cells). ATL
is usuallya highlyaggressive non-Hodgkin’s lymphoma (Ishitsuka
andTamura 2014; Tsukasaki and Tobinai 2014)with no character-
istic histologic appearance except for a diffuse pattern of leuke-
mic cells and a mature T cell phenotype. CD4+ leukemic T cells
often express CCR4 (Yoshie et al. 2002), CD25 (alpha chain of
the interleukin 2 receptor) (Shimoyama 1991), and FoxP3 (a
marker of regulatory T cells) (Roncador et al. 2005). Four types
of adult T cell leukemia have been defined by the Japan Clinical
Oncology Group in HTLV-I–infected patients: acute, lymphoma-
tous, chronic, and smoldering leukemia (Shimoyama 1991). The
defining features of acute leukemia are high white blood cell
(WBC) counts with lymphocytosis, atypical lymphocytes and
eosinophilia, hepatosplenomegaly, lymphadenopathy, bone
marrow infiltration, variable lytic bone lesions resulting in hy-
percalcemia, and skin lesions. In addition, patients are suscep-
tible to opportunistic pathogens such as Pneumocystis jirovecci
(Ishitsuka and Tamura 2014). The prognosis of acute leukemia
is poor, and median survival is less than 1 year despite chemo-
therapy. The other types of ATL present with fewer clinical signs
and have prolonged time of survival (Ishitsuka and Tamura
2014; Tobinai 2009; Tsukasaki and Tobinai 2014). In lymphoma-
tous leukemia, cutaneous lesions and lymphadenopathy are
common; in chronic leukemia, an increase in WBCs and a skin
rash is observed; and in smoldering leukemia, only a fewmalig-
nant cells are observed in the blood stream (Ishitsuka and
Tamura 2014).

Animal Models for HTLV-I and Related Viruses
HTLV-I is a member of the deltaretroviruses. This virus family
also includes bovine leukemia virus (BLV) and simian T cell leu-
kemia virus (STLV). Because of its high economic impact, BLV
has been studied in some detail using the sheep model (Aida
et al. 2013; Florins et al. 2008). Although the virus has a number
of similarities to HTLV-I on the molecular level, it differs from
HTLV-I in that it does not cause neurological disease and induces
B cell rather than T cell leukemia. Simian T cell leukemia virus
has been reported to induce T cell leukemia in various primates
similar to HTLV-I in humans but has not been used to model
virus-induced leukemia in primates (Lapin and Yakovleva 2014;
Panfil et al. 2013). The various stages of HTLV-I infection and leu-
kemia development are studied by using several different animal
models: (1) the rabbit (and mouse) model of persistent HTLV-I
infection, (2) transgenic mice to model tumorigenesis by HTLV-
I–specific protein expression, (3) ATL cell transfers into immune-
deficient mice, and (4) infection of humanizedmice with HTLV-I.
These animal models are discussed herein. In addition, a model
of HTLV-I–induced paraparesis has been established in WKA
rats. Because HTLV-I infection relies on cell-to-cell transmis-
sion, animals have to be infected by injection of virus-producing
cell lines. If these cell lines are tumorigenic on their own,
they have to be inactivated by either mitomycin treatment or
irradiation. Injection of HTLV-I–infected cell lines into WKA
rats led, in one study, to paraparesis in more than half of infect-
ed rats after a few months (Kushida et al. 1994). However, in a
different study, the incidence of paraparesis was lower and
not necessarily linked to HTLV-I infection (Sun et al. 1999). In
contrast with humans, in rats HTLV-I provirus is found in
peripheral blood mononuclear cells and the spinal cord
tissue by polymerase chain reaction (Kushida et al. 1993, 1994;
Mizusawa et al. 1994).

Asymptomatic HTLV-I Infection in Small
Laboratory Animals
HTLV-I Infection of Mice

The task of developing an animal model for HTLV-I infection en-
counters the common problem that mice are often not suscepti-
ble to human pathogens. In tissue culture, HTLV-I grows in
human but not mouse cells although infection or overexpression
of the transactivator protein (Tax) will lead to immortalization of
rodent fibroblasts (Grassmann et al. 2005). In mice, inoculation
with HTLV-I–infected cells leads to integration of provirus into
lymphoid cells. Integrated provirus persists for months, but ac-
tive viral replication is not detectable (Fang et al. 1998; Kushida
et al. 1997; Tanaka et al. 2001). A chimericHTLV-I virus expressing
the envelope gene of Moloney murine leukemia virus in place of
its own envelope protein is able to better infect and replicate in
the mouse (Delebecque et al. 2005). In contrast with HTLV-I,
this chimeric virus infects organs such as the brain, lung, and spi-
nal cord. After depletion of dendritic cells, infection with this re-
combinant virus is reduced. This indicates that dendritic cells
play an important role in the early infection and pathogenesis
of disease (Rahman et al. 2010). In addition, it was shown that
NFκB plays an important role in virus spread and replication be-
cause, in mice with a defect in NFκB activation due to an amino
acid substitution in the carboxy-terminal interaction domain of
NF-κB−inducing kinase, virus spread and replication is reduced
(Nitta et al. 2008). However, the HTLV-I envelope protein is
thought to play an important role in cell tropism, viral spread,
and disease development, and therefore infection with the chi-
meric virus does not fully reflect infection in humans.

In an alternate approach, immune-deficient (NOG) mice were
injected with human peripheral lymphocytes from HTLV-I–neg-
ative individuals. These lympyhocyteswere infectedwith HTLV-I
through injection of an HTLV-I–producing cell line (MT2), which
was inactivated through mitomycin treatment. Both CD4 and
CD8T cell populations were found to be infected. Infection of
human lymphocytes in this model could be prevented by an
anti–HTLV-I antibody (Saito et al. 2014) and a prophylactive treat-
ment with the reverse-transcriptase blockers azidothymidine
and tenofovir (Miyazato et al. 2006).

HTLV-I Infection of Rabbits

As an alternate model for asymptomatic infection, rabbits have
been used extensively because of the ease and consistency of
viral transmission and infection in this species. Infectivity in rab-
bitswasfirst demonstrated in themid-1980s by intravenous inoc-
ulation of a rabbit lymphocyte cell line (Ra-1) that had been
infected with HTLV-I through coculturewith the HTLV-I–infected
humanMT-2 cell line (Akagi et al. 1985; Miyoshi et al. 1985). Early
studies in rabbits identified the routes of viral transmission
(e.g., blood, semen, milk) (Hirose et al. 1988; Iwahara et al. 1990;
Kataoka et al. 1990; Kotani et al. 1986; Uemura et al. 1986, 1987).
The rabbit model has provided important information about
the immune responses during HTLV-I infection. Early studies
defined methods to detect the sequential development of anti-
bodies against different viral proteins and HTLV-I proviral DNA
in infected tissues (Cockerell et al. 1990). Immunization of rabbits
with synthetic peptides verified immunodominant epitopes of
the viral envelope protein (Env) (Lal et al. 1991; Tanaka et al.
1991) and also defined regions of Env important for antibody-
dependent cell-mediated cytotoxicity (Chen et al. 1991). Subse-
quently, it was demonstrated that peptide immunization with
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amino acids 190 to 199 of the Env protein could protect rabbits
from HTLV-I infection (Tanaka et al. 1994). More complex syn-
thetic peptides, which use chimeric constructs thatmimic native
viral proteins, have also been generated and tested in the rabbit
model (Conrad et al. 1995; Frangione-Beebe et al. 2000). Infectious
molecular clones of HTLV-I were first developed in themid-1990s
(Derse et al. 1995; Kimata et al. 1994; Zhao et al. 1995). These mo-
lecular clones were used to immortalize human peripheral blood
mononuclear cells to create the ACH.2 cell line, which was then
used to infect rabbits (Collins et al. 1996). Subsequently, recombi-
nant HTLV-I viruses with mutations in the open reading frames
encoding the HTLV-I accessory proteins p12, p13, and p30 were
generated (Robek et al. 1998). These mutants were then inoculat-
ed into rabbits to demonstrate the necessity of these accessory
proteins for establishment of infection and maintenance of
proviral loads. Recombinant HTLV-I viruses with selected
mutations have been used to test the in vivo functional proper-
ties of HTLV-I p12, p13, p30, Rex, and Env (Arnold et al. 2006;
Bartoe et al. 2000; Collins et al. 1998; Hiraragi et al. 2006;
Silverman et al. 2004, 2005).

Leukemia Induction in Transgenic Mice
Expressing Tumor-Inducing/-Maintaining
Genes
Tax-Transgenic Mice

Because infection of both mice and rabbits leads only to asymp-
tomatic infection, additional animalmodels were developed that
could be used to investigate adult T cell leukemia. One approach
is to express the oncogenic proteins of a virus transgenically in
mice. In the case of HTLV-I, Tax is thought to be the major onco-
genic protein of the virus. This is based on the ability of Tax to ac-
tivate avariety of cellular promotors leading to cell activation and
replication, which is thought to lead to accumulation of muta-
tions in the genome with subsequent cell transformation
(Matsuoka and Jeang 2007). The second line of evidence is the
ability of Tax to transform rodent fibroblasts in vitro (Grassmann
et al. 2005). To test the tumorigenic potential of Tax in vivo, large
numbers of transgenic mice have been produced. All of these
mice express the Tax protein but differ in the promoter usage. Ex-
pression of Tax has resulted in different diseases depending on
the transgenic mouse line. Typical for all of them is the overex-
pression of Tax in comparison with natural infection and the
long time to develop disease (typically 6 to 20 months). Expres-
sion of Tax in most transgenic mice does not lead to leukemia/
lymphoma induction but to other less typical manifestations of
HTLV-I infection. In a number of transgenic mouse lines, the
long terminal repeat (LTR), which is the natural virus promoter,
has been used. In a study by Bieberich and colleagues (1993) it
was shown that the HTLV-I LTR can be activated by Tax in the
mouse not only in lymphocytes but also in a wide variety of tis-
sues such as muscle, bone, skin, nerve, and salivary glands. This
activation patternmight explain the varied results obtained with
transgenic mice using the LTR. In some mouse lines, the use of
the LTR promoter leads to the generation of transgenic mice
that developed neurofibroma and died early (Hinrichs et al.
1987; Nerenberg et al. 1987). Other groups reported that LTR
promoter–driven Tax expression lead to the development of
Sjögren’s syndrome (Green et al. 1989) or skeletal abnormalities
(Ruddle et al. 1993). (Sjögren’s syndrome is an autoimmune dis-
ease during which the salivary and lacrimal glands are attacked
by immune cells [Borchers et al. 2003]). Other mice with LTR pro-
moter–driven Tax expression developed arthritis (Habu et al.

1999). A puzzling case of arthritis induction was seen after the
use of Tax driven by the CD4 promoter, which theoretically
should have led to leukemia induction (Habu et al. 1999). An
inducible metallothionein promoter supposed to regulate Tax
expression after induction with heavy metals was found to be
leaky. Expression of Tax in these mice leads to arthropathy
(Saggioro et al. 1997). So far, only two promoters have led to the
development of leukemia/lymphoma: the granzyme B promoter
(GzmB, which is activated in natural killer [NK] cells and T cells)
and the lymphocyte-specific protein tyrosine kinase p56lck (lck)
promoter. Of the latter, twoversions exist: the proximal promoter
drives gene expression in thymocytes, whereas the distal pro-
moter drives gene expression inmature T cells. Micewith Tax ex-
pression driven by GzmB resemble the situation in ATL patients
in that tumors are associatedwith inflammation andneutrophila
(Grossman et al. 1995). GzmB-Tax mice have a 100% penetrance
of CD16/32+ B220+ CD3c+ large granular lymphocytic leukemia/
lymphoma involving mesenteric and peripheral lymph nodes
and spleen. These mice display high rates of peripheral disease
(i.e., skin or subcutaneous tumors), lytic bone disease, and hyper-
calcemia. If osteoclast activity is inhibited, either by application
of zoledronic acid or transgenic expression of osteoprotegerin,
mice do not develop osteolytic bone lesions and have fewer soft
tissue tumors (Gao et al. 2005). This model was expanded by
crossing GzmB-Tax mice with mice expressing luciferase under
the LTR promoter so that Tax-expressing tumors can be detected
by bioluminescence. It was found that subcutaneous tumor
formationwas preceded by development ofmicroscopic intraepi-
thelial lesions (Rauch et al. 2009). When these mice were crossed
with mice carrying a deletion in the interleukin 15 (IL-15) gene,
tumor development and accelerated mortality were observed,
which indicated a role for antitumor immunity for IL-15. The ab-
sence of IL-15 resulted in upregulation of (interleukin 1α) IL-1α
and IL-1α–dependent genes. This gene upregulation is causally
linked to tumor development because treatment with an IL-1α–
neutralizing antibody reduces tumor incidence (Rauch et al.
2014).

The other promoter that leads to development of leukemia
and lymphoma in mice expressing Tax is the lck promoter. Mice
that expressed Taxunder the control of the proximal lck promoter
developed large-cell lymphomas and leukemia (Hasegawa et al.
2006). The leukemic cells had a pre–T cell phenotype (CD4−,
CD8−, CD44+, CD25+, cytoplasmic CD3+). Leukemic mice were
immune compromised (similar to ATL patients) and developed
pulmonary infection with P. jirovecci. Mice that expressed Tax
under the control of the distal lck promoter were reported
(Ohsugi, Kumasaka, Okada, and Urano 2007) to develop leukemia
and lymphoma. The leukemic T cells were CD4+, CD8+, or CD4+/
CD8+. In addition, some of these mice developed arthropathy
and histiocytic sarcoma (Ohsugi et al. 2013).

HBZ-Transgenic Mice

The sole role of Tax in leukemia development has been ques-
tioned because in a number of ATL cells Tax is no longer ex-
pressed (Matsuoka and Jeang 2007). A few years ago, an
additional protein from an open reading frame in the negative
orientation of the HTLV-I genome was identified as HTLV-I bZIP
factor (HBZ). There is the suggestion that this protein is also an
inducer of leukemia and/or a maintenance factor (Mesnard
et al. 2006). In transgenic mice, the expression of HBZ under the
mouse CD4 promoter leads to mild leukemia and lymphoma in
skin, lung, and the intestine (Satou et al. 2011). When double-
transgenic mice that expressed both HBZ and Tax under the
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mouse CD4 promoter were produced, no additive effect was ob-
served in terms of leukemia and lymphoma development or in
terms of reduction of survival (Zhao et al. 2014). One possible ex-
planation for the lack of synergy between Tax and HBZ might be
thatmice expressing Tax only did not develop disease. In another
mouse model, the expression of the envelope protein as well as
Tax and HBZ (env-pX) under the control of LTR led to arthritis de-
velopment (Iwakura et al. 1991). In ATL patients, an increase in
regulatory T cells, as determined by the expression of the FoxP3
protein (Karube et al. 2004), has been detected. In HBZ-transgenic
mice, HBZ has been reported to stimulate the production of in-
terferon γ (IFNγ), thus leading to increased inflammation and der-
matitis (Mitagami et al. 2015). The same group has also reported
HBZ to increase the expression of FoxP3 and to decrease the pro-
duction of IFNγ specifically in T helper cells. This leads to a high-
er-than-normal number of regulatory T cells (Satou et al. 2011)
and increased susceptibility of these mice toward infection
with herpes simplex virus type 2 or Listeria monocytogenes
(Sugata et al. 2012).

Adult T Cell Leukemia Cell (Line) Transfer
into Immune-Deficient Mice
In transgenic mice, the viral protein is not expressed in the con-
text of the virus and is often overexpressed compared with viral
infection. In addition, specifically the expression of Tax leads to a
variety of disease manifestations that do not clearly correlate
with human disease. To develop animal models in which the
spread and tissue invasion of ATL cells can be tested, immune-
deficient rodents have been used.

Athymic Rats

In a model of athymic F344/N rats, inoculation of an HTLV-I im-
mortalized rat T cell line led to development of leukemia and
lymphoma. When congenic rats were immunized with Tax pep-
tides they developed CD4 and CD8T cells, which protected
against lymphoma development upon T cell transfer (Hanabuchi
et al. 2001; Nomura et al. 2004).

Immune-Deficient Mice

To develop mouse models where the spread and tissue invasion
of ATL cells can be tested, four mouse strains with differing de-
grees of immune deficiency have been utilized. All mouse strains
are based on the immune-deficient severe combined immunode-
ficiency (SCID) mouse. SCID mice do not have functional B cell or
T cells but have residual NK cell activity, which interferes some-
times with establishment of tumors. Non obese diabetic (NOD)/
SCID mice do not have a functional B cell or T cell response,
and the activity of their NK cells is reduced (Shultz et al. 1995).
In NOD/SCIDβ2m-/- mice, the β2-microglobulin gene is deleted,
and in consequence the NK cell activity is completely abolished
(Koller and Smithies 1989). In NOD/SCIDIL2-Rγ -/- mice, the gene
for the gamma chain of the interleukin 2 (IL-2) receptor is either
truncated (NOG) or deleted (NSG), which, in addition to the other
immune deficiencies, leads to a defect in the inability of dendritic
cells to secrete IFNγ upon stimulation (Ohbo et al. 1996).

SCID Mice
The SCID mouse has been a successful model to investigate the
proliferative and tumorigenic potential of ATL cell lines (Feuer
et al. 1993; Ishihara et al. 1992; Kondo et al. 1993; Ohsugi et al.
1994). In some studies, leukemic cells from Tax-transgenic mice
(with the lck promoter) were used to induce leukemia and

lymphoma in SCID mice (Ishitsuka and Tamura 2014). In these
mice, cytokines, growth factors, and adhesion molecules were
analyzed for their role in leukemogenesis, and tumor necrosis
factor α (TNF-α), platelet-derived growth factor subunit B (homo-
dimer), soluble intercellular adhesion molecule 1, soluble vascu-
lar cell adhesion protein 1 were identified as factors that may
contribute to high levels of organ infiltration in this model
(Watters et al. 2010). After transfer of splenic leukemic cells
from Tax-transgenic mice it has been possible to identify cancer
stem cells. These cells expressed CD117+ and low levels of Tax,
Notch1, and Bmi1, which suggests that they are pre–T cells or
early hematopoetic progenitor cells. In a naivemouse, 102 cancer
stem cells were sufficient to repopulate the leukemic population.
In contrast, the transfer of 102 splenic leukemic cells did not
result in leukemia (Yamazaki et al. 2009). In this model, the
protective effect of a synthetic retinoid (ST19260), which induces
apoptosis in tumor cells and decreases Tax expression (El Hajj
et al. 2014), was demonstrated.

For inoculation with human cells, primary leukemic cells
from patients, lymphocytes transformed in vitro by HTLV-I
(which are IL-2 dependent), or HTLV-I immortalized cell lines
have been tested in SCID mice. Inoculation of primary ATL cells
or lymphocytes transformed in vitro by HTLV-I usually does not
lead to tumor growth (Liu et al. 2002; Parrula et al. 2009). However,
in some instances it has been possible to accomplish growth of
leukemic cells by depleting NK cells with antibody treatment
and by IL-2 supplementation through daily injections (Kondo
et al. 1993). Most human HTLV-I immortalized cell lines lead to
development of lymphomas, and tumor cells recovered from
these mice retain the phenotypic and genotypic characteristics
of the original tumor cell line inoculate (Feuer et al. 1993; Imada
et al. 1995; Kondo et al. 1993). Interestingly, HTLV-I–infected cell
lines of nonleukemic origin are not tumorigenic in SCID mice
(Feuer et al. 1995; Imada et al. 1995; Uchiyama 1996) unless NK
cell activity has been suppressed by sublethal irradiation or by
treatment of animals with antiserum, which transiently abro-
gates NK activity (anti–asialo-GM1) (Feuer et al. 1995). In addition
to leukemia/lymphoma development after inoculation of ATL
cell lines, SCID mice were also shown to develop humoral hyper-
calcemia of malignancy, which is an important clinical sign in
ATL patients (Richard et al. 2001). An interesting age effect on
the outcome of leukemia development was observed in neonatal
SCID mice. After inoculation with ATL cells, adult SCID mice de-
veloped leukemia, and animals became moribund over time.
When the same cell lines were inoculated into neonatal animals,
they succumbed to disease much faster (Ohsugi et al. 2004).

NOD/SCID–Based Mouse Strains

Because of the inhibitory effect of NK cells on leukemia and lym-
phoma development, most recent studies have been performed
in the NOD/SCID mouse and its derivatives. It could be demon-
strated that the higher the degree of immune deficiency of the
mouse strain the shorter the time to development of leukemia
and lymphoma (Parrula et al. 2009). A problem for the study of
ATL has been that most cell lines do not spread systemically
but grow either subcutaneously after subcutaneous inoculation
or in the abdominal cavity after intraperitoneal injection
(Dewan et al. 2003; Liu et al. 2002; Ohsugi et al. 2004; Parrula
et al. 2009; Richard et al. 2001; Takaori-Kondo et al. 1998). A nota-
ble exception is a cell line thatwas derived fromprimaryATL cells
called MET-1 that metastatizes systemically. In contrast with
other cell lines, these cells express adhesion factors CD11a
(LFA-1α) and CD49d (VLA-4α) and produce or induce the
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expression of matrix metalloproteinases 1, 2, 3, and 9, which
serve as tissue invasion factors (Parrula et al. 2009). The MET-1
cell line has been used to test an antibody specific for CD25 (inter-
leukin 2 receptor α) for its antileukemic activity (Zhang et al.
2003). After injection of the antibody, survival ofMET-1–inoculat-
ed mice was significantly increased (Zhang et al. 2003). The pro-
tective effect could be increased by combination with a histone
deacetylase inhibitor (depsipeptide) (Chen et al. 2009) or the cyto-
toxic drug 9-aminoacridine (Ju et al. 2014). The MET-1 NOD/SCID
modelwas also used to testmeasles virus virotherapy. After inoc-
ulation of measles vaccine virus, a rapid regression of leukemia/
lymphomawas observed. This effect wasmore effective at higher
levels of tumor burden than the aforementioned antibody treat-
ments (Parrula et al. 2011). Using different ATL lines, it was
shown that measles virotherapy works best if the respective
tumor line does not express IFNα, suggesting that it may be ben-
eficial to test interferon α (IFNα) expression of tumors in patients
(Parrula et al. 2014). Although tumor reduction inmicewas effec-
tive, mice still eventually became cachectic and moribund. This
condition was correlated with interleukin 6 (IL-6) production by
both the human tumor cells andmouse cells (Parrula et al. 2011).

NOD/SCID mice have also been used to test drugs against
HTLV-I infection and tumor formation. The NFκb inhibitor dehy-
droxymethylepoxyquinomicin (Ohsugi, Kumasaka, Okada, Ishida
et al. 2007) and Bay11-7082 (Dewan et al. 2003), an HSP90 inhibitor
(17-DMAG [Ikebe et al. 2013]), a Bcl-2 family inhibitor (ABT-737
[Ishitsuka et al. 2012]), and a histone deacetylase inhibitor
(AR42 [Zimmerman et al. 2011]) all proved to be effective in reduc-
ing tumor burden. The NOD/SCID mouse/ATL model was im-
proved by the use of bioluminescent ATL cells for the purpose
of monitoring in vivo tumor progression. Combination therapy
with the proteasome inhibitor PS-341 and an osteoclast inhibitor,
zoledronic acid, virtually eliminated propagation of ATL cells in
the mouse model and prevented the development of humoral
hypercalcemia of malignancy in NOD/SCID mice (Shu et al.
2007). This was accompanied by a significant decrease in PTHrP
andMIP-1α levels (expressed at high levels by ATL cells), suggest-
ing that these cytokines play an important role in the develop-
ment of humoral hypercalcemia of malignancy in ATL.

Study of Leukemia/Lymphoma Development
in Humanized Mice after HTLV-I Infection
The ATL xenograft models and the transgenic mouse models do
not address how virus infection induces and maintains the de-
velopment of adult T cell leukemia. Ideally, a mouse could be
used that has a human immune system, can be infected with
HTLV-I, and develops leukemia/lymphoma. Recent develop-
ments in immune-deficient mice have led to so-called human-
ized mouse models. After injection of human CD34+ umbilical
cord stem cells (HUSC), human lymphocytes develop in NSG
and NOG mice. Although the lymphocytes are phenotypically
normal, they are not functional in respect to the adaptive im-
mune response. However, parts of their immune system, includ-
ing neutrophils and macrophages, are fully functional. If human
umbilical cord stem cells are injected into mice that have re-
ceived a transplant of fetal liver and thymus, they generate adap-
tive immune responses that vary in effectiveness. Currently,
methodological improvements (transgenic expression of cyto-
kines and others) to these mouse models are being tested, with
the goal of improving adaptive immune responses. However,
from the animal model perspective, the lack of an adaptive im-
mune response that might interfere with virus replication and
leukemogenesis might be an advantage.

Humanizedmicehave beenused for the development of adult
T cell leukemia after infection with HTLV-I (Villaudy et al. 2011).
Mice were injected with HUSC, and resulting lymphocytes were
infected by the injection of irradiated MT-2 cells (Villaudy et al.
2011). The authors reported a leukemia incidence of more than
95%. Interestingly, the proportion of CD4+ and CD4+/CD8+

T cells was equally high. Macroscopically, enlarged lymph
nodes (10 of 16 mice), enlarged thymus (2 of 16 mice), and en-
larged spleens (2 of 16 mice) were observed. Histological detec-
tion of leukemic cells was reported in spleen and thymus. In
patients infected with HTLV-I, the population of infected cells
is polyclonal. In patients with adult T cell leukemia, the T cell
population changes toward an oligoclonal (and sometimes
monoclonal) cell population. In this mouse model, an increase
in viral loads was determined as infection progressed and an in-
crease in the oligoclonality index was found. These data are in-
teresting because they indicate that outgrowth of oligoclonal
leukemic cells can occur in the absence of a selecting immune re-
sponse. Another study has tried to address two findings from the
intrahepatic injection of HUSC into immune-deficient mice. One
is the lack of antigen-specific immune responses, and the other
one is the finding that, after intrahepatic injection, mainly
T cells develop, which over time make up the majority of cells
in the lymphocyte population. In this study, NSG mice were in-
jected intratibially with CD133+ stem cells (Tezuka et al. 2014).
CD133+ stem cells are thought to preceed CD34+ stem cells and
are able to differentiate into other cell types than lymphocytes,
too. Thus it might be possible that human mesenchymal cells,
which subsequently support the growth of human B lympho-
cytes, are generated in the bone marrow. After injection of
CD133+ stem cells, amore balanced B cell to T cell ratio developed
in thesemice, which remained stable for up to 8months. After in-
fection with HTLV-I, leukemia and lymphoma developed similar
to mice injected with CD34+ stem cells. It was possible to detect
HTLV-I–specific antibodies andT cells specific for HTLV-I–derived
peptides. In the blood of these animals, IL-6, IL-8, IL-10, IL-12, IL-
13, IFNγ, TNFα, granulocyte-macrophage colony-stimulating fac-
tor, and chemokine (C-C motif ) ligand 4 were elevated (Tezuka
et al. 2014). Although these immune responses were clearly de-
tectable, they were not sufficient to noticeably increase survival
time compared with mice that displayed no immune responses.

Conclusions
In the quest to understand the development of leukemia and
lymphoma induced by infection with HTLV-I, multiple animal
models have been developed. This indicates that it has been dif-
ficult to find the all-encompassing model and that for different
aspects of infection—transformation and leukemogenesis, as
well as tissue invasion—different models had to be utilized.
From a large body of work it seems that the rabbit is the most
useful model to study chronic asymptomatic HTLV-I infection.
Tax- and also HBZ-transgenic mice are useful tools to study
the contribution of these proteins, but the most effective pro-
moter has to be used to express the proteins in lymphocytes
and more specifically in CD4T lymphocytes. In respect to the
transfer of ATL cell lines into immune-deficient mice, the devel-
opment of highly immune-deficient mouse strains (NOG and
NSG) has been very beneficial, as has been the use of systemi-
cally spreading cell lines (MET-1). The use of humanized mice
for HTLV-I research is still a nascent field with a lot of promise.
It is currently possible to infect these mice and observe leuke-
mia/lymphoma development in a few months. In the future,
the continued development of these mice should enable the
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investigation of the adaptive immune response, thus providing
a tool for developing vaccines against an infectious cancer in
this animal model.
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