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Human T-lymphotropic virus type 1 (HTLV-1) causes adult T-cell leukemia, a disease commonly associated
with hypercalcemia and osteolysis. There is no effective treatment for HTLV-1, and the osteolytic
mechanisms are not fully understood. Mice expressing the HTLV-1 oncogene Tax, driven by the human
granzyme B promoter (Taxþ), develop osteolytic tumors. To investigate the progression of the bone-
invasive malignancies, wild-type, Taxþ, and Taxþ/interferon-g�/� mice were assessed using necropsy,
histologic examination, IHC analysis, flow cytometry, and advanced imaging. Taxþ and Taxþ/interferon-g
�/� malignancies of the ear, tail, and foot comprised poorly differentiated, round to spindle-shaped cells
with prominent neutrophilic infiltrates. Tail tumors originated from muscle, nerve, and/or tendon sheaths,
with frequent invasion into adjacent bone. F4/80þ and anti-mouse CD11b (Mac-1)þ histiocytic cells
predominated within the tumors. Three Taxþ/interferon-g�/� cell lines were generated for in vivo allo-
grafts, in vitro gene expression and bone resorption assays. Two cell lines were of monocyte/macrophage
origin, and tumors formed in vivo in all three. Differences in Pthrp, Il6, Il1a, Il1b, and Csf3 expression
in vitro were correlated with differences in in vivo plasma calcium levels, tumor growth, metastasis, and
neutrophilic inflammation. Taxþ mouse tumors were classified as bone-invasive histiocytic sarcomas. The
cell lines are ideal for further examination of the role of HTLV-1 Tax in osteolytic tumor formation and the
development of hypercalcemia and tumor-associated inflammation. (Am J Pathol 2021, 191: 335e352;
https://doi.org/10.1016/j.ajpath.2020.10.014)
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Adult T-cell leukemia/lymphoma (ATL), the sequela of human
T-cell leukemia virus type 1 (HTLV-1) infection, is an
aggressive lymphoproliferative malignancy of helper T lym-
phocytes fromwhichhypercalcemia andosteolytic bone tumors
develop.1e4 ATL occurs in 2% to 4% of HTLV-1 carriers and
typically emerges after a 20- to 40-year latency.5 Bone invasion
and resultant osteolysis are relatively uncommon in most lym-
phomas and leukemias; however, ATL in both humans and
animal models is distinct in its associated high prevalence of
stigative Pathology. Published by Elsevier Inc
osteolytic tumors and humoral hypercalcemia of malignancy
(HHM) from elevated osteoclastic bone resorption.6e9

HTLV-1 expresses the viral oncogene Tax, which en-
codes the regulatory protein Tax and is located in the pX
. All rights reserved.

mailto:rosolt@ohio.edu
https://doi.org/10.1016/j.ajpath.2020.10.014
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ajpath.2020.10.014&domain=pdf
https://doi.org/10.1016/j.ajpath.2020.10.014
http://ajp.amjpathol.org
https://doi.org/10.1016/j.ajpath.2020.10.014


Lanigan et al
region of the HTLV-1 genome. Tax has multiple tran-
scriptional trans-activating effects on multiple transcription
factors, including cAMP response elementebinding protein,
NF-kB, serum response factor, and the zinc-finger proteins
specificity protein 1 and early growth response protein 1, as
well as trans-repressing effects.10e13 Tax also has post-
transcriptional effects by: interacting with the cell cycle
inhibitor p16, cyclin D3, and the mitotic arrest deficient
protein MAD1 and activating kinases leading to p53 phos-
phorylation and inactivation.10,14,15 Several studies have
demonstrated the transformation and immortalization of
primary rodent cells by HTLV-1 Tax.16,17

Support for Tax acting as an oncoprotein comes from
multiple transgenic mouse models.18e20 In several studies,
the expression of Tax driven by the HTLV-1 long terminal
repeat resulted in mesenchymal tumors, bone abnormalities,
growth retardation, thymic atrophy, and inflammatory
arthropathy.21e25 Mesenchymal tumors have also been
associated with Tax expression driven by the Thy1.2 pro-
moter.21 Arthritis has been reported to occur when Tax was
driven by the CD4 promoter.26 In transgenic mice with
HTLV-1 Tax driven by the human granzyme B promoter
(Taxþ), hematopoietic malignancies, a mild increase in serum
calcium, splenomegaly, and bone-invasive osteolytic lesions
have been reported to develop, with features that resemble
those in ATL patients.9,27 Tax expression has been associated
with high levels of interferon (IFN)-g in HTLV-1einfected
CD4þ T cells and Taxþ mice. When Taxþ mice were crossed
with global IFN-geknockout mice (Taxþ/IFN-g�/�), accel-
erated tumorigenesis and death occurred.28,29 From these
findings, it is believed that IFN-g may play a role in the
immune resistance to tumor development.

In the present study, Taxþ and Taxþ/IFN-g�/� mice
developed widespread multifocal, bone-invasive histiocytic
sarcomas (HSs). These lesions were originally described as
lymphocytic tumors that arose in the ears, tails, and limbs,
with some features of natural killer cells.9,27 Since then, it
has been reported that peripheral HSs of the ears, tail, and
limbs develop in these mice.30e32 Histologic examination,
immunohistochemistry (IHC) analysis, flow cytometry, and
advanced imaging (digital radiography and micro
-computed tomography) were performed for a better un-
derstanding of tumor histogenesis, development, and pro-
gression. Cell lines derived from peripheral tumors of Taxþ/
IFN-g�/� mice were characterized by: i) flow cytometry; ii)
in vivo and in vitro studies exploring their tumorigenic,
metastatic, and osteolytic potential; and iii) gene expression
profiling, for a further understanding of the pathogenesis of
HTLV-1 Taxeinduced malignancies.

Materials and Methods

Mice

The use of wild-type (WT) mice, mice with HTLV-1
Taxþ,9,27 and Taxþ/IFN-g�/� mice 28,29 on a C57BL/6.SJL
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background was approved by the institutional animal care
and use committee at The Ohio State University (Columbus,
OH). Mice were gifted from the laboratories of Drs.
Katherine N. Weilbaecher and Lee Ratner at Washington
University (St. Louis, MO). Genotypes were confirmed by
genomic DNA PCR (DNAEasy Kit; Qiagen, Valencia, CA).
Mice were monitored for tumor development or illness
(ruffled coat, dyspnea, or weight loss). Those reaching a
defined time point or early removal criteria (ERC) with a
tumor diameter of >15 mm or illness were euthanized.

Necropsy and Histologic Examination

After postmortem evaluation, lesions were recorded and tis-
sues fixed in 10% neutral-buffered formalin for 48 to 72 hours
at 4�C followed by 70% ethanol. Bones were then decalcified
in 10% EDTA (pH 7.4) for 10 to 14 days. Soft tissues and
bones were subsequently paraffin embedded, sectioned at 4
mm, and stained with hematoxylin and eosin. Tissues and tu-
mors from mice with tumor cell line allografts (Tax-Induced
Malignant Cell Line Allografts) were treated in the same
manner. All slides used for histologic and IHC analyses were
digitally imaged using an Aperio ScanScope slide scanner
(Leica Biosystems, Buffalo Grove, IL). All magnifications
reported in the figure legends indicate the objective setting
used in Aperio and are approximate.

IHC Analysis

Select tissues were stained with the following primary an-
tibodies: CD3 (rabbit anti-human, 1:50), CD20 (rabbit,
1:200), cytokeratin (AE1/AE3) (rat anti-mouse, 1:250),
keratin 8 (rat anti-mouse, 1:50), S-100 (rabbit, 1:1000) [all
from Agilent Technologies (formerly Dako Cytomation),
Santa Clara, CA]; F4/80 [rat anti-mouse, 1:100; Bio-Rad
(formerly AbD Serotec), Hercules, CA]; and HTLV-1 Tax
(rabbit, 1:1000; made at The Ohio State University). This
anti-Tax antibody was previously shown to be specific for
human Tax.33

Flow Cytometry on Peripheral Tumors and Spleens

Cells were isolated from all genetic groups using a 70 mmol/
L nylon mesh, washed in RPMI, and resuspended in RPMI
containing 10% fetal bovine serum. Half of the cells were
stimulated for 1 hour at 37�C with 50 ng/mL phorbol-
myristate-acetate and 750 ng/mL ionomycin. Cytokine
secretion was inhibited with 2 mmol/L GolgiStop (BD
Biosciences, San Jose, CA) for 4 hours at 37�C. All cells
were then washed and resuspended in fluorescence-activated
cell sorting buffer [phosphate-buffered saline; Invitrogen
(part of Thermo Fisher Scientific), Carlsbad, CA] with 2%
fetal bovine serum, 0.01% NaN3). For extracellular staining,
cells were incubated for 30 minutes at 4�C with a combi-
nation of anti-mouse CD11b (Mac-1), CD8, B220 (CD45R),
CD3e, and CD4 (BD Biosciences) antibodies. For
ajp.amjpathol.org - The American Journal of Pathology
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intracellular staining, cells were fixed with Cytofix/Cyto-
perm for 20 minutes at 4�C and permeabilized by washing
three times with 1X PermWash (BD Biosciences) before 30
minutes of incubation at 4�C with anti-human granzyme B
antibody (BD Biosciences). Finally, cells were washed in
fluorescence-activated cell sorting buffer and analyzed
(Accuri C6; BD Biosciences).

Complete Blood and Differential Counts

Blood was obtained postmortem by cardiocentesis from
eight Taxþ and nine WT 12-montheold mice. Complete
blood and white blood cell differential counts were per-
formed (Forcyte Autosampler 10; Oxford Science, Inc.,
Oxford, CT). Blood smears were evaluated for circulating
tumor cells by light microscopy.

Digital Radiography

Images from three mice randomly selected from each ge-
notype at 3, 6, and 12 months were obtained at 40 kilo-
voltage peak for 30 seconds (whole mice) and 32
kilovoltage peak for 11 seconds (tails) (LX-60 Digital
Radiography System; Faxitron Bioptics, Tucson, AZ).

Microcomputed Tomography

Tail images were generated in 400 projections over 360
degrees at 100 kilovoltage peak, 200 milliampere, 1250
millisecond exposure, Bin 2, with a medium-high system
magnification and 19.4 mm resolution (Inveon Preclinical
CT; Siemens AG, Munich, Germany). Data was three-
dimensionally reconstructed (Cobra; Exxim Computing
Corp., Pleasanton, CA) and vertebral lengths measured
(Inveon Research Workplace 3-D Image software version
3.0; Siemens). Metaphyseal volumes of interest were
defined as 20% of the vertebral length adjacent to the
physis. Bone volume fraction (bone volume/total volume),
bone mineral density, and overall density were determined
for the two most lytic vertebrae per mouse, with the mean
calculated to give a single-mouse value. Segmentation
thresholds were kept constant. Samples were evaluated in a
blinded manner and in a randomized order using predefined
randomization tables by B.E.H.

Derivation and Flow Cytometric Characterization of
Immortalized Taxþ Tumor Cell Lines

Three cell lines were generated from spontaneous Taxþ/
IFN-g�/� tumors: i) T94, tail mass, 6-montheold female; ii)
501, hind limb osteolytic mass, 6-montheold male; and iii)
Tom3, mixed osteolytic/osteoblastic mass invading the
radius and ulna, 7-montheold male. Tumors were minced in
Dulbecco's Modified Eagle's medium/F12 media (Invi-
trogen) with 25 mg/mL Plasmocin (Invivogen, San Diego,
CA) and 10% fetal bovine serum (Invitrogen). Tumor pieces
The American Journal of Pathology - ajp.amjpathol.org
were washed in medium (three times) and incubated for 48
to 72 hours to allow individual cells to adhere to tissue
culture plastic. After 2 weeks in Plasmocin-containing me-
dium, adherent cells were grown in Dulbecco's Modified
Eagle's medium/F12 with 100 U/mL penicillin, 100 mg/mL
streptomycin (penicillinestreptomycin), and 10% fetal
bovine serum. Initial s.c. engraftment of T94 cells in nude
mice resulted in small, slow-growing tumors; therefore,
cells from the fastest-growing tumor were rederived for the
generation of a new cell line selected for in vivo growth
(T94S). At 70% confluence, cells were washed, resuspended
in fluorescence-activated cell sorting buffer, and incubated
for 30 minutes at 4�C with anti-mouse CD11b (Mac-1),
CD11c, major histocompatibility complex (MHC)-II, Ly6C,
and Ly6G (BD Biosciences) antibodies. Cells were then
washed in fluorescence-activated cell sorting buffer and
analyzed (Accuri C6; BD Biosciences).

Tax-Induced Malignant Cell Line Allografts

S.c. (n Z 3), intratibial (n Z 3), and bone-adjacent (n Z 2)
injections of each cell line were performed in 6-weekeold
athymic nu/nu nude mice (Harlan Laboratories, Inc., Indi-
anapolis, IN) under isoflurane-in-oxygen anesthesia. S.c.
tumors were generated by injecting 1 � 106 cells in 100 mL
of phosphate-buffered saline into the s.c. tissue over the
right scapula with a 25-gauge needle. Intratibial tumors
were made by injecting 2 � 105 cells in 20 mL of phosphate-
buffered saline into the marrow cavity of the right tibia with
a 27-gauge needle. Bone-adjacent tumors were generated by
injecting 5 � 105 cells in 50 mL of phosphate-buffered sa-
line into the lateral right hindlimb adjacent to the mid-
diaphysis of the tibia with a 25-gauge needle. Mice were
observed twice weekly for tumor growth or lameness
(intratibial and bone adjacent). Mice were euthanized when
tumor sizes exceeded 2 cm in diameter or were ulcerated, or
if there was persistent lameness.

Calvarial Co-Culture

Conditioned media (CM) was produced by culturing each
cell line at 70% confluence in Dulbecco's Modified Eagles's
medium/F12 with 0.1% bovine serum albumin (Sigma-
Aldrich, St. Louis, MO) and penicillinestreptomycin for 72
hours. Media were collected, centrifuged at 80 x g for 5
minutes for the removal of cellular debris, and stored at
�20�C. BALB/c pups of 4 to 6 days of age were eutha-
nized, and two calvarial bone disks, including the frontal
and parietal bones, were collected from each mouse using a
3.5-mmediameter skin-biopsy punch. Calvaria were
washed in phosphate-buffered saline and three times in
BGJb media (Invitrogen), 0.1% radioimmunoassay-grade
bovine serum albumin (Sigma-Aldrich) and 100 mg/mL
Normocin (Invivogen). After overnight incubation at 37�C
and 5% CO2, six paired disks were randomized to each CM
group and a non-CM control group. Disks were cultured for
337
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6 days in 50% CM and 50% BGJb with 0.1% bovine serum
albumin and 100 mg/mL Normocin. On day 6, disks were
fixed and stained for tartrate-resistant acid phosphatase
(TRAP) activity (Leukocyte Acid Phosphatase Kit 387A;
Sigma-Aldrich). Calvaria were mounted on glass slides,
imaged, and analyzed for total bone area and resorptive
perimeter using Image Pro Plus image-analysis software
version 6.0 (Media Cybernetics, Inc., Bethesda, MD).
Media from the co-cultures were collected and centrifuged
at 80 x g for 5 minutes, and total calcium concentrations
were determined (Quanti-Chrom colorimetric assay;
BioAssay Systems, Hayward, CA).
Plasma Calcium Concentrations

Heparinized blood was collected after euthanasia from five,
12-montheold mice from each genetic group (WT, Taxþ,
Taxþ/IFN-g�/�) and allografted mice. Plasma calcium
concentrations were measured using a calcium assay kit
(BioAssay Systems). Plasma calcium concentrations of >13
mg/dL indicated HHM.34,35
Real-Time RT-PCR

RNA was isolated from 70% confluent T94, 501, and Tom3
cells grown in triplicate and cDNA made with 0.5 mg of RNA
(SuperScript II; Invitrogen). Real-time RT-PCR analysis for
genes known to be involved in osteolysis and the NF-kB
pathway was performed (QuantiTect SYBR Green PCR Kit;
Qiagen Inc.) with mouse-specific primers (listed 50 to 30): Ppia
F 50-CGCGTCTCCTTCGAGCTGTTTG-30, R 50-TGTAAA-
GTCACCACCCTGGCACAT-30; Ubc F 50-CGTCGAGCC-
CAGTGTTACCACCAAGAAGG-30, R 50-CCCCCATCA-
CACCCAAGAACAAGCACAAG-30; Gapdh F 50-ATGAC-
ATCAAGAAGGTGGTG-30, R 50-CATACCAGGAAATGA-
GCTTG-30; Actb F 50-ATGAGCTGCCTGACGGCCAGGT-
CATC-30, R 50-TGGTACCACCAGACAGCACTGTGTTG-
30; human Tax F 50-CCGCCGATCCCAAAGAAA-30, R 50-C-
CGAACATAGTCCCCCAGA-30; Pthrp F 50-AGTGTCCT-
GGTATTCCTGCTC-30, R 50-ATGCAGTAGCTGATGTT-
CAGACAC-30; Rankl F 50-ACACCTCACCATCAATGCT-
30, R 50-CTTAACGTCATGTTAGAGATCTTGG-30; Opg F
50-AGCTGCTGAAGCTGTGGAA-30, R 50-TCGAGTGGCC-
GAGAT-30; Il6 F 50-TCCAGAAACCGCTATGAAGTT-CCT
Table 1 Summary of Gross Pathologic Findings

Age of Mice

Ear tumors, n/N (%) Tail tumors, n/N (%)

WT Taxþ
Taxþ/
IFN-g�/� WT Taxþ

Taxþ/
IFN-g�

6 months 0/6 (0) 0/3 (0) 3/10 (30) 0/6 (0) 1/3 (33) 7/10 (
9 months 0/4 (0) 1/4 (25) 6/10 (60) 0/4 (0) 1/4 (25) 7/10 (
12 months 0/12 (0) 0/6 (0) 8/10 (80) 0/12 (0) 0/6 (0) 9/10 (
15 months 0/6 (0) 1/9 (11) N/A 0/6 (0) 2/9 (22) N/A

N/A, not available.
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CT-30, R 50-AGGCCGTGGTTGTCACCAGC-30; Rank F 50-
GCTGGCTACCACTGGAACTC-30, R 50-TGTGCACAC
CGTATCCTTGT-30; Csf3 (Csfg) F 50-GCGC-ATGAAGC-
TAATGGCCCTG-30, R 50-AGGGGAACGG-CCTCTCGT-
CC-30; Il1a F 50-CCAGCCCGTGTTGCTGAAGGAG-30, R
50-ATAGAGGGCAGTCCCCGTGCC-30; and Il1b F 50-GA-
CGGACCCCAAAAGATGAAGGGC-30, R 50-CTGCCA-
CAGCTTCTCCACAGCC-30. Expression was normalized to
Actb, Ppia, Ubc, and Gapdh by the calculation of geometric
means and reporting relative to the lowest-expressing cell line.36

Statistical Analysis

Results are shown as means � SD. Data were analyzed with
the t-test or 1-way analysis of variance and Bonferroni post
hoc test [JMP software version 9 (SAS Institute Inc., Cary,
NC) and Prism software version 8 (GraphPad Software, San
Diego, CA)]. P < 0.05 was considered statistically signifi-
cant. Sample size was not determined statistically prior to
experimentation.
Results

Mice Expressing HTLV-1 Tax Developed Histiocytic
Malignancies around the Tendon Sheaths and
Perichondrium and Splenomegaly due to Myelopoiesis

Tumors from the three genetic groupsdWT, Taxþ, and
Taxþ/IFN-g�/�dwere characterized over time (Table 1).
Mice meeting ERC due to ulcerative dermatitis, a common
C57BL/6 lesion, were excluded. Soft-tissue masses were
visible on the ears, nose, tail, and feet of the Taxþ/IFN-g�/�

mice at 3 months, and the Taxþ/IFN-g�/�mice met ERC at 6
months due to ulceration and lameness. In contrast, the Taxþ

mice did not have external evidence of tumors until 6 months,
and did not meet ERC until 15months. In the Taxþ and Taxþ/
IFN-g�/� mice, ERC also resulted from splenomegaly (30 to
50 times WT volume), causing dyspnea and loss of body
condition (Figure 1A). Histologic evaluation of 12- and 15-
montheold mice included brain, heart, lungs, liver, kid-
neys, spleen, pancreas, and gastrointestinal and reproductive
tracts. There were no significant lesions in any soft-tissue
organ except the spleen. When compared to spleens from
the WT mice (Figure 1, B and C), the splenomegaly
Limb tumors, n/N (%) Splenomegaly, n/N (%)

/� WT Taxþ
Taxþ/
IFN-g�/� WT Taxþ

Taxþ/
IFN-g�/�

70) 0/6 (0) 1/3 (33) 6/10 (60) 0/6 (0) 0/3 (0) 3/10 (30)
70) 0/4 (0) 1/4 (25) 3/10 (30) 0/4 (0) 2/4 (50) 7/10 (70)
90) 0/12 (0) 0/6 (0) 1/10 (10) 1/12 (8) 4/6 (66) 3/10 (30)

0/6 (0) 0/9 (0) N/A 0/6 (0) 3/9 (33) N/A
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Figure 1 Mice expressing HTLV-1 Tax developed histiocytic malignancies around the tendon sheaths and perichondrium and splenomegaly due to mye-
lopoiesis. A: Marked splenomegaly in a 12-montheold Taxþ mouse (right), compared to wild-type (WT) (left), a common feature in 12- to 15-montheold Taxþ

and Taxþ/IFN-g�/� mice. B and C: Low (B) and high (C) magnification images of a WT spleen. D and E: Low (D) and high (E) magnification images of a Taxþ

spleen reveal that the splenomegaly observed in Taxþ mice is due to marked myelopoiesis with increased megakaryocytes. F: Multifocal areas of histiocyte
proliferation surrounding tendons and nerves adjacent to the caudal vertebrae in the tail of a 6-montheold, male, Taxþ/IFN-g�/� mouse (2� magnification).
Proliferative histiocytes were consistently observed throughout the tail as early as 6 months in Taxþ mice and by 3 months in Taxþ/IFN-g�/� mice. G: High-
magnification image of proliferative histiocytes surrounding tendon (asterisk) and nerve (black arrow). Cells are a mixture of proliferative pleomorphic
histiocytes (white arrow) with a myxomatous stroma and well-differentiated neutrophils. H: Histiocytic tumor with invasion into the caudal vertebral
metaphysis and bone lysis in a 12-montheold, male, Taxþ/IFN-g�/� mouse. Despite neoplastic cells surrounding tendon along the vertebrae, the metaphysis
is the typical site of bone invasion. I: After invading the bone marrow, histiocytic tumor cells become more spindle-shaped, with a collagenous extracellular
matrix and osteoclastic bone resorption (asterisk). Scale bar Z 1 cm. Original magnification: �2 (B, D, F, and H); �10 (C, E, and I); �20 (G).

HTLV-1 Tax Viral Oncogene Tumorigenesis
observed in the Taxþ and Taxþ/IFN-g�/�mice resulted from
marked myelopoiesis and increased megakaryocytes
(Figure 1, D and E).

Multiple bonesdskull, radius, ulna, tibia/fibula, meta-
tarsals, and metacarpalsdwere examined histologically in
the 12- and 15-montheold Taxþ, Taxþ/IFN-g�/�, and WT
mice, and multiple sections of tail vertebrae at all time
points. Ear pinna tumors were also evaluated and had
cellular infiltrates surrounding the cartilage of the pinna,
with histologic and IHC features similar to those of the bone
tumors. Tail tumors were identical to those present in the
appendicular skeleton; however, the tail was chosen for
The American Journal of Pathology - ajp.amjpathol.org
further histologic evaluation at multiple time points for
uniformity of sectioning and for comparing histologic ex-
amination findings with those from advanced imaging.
Although tumors were not observed grossly in all Taxþ and
Taxþ/IFN-g�/� mice, all tail sections had some degree of
cellular proliferation around the tendon and nerve sheaths
(Figure 1F). Cellular infiltrates in the Taxþ mice at 6 and 9
months were mild and multifocal, increasing in severity
with age. Evidence of bone invasion was not typically
present in early tumors. The cellular infiltrates were signif-
icantly worse in the Taxþ/IFN-g�/� mice when compared to
those in the Taxþ mice. Peritendinous/perineural tumors
339
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consisted of histiocytic cells that were large and round to
spindle-shaped, with oval to round nuclei and coarsely
stippled chromatin (Figure 1G). Their extracellular matrix
consisted of a lightly basophilic granular material, inter-
preted as mucin. About half of the cells in the tumors were
non-neoplastic, well-differentiated, mature neutrophils
(Figure 1G). Histiocytic tumors were consistently present in
the soft tissue adjacent to the metaphysis, frequently
invaded bone, and were associated with osteoclastic bone
resorption. This was especially the case with advanced tu-
mors in the Taxþ mice at 12 months and in the Taxþ/IFN-
g�/� mice at 9 months of age, wherein the latter bone loss
was more severe, occurred at an earlier time point, and
advanced to greater bone lysis by 12 months (Figure 1, H
and I). Tumor cells within the bone marrow were more
spindle shaped, with a collagenous matrix (Figure 1I). The
site of bone invasion was consistent in the cutback zone of
the metaphysis in the Taxþ and Taxþ/IFN-g�/� mice.

In addition to osteolytic tumors, distinct regions of meta-
physeal osteosclerosis were frequent in the vertebrae and
appendicular bones of the Taxþ/IFN-g�/� mice. The
increased trabecular bone was independent of the histiocytic
tumors and associated bone lysis. There was an increase in
both trabecular number and thickness in the regions of
medullary osteosclerosis. Frequent cement lines and regions
of retained cartilage suggested increased abnormal bone
modeling and remodeling. Osteosclerosis was present only in
the Taxþ/IFN-g�/� and not in the Taxþ mice. In vivo, IFN-g
has both direct anti-osteoclastogenic and indirect pro-
osteoclastogenic effects. However, in inflammatory states,
the net balance leads to IFN-g stimulating bone resorption.37

The increased bone volume was due to decreased bone
resorption, which was due to decreased IFN-g in the Taxþ/
IFN-g�/� mice but not in the Taxþ mice, with HS invasion
and associated inflammatory infiltrate. The Taxþ and Taxþ/
IFN-g�/� mice also had increased bone marrow cellularity
compared to that in the WT mice, but the hematopoietic cells
were in their normal expected proportions.

IHC analysis of the macrophage-specific antigen, F4/80,
and HTLV-1 Tax were consistently positive in the histio-
cytic tumor cells. All other IHC staining performed on the
tumorsdCD3 for normal and neoplastic T cells, CD20 for
normal and neoplastic B cells, pancytokeratin (AE1/AE3)
for high- and low-moleculareweight keratins in epithelia,
keratin 8 for nonsquamous/ductal epithelium, and S-100 for
nonsquamous/ductal epitheliumdwere negative. As ex-
pected, F4/80 staining was largely restricted to the cell
membrane, with a small amount of cytoplasmic staining
(Figure 2, A and B). HTLV-1 Tax staining was diffusely
cytoplasmic and weakly nuclear, with poorly defined cell
margins (Figure 2, C and D). The histiocytic phenotype of
the tumor cells was confirmed by flow cytometry using a
tumor from one mouse from each genetic group, which
demonstrated that the majority of the tumor cells were
positive for Mac-1 (CD11b), a marker for macrophages/
monocytes and DCs (Figure 3A). Intracellular granzyme B
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expression was also observed in Mac-1þ cells, and
co-expression was increased after phorbol-myristate-acetate
and ionomycin treatment (Figure 3B). The increase in
granzyme B expression was not seen in B and T lympho-
cytes (Figure 3B). In summary, tumors were histiocytic
sarcomas, of which the malignant histiocytes expressed both
Tax and granzyme B.

Mice Expressing Tax Had Peripheral Leukocytosis and
Mild Anemia

There were no identifiable circulating tumor cells in the
blood smears of the Taxþ mice. The 12-montheold Taxþ

mice had significantly increased total leukocytes (21.3 � 4.0
versus 11.1 � 1.9, P Z 0.03), neutrophils (4.9 � 1.1 versus
2.3 � 0.4, P Z 0.04), and lymphocytes (13.9 � 2.5 versus
7.5 � 1.4, P Z 0.04) compared to those in the WT mice.
There were trends toward greater circulating monocytes
(2.1 � 0.5 versus 1.1 � 0.2, P Z 0.06) and a lower he-
matocrit (31.6 � 1.2 versus 35.3 � 1.7, P Z 0.10) in the
Taxþ mice. Therefore, the 1.9-fold increase in peripheral
leukocyte number in the 12-montheold Taxþ mice may
have resulted from a 2.1-fold increase in neutrophils and a
1.9-fold increase in both lymphocytes and monocytes. In
summary, the increase in total white blood cell number was
likely due to both inflammation (neutrophils and lympho-
cytes) and increased circulating monocytes.

Bone Invasion and Osteolysis Were Present in Taxþ

Transgenic Mice

Radiography and micro computed tomography were used for
confirming tumor-associated bone loss, characterized by
increased osteolysis and radiolucency, in the Taxþ mice
(Figure 4). As on histologic examination, bone loss was more
severe in the Taxþ/IFN-g�/�mice, which occurred at an earlier
time point and advanced to greater bone lysis by 12months. The
typical area of bone invasion by theHSwas the cortex, adjacent
to the metaphysis (near the cutback zone). There was a signif-
icant decrease in bone volume fraction in the Taxþ compared to
the WT mice on micro computed tomography at sites of his-
tiocytic tumor invasion (64.2 � 9.8 versus 86.1 � 9.3%,
PZ 0.048). The Taxþmice also had significantly lower values
of bone mineral density (1274� 15.4 versus 1395� 36.3 mg/
cm3, P Z 0.006) and overall density (1183 � 38.8 versus
1346� 66.0mg/cm3,PZ 0.021) compared to those in theWT
mice. These osteolytic lesions are consistent with findings from
previous work from the authors using these Taxþ and Taxþ/
IFN-g�/�mice, inwhich therewas an increase in the number of
TRAPþ osteoclasts adjacent to tail vertebral tumors in the Taxþ

mice.9,38 In addition, the osteoclast number and perimeter (both
per bone surface) were greater in the Taxþ/IFN-g�/� mice
compared to those in the Taxþ mice in a previous report.29

However, 12-montheold tumor-bearing Taxþ mice had
decreased in vivo bone formation by calcein-double labeling
(Supplemental Figure S1A), and reduced osteoblast progenitors
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Figure 2 Neoplastic HTLV-1 Taxþ cells are F4/
80þ, indicating a histiocytic malignancy. A: IHC
analysis of a tumor along the ear pinna cartilage of
a 6-montheold Taxþ/IFN-g�/� mouse for the
macrophage-specific antigen F4/80. Neoplastic
cells are consistently positive for F4/80. The round
histiocytic tumor cells have more intense staining
compared to the spindle-shaped tumor cells. B:
Magnification (400x) with Aperio (Leica Bio-
systems) of F4/80 staining in Figure 2A. C: IHC
analysis of HTLV-1 Tax reveals widespread cyto-
plasmic labelling with less-frequent nuclear stain-
ing in the neoplastic cells (100� magnification). D:
Magnification (400x) with Aperio of HTLV-1 Tax
staining in Figure 2C. Original magnification: �100
(A and C).
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in the mineralizing condition, but not fibroblast progenitors in
the basal condition (Supplemental Figure S1B), when
compared to those in theWTmice. Osteosclerosis in the Taxþ/
IFN-g�/� mice precluded meaningful comparison, because
despite osteolysis at regions of HS invasion, the concurrent
osteosclerosis in other parts of the metaphysis resulted in a
Figure 3 The histiocytic phenotype of the tumor cells is confirmed by flow cytom
increases with inflammation. A: The predominant cell type in the spleen of a wild-typ
were Mac-1 CD11bþ with few B220þ B lymphocytes or CD4þ or CD8þ T lymphocytes. T
population in the tail tumors was macrophage/monocyte in origin. The spleen from T
of the splenic cells (myelopoietic cells) and the tumor neutrophils in the Taxþ mice
Mac-1 in the tumor cells was increased from 12.1% in unstimulated cells (top row)
row). Co-expression demonstrates increased granzyme B in activated histiocytes, bu
from one tumor from each genetic group. APC, allophycocyanin; FITC, fluorescein
phatidylethanolamine; PE-A, phosphatidylethanolamine-area; PerCP, peridinin chlor
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greater bone volume fraction in the Taxþ/IFN-g�/� mice
(83.7% � 2.1%) than in the Taxþ mice (P < 0.05), with no
differencebetween theTaxþ/IFN-g�/� and theWTmice (three-
group comparison by one-way analysis of variance). Despite
multifocal tumor-associated bone lysis in both transgenic mice
and a significant decrease in bone volume fraction in the Taxþ
etry, and their expression of macrophage/monocyte markers and granzyme B
e (WT) mouse was B cells. The majority of cells in the tail tumor of Taxþ mice
he Mac-1 CD11bþ labeling demonstrated that the predominant neoplastic cell
axþ mice had increased Mac-1þ cells with few B and T cells. Note the majority
were not stained by the antibody panel. B: Co-expression of granzyme B and
to 19.9% after phorbol-myristate-acetate and ionomycin stimulation (bottom
t not in B and T lymphocytes. Due to their overall low cellularity, findings are
isothiocyanate; FSC, forward scatter; FSC-A, forward scatter area; PE, phos-
ophyll protein; SSC-A, side scatter light area.
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Figure 4 Taxþ and Taxþ/IFN-g�/� mice have osteolytic lesions in the
vertebral metaphysis. A: Micro computed tomography (mCT) images from
the caudal vertebrae of 12-montheold mice revealed that Taxþ mice have
increased osteolysis due to histiocytic tumor infiltration (arrows). Taxþ/
IFN-g�/� mice also have marked multifocal osteolysis secondary to tumor
infiltration. The regions of osteolysis have increased radiolucency (arrows).
In addition, regions of metaphyseal osteosclerosis were seen by mCT by
increased radiopacity compared to wild-type (WT) and Taxþ mice
(asterisk). B: Digital radiographs reveal multifocal radiolucent regions in
Taxþ and Taxþ/IFN-g�/� mice. Bone loss was due to histiocytic tumors
originating from tendon sheaths and invaded into bone, most commonly at
the cutback zone. Regions of tumor-induced osteolysis have increased
radiolucency (arrows).
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mice, neither transgenic group had hypercalcemia, with no
difference in plasma calcium concentrations between the three
groups (WT, 12.5� 0.6 mg/dL; Taxþ, 11.2� 0.4 mg/dL; and
Taxþ/IFN-g�/�, 12.1� 1.1 mg/dL). In a study by Gao et al,9 a
mild increase in serum calciumwas reported to have developed
in Taxþ mice; however, the concentrations were below 12 mg/
342
dL in both control and Taxþ mice. That study also considered
only mice with overt osteolytic tumors; in contrast, the entire
genetic cohort was included in the present study. In summary,
imaging revealed osteolytic lesions in the tail vertebrae at the
site of tumor invasion in mice expressing Tax.

Taxþ Cell Lines Grew in Vitro and Expressed
Macrophage/Monocyte Markers

Three immortalized cell lines were generated from sponta-
neous Taxþ/IFN-g�/� tumors. T94 cells were developed
from a tail mass of a 6-montheold female mouse. The 501
cells were generated from a hindlimb osteolytic mass of a 6-
montheold male mouse. Tom3 cells were derived from a
mixed osteolytic/osteoblastic mass invading the radius and
ulna of a 7-montheold male mouse. In culture, T94 cells
were moderately sized and spindle shaped, with a single,
central, oval nucleus (Figure 5A). The 501 cells were a
biphasic population, with small numbers of large, elongated
cells with smooth cell borders and smaller, irregularly shaped
cells with multiple, thin cytoplasmic projections from the
surface (Figure 5B). The Tom3 cells were moderate in size
with multiple, thin projections extending from the cell surface
and a single, central, round nucleus. Occasional large and
multinuclear Tom3 cells were present, composing <20% of
the total cell population (Figure 5C).
Cell lines were labeled withMHCII, CD11b, CD11c, Ly6G,

and Ly6C for flow cytometry (Figure 5D). Approximately half
of the T94 cells were Ly6Cþ, with no other surface labeling.
Ly6C is nonspecific and cannot be used for definitively iden-
tifying the cell line of origin alone. Cells that express Ly6C
include monocyte/macrophages, granulocytes, endothelial
cells, plasma cells, thymocytes, natural killer cells, and T sub-
sets. Since the T94 cells were adherent, spindle-shaped cells,
these characteristics would be consistent with macrophages or
endothelial cells. Themajority of Tom3 cellswereCD11bþ and
Ly6Cþ. These findings, along with the appearances of the cells
in culture, are consistent with inflammatory macrophages. The
501 cells were bimodal by flow cytometry, similar to what was
seen in culture. The population consisted of CD11blow (23% of
cells) and CD11bhigh (70% of cells), as well as Ly6Clow

expression. These findings were consistent with a macrophage/
monocyte population, such as residentmonocytes. In summary,
while T94 cells were interpreted as macrophage or endothelial
in origin, Findings on Tom3 and 501 cell phenotyping were
consistent with these two cell lines being monocyte/macro-
phage in origin.

Taxþ Cell Lines Induced Neutrophilic Infiltration,
Splenomegaly, and Hypercalcemia

All cells engrafted and all mice met ERC by 60 days
postinjection due to tumor size or lameness. The T94S cells
were the most rapidly growing in all sites, with a mean
survival of 19 days postinjection. The mean survival of mice
injected with 501 was 43 DPI; and with Tom3 was 54 DPI.
ajp.amjpathol.org - The American Journal of Pathology
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Figure 5 Taxþ cell lines grown in vitro express macrophage/monocyte markers. AeC: Light microscopy of adherence of all cell linesdT94 (A), 501 (B),
and Tom3 (C)dto tissue culture plastic. T94 cells are spindle-shaped, whereas Tom3 are stellate with cytoplasmic projections. The 501 cells are a mixture of
both phenotypes, but the stellate morphology predominates. D: Flow cytometric analysis of the original cell preparations demonstrates that T94 cells are
positive only for Ly6C. The 501 cells are bimodal, with > half of the cells expressing CD11b and a small proportion expressing low levels of Ly6C. Tom3
expresses CD11b and Ly6C. These data indicate that the 501 and Tom3 cells are macrophage/monocyte in origin. Objective magnification: �20. MHC, major
histocompatibility complex.
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Table 2 Summary of Allograft Study Results

No.
Experimental
procedure

Survival
DPI

Neutrophilic
infiltrate Metastasis Splenomegaly

1 T94S SQ 14 d N N
2 T94S SQ 14 d N N
3 T94S SQ 14 d N N
4 T94S IT 21 d N N
5 T94S IT 37 �, þþ in

lung mets
Multifocal

lung
N

6 T94S IT 21 �, þþ in
lung mets

Multifocal
lung

N

7 T94S BA 14 d N N
8 T94S BA 14 þ N N
9 501 SQ 42 �/þþþ N N
10 501 SQ 37 þ N N
11 501 SQ 42 d N N
12 501 IT 37 d N N
13 501 IT 60 þþþ N N
14 501 IT 48 þ N N
15 501 BA 42 �/þþþ N N
16 501 BA 37 �/þþþ N N
17 Tom3 SQ 50 þþþþ N Y
18 Tom3 SQ 50 þþþþ N Y
19 Tom3 SQ 59 þþþþ N Y
20 Tom3 IT 59 þþþþ N Y
21 Tom3 IT 48 þþþþ N Y
22 Tom3 IT 48 þþþþ N Y
23 Tom3 BA 59 þþþþ N Y
24 Tom3 BA 59 þþþþ N Y

�, negative; þ, minimal; þþ, mild; þþþ, moderate; þþþþ, marked;
DPI, days postinjection; mets, metastases; N, no; SQ, subcutaneous injection;
IT, intratibial injection; BA, bone adjacent injection; Y, yes.
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Two of the three mice injected intratibially with T94S cells
had grossly visible lung metastasis on euthanasia. An allo-
graft summary is shown in Table 2.

Histologically, the cell lines expressed Tax after in vivo
injection when evaluated by IHC analysis, and tumor cells
in bone lesions had morphologies similar to cells in vitro.
The T94 cells were spindle shaped and monomorphic, with
no inflammatory infiltrate (Figure 6A). Tumors that formed
at the site of 501 injection consisted of spindle-shaped cells,
with minimal to no neutrophilic infiltration (Figure 6B).
Several 501 tumors had a biphasic morphology, in which
the central population of cells was large and round, with
large vesicular nuclei and the peripheral cells were spindle
shaped, with elongated nuclei. Interestingly, the central
round-cell population was frequently accompanied by a
marked neutrophilic infiltration that did not extend into the
surrounding spindle-shaped tumor population. Tom3
formed tumors consisting of large, round cells with large,
vesicular nuclei and occasional bi- and multinucleated cells
with marked neutrophilic infiltrate (Figure 6C). The
neutrophilic infiltrate in Tom3 tumors frequently made up
>50% of the tumor. While spleens associated with s.c. 501
tumors had no increase in myelopoiesis (Figure 6D), the
spleens of mice with s.c. Tom3 tumors had large numbers of
344
mature and immature granulocytes and larger myeloid pre-
cursors (Figure 6E). Mice bearing Tom3 tumors in any
location frequently had splenomegaly due to marked mye-
lopoiesis. Tumors from all cell lines after intratibial injec-
tion extended from the marrow space through the cortex.
Expansile growth within the adjacent soft tissues was
frequently more severe than was the tumor growth within
the bone. All cell lines induced osteolysis when injected
adjacent to bone or in the tibia, with marked osteolysis 28
days after intratibial injection, as evaluated by histopathol-
ogy. Lung metastasis was present only with intratibial T94
injections, and unlike their s.c. tumors, lung metastases had
moderate neutrophilic infiltration (Figure 6F). There was no
difference in plasma calcium levels in mice injected in
different locations with the same cell type. Both 501
(14.0 � 0.6 mg/dL) and T94 (13.9 � 0.9 mg/dL)-injected
mice had HHM, with both also having significantly higher
plasma calcium levels than those in Tom3-injected mice
(12.8 � 0.5 mg/dL) (both, P < 0.01) (Figure 6G). In
summary, Taxþ cell lines in vivo resembled their in vitro
morphology and developed osteolytic lesions. In addition,
depending on the route of injection and Taxþ cell line,
recipient mice developed neutrophilic infiltration, spleno-
megaly, and metastasis.
Osteolysis Can Be Stimulated in Vitro with CM from
Taxþ Cells

For the determination of whether Taxþ/IFN-g�/� tumor cell
lines secrete factors that promote osteolysis, tumor CM was
incubated with murine calvaria ex vivo, and the osteoclast
activity was evaluated. Osteoclast activity was measured by
osteoclast-specific TRAP staining and calcium loss into the
culture media. Control calvaria had 6.7% bone lysis and
bone loss was increased with T94 CM, but was not statis-
tically significant at 19.4% � 21.7% (P Z 0.38)
(Figure 7A). However, the values of percent bone lysis with
501 and Tom3 CM (46.6% � 23.9% and 62.6% � 35.7%,
respectvely) were significantly higher than those in the
control (both, P < 0.01). Increased osteoclast numbers can
be appreciated by the increase in calvarial TRAP staining
(Figure 7A).
Calcium was measured in the CM before and after cal-

varial co-culture. There was no difference between cell line
CM and DMEM control (Figure 7B). After co-culture, the
calcium in the control media group was 8.0 � 0.6 mg/dL,
but significantly higher levels were observed in the T94
(9.5 � 1.2 mg/dL, P Z 0.003), 501 (10.8 � 0.9 mg/dL,
P < 0.0001), and Tom3 (11.0 � 1.1 mg/dL, P < 0.0001)
media. Tom3 and 501 media calcium levels were signifi-
cantly higher than those in T94 (P Z 0.007 and 0.003,
respectively) (Figure 7B). In summary, Taxþ cell lines
increased in vitro osteoclastic bone resorption, as can be
observed by increased: number of calvarial osteoclasts and
release of calvarial calcium.
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Figure 6 Histopathology and hypercalcemia in allografted mice. All cell lines grown in nude mice. A and B: In the subcutis, T94 (A) and 501 (B) cells are
spindle-shaped, with minimal to no neutrophilic infiltrate. C: Tom3 cells are large and round, with vesicular nuclei and abundant neutrophilic infiltrate. D:
Spleen with an s.c. 501 tumor has no increase in myelopoiesis. Inset shows red pulp with erythrocytes, lymphocytes, erythroid precursors, and a mega-
karyocyte. E: Spleen with an s.c. Tom3 tumor has marked red pulp expansion. Inset shows red pulp with large numbers of mature and immature granulocytes,
larger myeloid precursors, and a megakaryocyte. F: Lung metastasis is present only in mice with intratibial T94 cells. Unlike the s.c. tumor, the metastases have
moderate neutrophilic infiltration (inset). G: Mice injected at any site with T94 and 501 cells have significantly higher plasma calcium levels than do Tom3-
injected mice. Data are expressed as means � SD. **P < 0.01 versus Tom3. Original magnification: �40 (AeC); �4 (DeF); �20 (DeF, insets).

HTLV-1 Tax Viral Oncogene Tumorigenesis
Taxþ Cell Lines Expressed Bone-Modifying Genes with
Abundant Expression of Pro-Osteolytic and Pro-
Osteoclastogenic Factors

Real-time RT-PCR was performed to measure the expres-
sion of genes relating to osteolysis and the NF-kB pathway
(Figure 7C). Human Tax mRNA was abundantly present in
all cell lines on RT-PCR, but was not present in normal,
nontransgenic mouse tissues (Supplemental Figure S2). Tax
is a known regulator of the NF-kB pathway.39 Il6 and Pthrp
were significantly higher in T94 compared to those in Tom3
and 501 cells (all, P < 0.0001). Interestingly, T94 was the
only Taxþ cell line that produced grossly visible metastasis
in vivo. Opg and Rankl were significantly higher in 501
The American Journal of Pathology - ajp.amjpathol.org
compared to those in T94 and Tom3 cells (all, P < 0.05),
whereas Rank was greater in Tom3 and 501 compared to
that in T94 (both, P < 0.0001). Csf3, Il1a, and Il1b were
significantly higher in Tom3 compared to 501 and T94 cells,
and higher in 501 than in T94 (P < 0.05 or < 0.0001). In
summary, T94 expressed the most Il6 and Pthrp, and Tom3
cells expressed the most Csf3, Il1a, and Il1b.
Discussion

ATL is a devastating human disease that, in the acute form,
is associated with a poor likelihood of survival. With a long
latency and low percentage of HTLV-1einfected patients
345

http://ajp.amjpathol.org


Figure 7 Increased osteolytic bone resorption, calcium release, and gene expression are correlated with increased growth, metastasis, and inflammatory
infiltrates. A: In calvarial co-cultures, 501 and Tom3 conditioned media (CM) had significantly more bone resorption than do control and T94 CM co-cultures, as
measured by percent eroded surface (top). Images of TRAP-stained calvaria after co-culture (bottom). The red periphery in the 501 and Tom3 calvaria is due to
increased osteoclast number. B: There was no significant difference between the CM and control media before co-culture. After co-culture, medium calcium was
significantly greater in co-cultures with CM compared to controls, and media calcium levels were greater in Tom3 and 501 cells compared to T94 cells, P Z
0.007 and 0.003, respectively. C: Real-time RT-PCR for the measurement of the expression of genes related to osteolysis and the NF-kB pathway. Data are
expressed as means � SD. *P < 0.05 versus control and T94 CM co-cultures; yP < 0.05 and yyyyP < 0.0001 versus controls; zP < 0.05 and zzzzP < 0.0001 versus
the lowest-expressing cell line, or as indicated. CþCM Z conditioned media þ co-culture; mCSF, murine colony-stimulating factor; mIL, murine IL; mOPG,
murine tumor necrosis factor receptor superfamily member 11B (osteoprotegerin); mPTHrP, murine parathyroid hormone-related protein; mRANK, receptor
activator of NF-kB; mRANKL, murine receptor activator of NF-kB ligand.
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developing ATL, there is not a thorough understanding of
the pathogenesis from viral integration to the development
of ATL. Retroviral oncogenesis is not unique to HTLV-1,
which induces tumorigenesis through the expression of the
oncogene Tax; that is, both necessary and sufficient for
oncogenesis.17,40,41 Examination of ATL oncogenesis and
progression using animal models is vital for further under-
standing human disease, and developing effective
346
prevention of and therapeutics for HTLV-1 and ATL. The
development of transgenic HTLV-1 Taxþ mice that develop
consistent, osteolytic tumors was a major first step in better
understanding the role of HTLV-1 Tax in the formation and
progression of osteolytic metastasis and HHM in ATL.
In this study, tumor progression was initially evaluated in

mice expressing HTLV-1 Tax driven by the human gran-
zyme B promoter (Taxþ). Tumor evaluation was performed
ajp.amjpathol.org - The American Journal of Pathology
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using gross examination, histologic examination, IHC
analysis, flow cytometry, and advanced imaging. From
these examinations, it was found that HS originated around
tendon and nerve sheaths and the perichondrium, with bone
invasion and lysis. In addition, Taxþ mice had increased
bone marrow and splenic hematopoiesis, resulting in
splenomegaly and leukocytosis. It was previously reported
that the human granzyme B promoter specifically targeted
Tax expression to mature CD8 T cells and cytotoxic CD4
subsets, resulting in large-granularelymphocyte leukemia/
lymphomas.27 Since then, it has been shown that the same
Taxþ mice develop HS originating in the ears and limbs,
and from tail tendon sheaths, which is consistent with the
findings from the present study.30e32 HSs and histiocyte-
associated lymphomas in mice are difficult to distinguish
histologically.42 HS cells are predominantly round or spin-
dle shaped. Round cells are more mature and have higher
F4/80 expression, which increases with monocyte/macro-
phage maturation.43 Prominent nuclear atypia, vesiculated
chromatin, and eosinophilic cytoplasm are key features,
resembling the human disease.42,44 Spontaneous HSs in WT
mice typically develop with the liver, spleen, mesentery,
uterus, or lung as the primary site, but not in the tail, ears, or
limbs.42,45,46 In the present study, the peritendinous/peri-
neural tumors were composed of histiocytic cells that were
large and round to spindle shaped, with oval to round nuclei
and coarsely stippled chromatin. The majority of F4/80þ

cells had decreased cytoplasmic staining as they transitioned
from differentiated round cells to less-differentiated, spin-
dle-shaped cells, a key feature of HSs.42 It is more common
to find HSs in soft tissues invading bone compared to
lymphomas. It would also be unexpected to see distal-
extremity lymphomas without lymph node, spleen, or
thymic involvement. Granzyme B was initially described in
cytotoxic T lymphocytes and natural killer cells, but has
since been shown to be expressed in DCs, mast cells, ba-
sophils, and macrophages, and its expression has been
associated with inflammation.47e50 In the present study,
granzyme B expression was increased in Mac-1þ histiocytic
tumor cells, but not in B and T lymphocytes, after stimu-
lation with phorbol-myristate-acetate and ionomycin, drugs
that when used in combination increase inflammatory
cytokine release. The increased granzyme B expression
correlates with reports of granzyme B expression by mac-
rophages in the presence of inflammation, whereby it may
play a role in macrophage function associated with disease
progression.47

Several Tax-expressing transgenic mice have been devel-
oped, which develop tumors including large-gran-
ularelymphocyte leukemia/lymphomas and inflammatory
diseases such as arthritis. However, until recently, there have
been no models that completely recapitulate T-cell leukemia
and lymphoma as in ATL.20 The use of the distal tyrosine-
protein kinase Lck promoter to drive Tax expression in
mature thymocytes and peripheral T lymphocytes has been
reported to result in mature T-cell leukemia and lymphomas
The American Journal of Pathology - ajp.amjpathol.org
consisting of CD4þ, CD8þ, or CD4þCD8þ T cells.51 While
these mice more closely resembled ATL than have previous
models, with a prevalence of 22% to 28%, a small number of
these mice reportedly developed HSs in the vertebral bone
marrow.44,51 HSs in these mice invaded into the spinal cord,
resulting in HTLV-1eassociated myelopathy/tropical spastic
paraparesis (HAM/TSP)-like symptoms. Cells from these
HSs were positive for Mac-2, CD68, and F4/80, all histio-
cyte/macrophage markers, but were negative for CD3, CD19,
CD11b, and Ly6G.44 Similarly, the histiocytic tumor cells in
the present study were consistently double positive for F4/80
and HTLV-1 Tax and negative for T- (CD3) and B- (CD20)
cell markers. However, while the Taxþ tumors and two cell
lines in the present study were also Ly6G�, they were in fact
CD11bþ (Mac-1þ), indicating that they were macrophage/
monocyte in origin.

Proinflammatory cytokine exposure is believed to be
protumorigenic.20 Not only is Tax immunogenic, but also
inflammation has been reported to increase tumor formation
in the Taxþ mice utilized for the present studies.33 The
tumorigenesis of Tax is supported by the development of
inflammatory diseases in Tax transgenic mice. Previous
models expressing HTLV-1 Tax driven by the human CD4
promoter, as well as the HTLV-1 long terminal repeat,
frequently developed inflammation around the joints of the
distal extremities.26,52 Alterations in inflammatory cytokine
expression by HTLV-1 Tax has been documented and has
most commonly been associated with activation of the NF-
kB pathway.39 The association between Tax expression and
inflammation, in addition to the large number of mature
neutrophils in tumors, suggests that a possible mechanism
for HSs development in transgenic mice expressing HTLV-
1 Tax on the granzyme B promoter involves: initial
inflammation around tendons or nerves, followed by acti-
vation of granzyme B in macrophages/monocytes located
near tendons/nerves and subsequent HTLV-1 Tax expres-
sion. The fact that HSs developed peripherally on the ears,
nose, tails, and feet, which are common sites of trauma and
inflammation due to negligible or lack of a protective hair
coat in these regions, supports an inflammatory component
to the initiation and progression of the HSs. HSs have been
reported to arise from the ears and hindlimbs of the Taxþ

mice used in the present study, consisting primarily of
histiocytic tumor cells with dispersed round cells, sparse
spindle cells, and neutrophilic infiltrates.30 In addition, it
was reported prior to this study and more recently that the
immune response accompanying HSs arising in the tail and
tendon sheaths may include large-granularelymphocyte and
neutrophil infiltration.31,32 The findings from those studies
support the diagnosis of peripheral HSs in Taxþ mice.

Tax-expressing T cells in the distal Lck promoter model are
believed to stimulate the proliferation and transformation of
bone marrow histiocytes, leading to HSs.44 The fact that the
infiltrating HS cells in these mice did not express Tax and the
expression of Tax was lower than that in both healthy and
leukemic mice support the concept of Tax-expressing T cells
347
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inducing histiocyte transformation.44 However, several re-
ports have described a relationship between HTLV-1 and
histiocytic disorders and histiocytomas.53e55 Tax-driven DC
replication and maturation (like macrophages, cells of the
myeloid lineage) are implicated in the pathogenesis of HAM/
TSP.56 HTLV-1-infected rats have been reported to develop
HAM/TSP with spinal cord degeneration and peripheral
nerve lesions with extensive macrophage infiltration.57 One
study reported that, after HTLV-1 infection in mice, tumors
did not consist of ATL-like cells but developed splenomegaly
containing histiocytic malignancies or sarcomas in other or-
gans with no splenic changes.58 HTLV-1-infected cells may
also produce factors that stimulate cell growth and generate a
suitable microenvironment for spontaneous tumor formation.
T-cell activation has been associated with tumor development
in the Taxþ mice used in the present study.59 Despite these
findings, at the time of diagnosis, the HSs in the Taxþmice in
the present studywere F4/80þ, Taxþ, CD11bþ (Mac-1þ), and
negative for T-lymphocyte markers.

An ATL model recapitulating all steps from viral infec-
tion through oncogenesis with 100% penetrance is not
currently available. In order to study various disease aspects,
multiple, distinct animal models must be used. Human cells
infected with HTLV-1 have been used for in vitro experi-
ments exploring gene expression related to transformation
and osteolysis.60,61 Most HTLV-1einfected cells used
in vitro do not consistently develop xenografts in vivo. ATL
xenograft studies have mainly used nonobese diabetic/se-
vere combined immunodeficiency (NOD/SCID) mice. It has
recently been shown by the authors that HT-1RV cells,
which express high levels of Tax, failed to engraft after
intratibial injection in NOD/SCID, but had improved
engraftment in more-immunodeficient NOD/SCID g mouse
(NSG; The Jackson Laboratory, Bar Harbor, ME) mice.62

Conversely, many cell lines grown as xenografts have low
survival in culture, making them useful for in vivo thera-
peutic, but not in vitro mechanistic, studies.35 Although they
cannot serve as a model for HTLV-1 transformation and
oncogenesis, nonevirally induced lymphoma cell lines,
such as human Jurkat cells, that mimic ATL in vivo and
grow well in vitro, have been used for studying gene
function in vitro and as in vivo xenografts in mice.63 An
additional goal in this study was to derive immortalized,
tumorigenic cell lines induced by HTLV-1 Tax for in vitro
and in vivo use, of which all formed tumors in immunode-
ficient mice. Based on high CD11b (Mac-1) expression, 501
and Tom3 cells were macrophage/monocyte in origin. The
lack of MHCII in monocyte/macrophage origin cells was
unexpected. The primary antibody is haplotype specific for
C57BL/6 monocytes. Given that these mice are C57BL/
6.SJL, the lack of haplotype specificity of the antibody was
likely the cause of lack of MHCII staining. Inflamma-
tiondspecifically: i) neutrophilia, ii) neutrophilic infiltration
of tumors, and iii) splenomegaly due to increased colony-
stimulating factors (CSFs) 3 and 2dhas been seen in xe-
nografts and transgenic mice due to HTLV-1 Tax.64e66
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Tom3 had the highest Csf3, followed by 501 cells. This
finding is consistent with the marked neutrophilic infiltrate
seen in Tom3, and to a lesser extent 501, allografts. The
high level of Csf3 expression also supports the spleno-
megaly observed in Tom3-bearing mice, which resulted
from marked granulopoiesisemyelopoiesis. The use of the
cell lines generated in the present study is advantageous
based on successful engraftment at all injection sites in nude
mice. Further studies are needed for investigating metastasis
and disease progression of these cell lines after intravascular
and intraosseous delivery, as was recently done with other
ATL cell lines that do or do not express Tax.62,67

In this article, in vivo osteolysis in the Taxþ and Taxþ/
IFN-g�/� mice was documented by histologic staining with
hematoxylin and eosin, digital radiography, and micro
computed tomography. In addition, the three cell lines (501,
T94, and Tom3) derived from tumors elicited osteolysis
in vitro in calvarial co-culture (501 and Tom3 were the most
osteolytic) and in vivo after intratibial and bone-adjacent
injection. Three co-authors who are board-certified veteri-
nary pathologists (L.G.L., T.J.R., and J.M.W.) confirmed
histologically that the tumor-induced bone loss and resultant
osteolytic bone phenotype was due to increased osteoclast
activity in vivo. The co-authors have reported that the Taxþ

and Taxþ/IFN-g�/� mice used in the present study had
increased numbers of osteoclasts adjacent to the tail verte-
bral tumors in Taxþ mice, as demonstrated by osteoclast-
specific TRAP staining.9,38 The co-authors have also re-
ported that osteoclast number and osteoclast perimeter (both
per bone surface) were greater in Taxþ/IFN-g�/� mice
compared to those in Taxþ mice.29 In addition, 12-
montheold tumor-bearing Taxþ mice had decreased
in vivo bone formation as evidenced by calcein-double la-
beling (Supplemental Figure S1A), and reduced osteoblast
progenitors in the mineralizing condition, but not fibroblast
progenitors in the basal condition (Supplemental
Figure S1B), when compared to WT mice. These findings
indicate that peritumoral bone lesions resulted from both an
increase in osteoclast and a decrease in osteoblast activity,
which is a typical finding in osteolytic malignancies.
HHM is common in patients with ATL.68 Parathyroid

hormone-related protein (PTHrP) plays a central role by
indirectly increasing osteoclastic bone resorption and
inhibiting renal calcium excretion.69 The initiation of
NF-kB signaling by HTLV-1 Tax is crucial for cellular
transformation and is frequently attributed to increasing
circulating PTHrP and HHM in ATL.39 Pthrp in ATL or
HTLV-1-infected cells have been shown to be regulated by
NF-kB.70 In the novel cell lines, Pthrp was not correlated
with differences in Tax between the cells, suggesting that
although Tax initiated NF-kB, continued expression was
Tax independent. However, Pthrp was correlated with
HHM. Pthrp expression by T94 and 501 was significantly
greater than that in Tom3 cells. Mice injected with T94 and
501 cells also had HHM and significantly higher plasma
calcium than that in Tom3 mice. However, i) all three cell
ajp.amjpathol.org - The American Journal of Pathology
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lines induced in vivo osteolysis after intratibial injection, ii)
T94 cells metastasized to the lungs after intratibial injection,
and iii) T94 and 501 cells induced HHM independent of the
injection site. Survival and the proliferation of neoplastic
cells in vivo was directly correlated with Pthrp and Il6. T94
cells expressed the highest levels of both. The marked Il6
increase in T94 cells was correlated with faster tumor
engraftment and growth of T94 allografts. IL-6 is a potent
growth stimulator in multiple tumors, including prostate and
breast cancers and multiple myeloma.71e73 Mice injected
with T94 cells had the shortest survival time, regardless of
injection site, and mice injected intratibially with T94 cells
had multifocal lung metastases, likely from increased Pthrp.
A relationship between Pthrp and cancer proliferation and
metastasis has been reported.74e76 Pthrp in T94 and 501
cells has not been correlated with osteolysis and calcium
levels in the calvarial co-cultures.77 PTHrP cannot directly
induce osteoclast differentiation, requiring an osteoblast or
immune cell intermediate. In contrast, IL-1 directly induces
osteoclast maturation and function.78 The 501 and Tom3
cells had Il1a and Il1b levels significantly greater than those
in T94 cells, and osteolysis and media calcium levels higher
than that in both T94 and control co-cultures. Protein levels
associated with these gene expression differences were not
measured. The expression of intracellular or secreted pro-
teins in these cell lines should be performed in the future to
determine the full spectrum of secreted immune and bone-
modulatory factors.

The mean plasma calcium levels were higher in allog-
rafted mice (501-injected mice, 14.0 mg/dL; T94, 13.9 mg/
dL; and Tom3, 12.8 mg/dL) when compared to those in WT
mice (12.5 mg/dL), Taxþ mice (11.2 mg/dL), and Taxþ/
IFN-g�/� mice (12.1 mg/dL). The reason for increased
plasma calcium in allografted mice was likely multifactorial.
First, cell lines were injected at doses of 2 � 105 cells for
intratibial, 5 � 105 cells for bone-adjacent, and 1 � 106 cells
for s.c. tumors. All tumors engrafted and only two intratibial
mice in the T94S group developed metastasis. Therefore,
tumors in cell-lineeinjected mice grew much larger with
time than did spontaneous tumors in the Taxþ and Taxþ/
IFN-g�/� mice. Second, there were differences in the ages
of the mice. Cell lineeinjected mice were 6 weeks of age,
which is the rapid growth phase and pubertal period in mice,
and lived between 14 to 60 days after injection (2 to 4
months of age) (Table 2). In contrast, transgenic mice and
age-matched WT controls were 12 months of age when
calcium levels were measured. It is known that, in humans,
calcium levels are higher during the rapid pubertal growth
phase and decline in people >50 years of age. Similarly, it
has been shown that in mice, serum calcium levels begin to
decrease after 3 months of age.79 The ages of the mice in the
present study reflect these different age periods and also
contributed to allografted mice having higher blood calcium
levels. Lastly, while using the same assay for measuring
calcium levels, the transgenic mice and WT controls were
measured at the same time on the same plate (assay), and the
The American Journal of Pathology - ajp.amjpathol.org
allografted mice were measured together on the same plate
(assay), but at a different time than were the transgenic
mice. Between-plate (assay) differences may have also
contributed to slight differences between allografted and
transgenic mice despite the use of internal standards and
controls within each plate. HHM was not found in the Taxþ

and Taxþ/IFN-g�/� mice, and the lack of HHM may be
related to the fact we did not correct for circulating albumin
and measured calcium levels in the entire genetic cohort
rather than just in mice with overt osteolytic lesions, as was
done previously.9,29

These mice are a useful model of HTLV-1 Taxeinduced
malignancy and can be used for studying the mechanisms of
cancerebone interactions in bone-invasive and osteolytic
tumors. The three immortal and tumorigenic Taxþ cell lines
in the present study support what is known regarding Pthrp,
Il1, Il6, and Csfg as they relate to the development of bone-
invasive tumors and HHM, tumor proliferation, and
neutrophilic inflammation and myelopoiesis in ATL. The
consistent formation of peripheral bone-invasive tumors in
Taxþ mice and the transplantable cell lines will facilitate
in vivo and in vitro research on the mechanisms of HTLV-1
oncogenesis, HHM, and tumor-induced inflammation. Such
research will foster the creation of therapeutics targeting
HTLV-1 Tax, a necessary protein in ATL development, as
was shown with bisphosphonates being effective in
reducing not only osteoclast activity and resultant osteol-
ysis, but also tumor cell growth in Taxþ mice.9,80

The relationship between HTLV-1 infection and histio-
cytic disorders should be the focus of future studies. In
particular, examining whether the oncogenic transformation
and growth of histiocytes toward the formation of HS are a
result of factors secreted from other Tax-expressing cells
and/or intracellular Tax expression will offer important
insights in osteolytic tumor formation.
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