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Abstract

Parathyroid hormone-related protein (PTHrP) and macrophage inflammatory protein-1a (MIP-1a.)
are important factors that increase bone resorption and hypercalcemia in Adult T-cell Leukemia
(ATL). We investigated the role of PTHrP and MIP-1a in the development of local osteolytic
lesions in T-cell leukemia through overexpression in Jurkat T-cells. Injections of Jurkat-PTHrP and
Jurkat-MIP-1a into the tibia and the left ventricle of NSG mice were performed to evaluate tumor
growth and metastasis /n vivo. Jurkat-pcDNA tibial neoplasms grew at a significantly greater rate
and total tibial tumor burden was significantly greater than Jurkat-PTHrP neoplasms. Despite the
lower tibial tumor burden, Jurkat-PTHrP bone neoplasms had significantly greater osteolysis than
Jurkat-pcDNA and Jurkat-MIP-1a neoplasms. Jurkat-PTHrP and Jurkat-pcDNA cells
preferentially metastasized to bone following intracardiac injection, though the overall metastatic
burden was lower in Jurkat-PTHrP mice. These findings demonstrate that PTHrP induced
pathologic osteolysis in T-cell leukemia but did not increase the incidence of skeletal metastasis.
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Introduction

Adult T cell leukemia/lymphoma (ATL) is an aggressive liquid malignancy of CD4+ T-
lymphocytes that occurs in 2-5% of human T-cell leukemia virus type-1 (HTLV-1)-infected
individuals [1,2]. Studies have shown that ATL cells constitutively express genes known to
promote pathologic osteoclast differentiation and activation, such as PTHrP and MIP-1a [3].
HTLV-1 also encodes two viral oncogenes, Tax and HBZ that have both been shown to
upregulate the expression of bone signaling genes. The mechanisms on how these factors
and transformed ATL cells modulate the bone microenvironment remain incompletely
understood.

Parathyroid hormone-related protein (PTHrP) is frequently increased in the serum of
patients with advanced ATL and is an important mediator of cancer-associated
hypercalcemia and bone lesions observed in these patients [4—-10]. PTHrP also mediates its
actions on local tumor and stromal cells through paracrine, autocrine, and intracrine
mechanisms when cancers metastasize to bone [11-14]. In bone metastatic cancers, PTHrP
promotes metastasis through tumor cell-autonomous means and modification of the tumor
microenvironment [13]. PTHrP may act in an intracrine manner to increase cell survival and
prevent apoptosis, while also playing a role in modulating the bone microenvironment
through signaling to resident bone cells [15]. PTHrP has also been described to have
additional roles in the bone metastatic cascade. The emerging notion that endocrine-acting
PTHrP from the primary tumor can modify the distant bone pre-metastatic niche to promote
bone metastasis has been proposed in other bone-tropic neoplasms and may play a role in
early ATL metastasis [13]. While the regulation of PTHrP in ATL and the endocrine role it
plays in mediating HHM have been extensively studied, the paracrine effect of PTHrP on the
bone microenvironment in ATL bone metastasis remains largely unknown.

Several reports have shown that primary ATL bone tumors express osteoclast-activating
factors other than PTHrP [16,17]. MIP-1a has been frequently identified and implicated as a
key factor in ATL-associated hypercalcemia and osteolytic bone lesions [16,18,19]. MIP-1a
promotes ATL invasion and metastasis by inducing integrin-mediated adhesion of ATL cells
and extravasation into distant tissues [20]. Recruitment and differentiation of osteoclasts are
important roles of MIP-1a in promoting pathologic osteolysis [21,22]. MIP-1a has been
shown to stimulate osteoclast activation through RANKL-dependent and independent
mechanisms in multiple myeloma [23].

When ATL and HTLV-1-infected cells are introduced into the tibia of mice, several different
pathologic bone changes are observed. Phenotypes resulting from tumor-bone interactions
range from marked pathologic osteolysis to pathologic intramedullary new bone formation
(sclerosis) (Kohart et al., JBO, in press). Tumor-bearing tibias demonstrating the greatest
degree of osteolysis and osteoclast activity had the highest levels of PTHrP and MIP-1a
mRNA when compared to those with either little to no bone response or an osteoblastic
phenotype. These data suggested that PTHrP and MIP-1a act on the bone microenvironment
to promote pathologic osteolysis via a paracrine mechanism in primary ATL bone
neoplasms.
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In this study, we hypothesized that T-lymphocyte expression of PTHrP or MIP-1a alone was
sufficient to induce the pathologic osteolysis observed in ATL bone tumors via a paracrine
mechanism.

Materials and Methods

Cell Lines

Human T cell leukemia Jurkat cell line with stable transfection of PTHrP, MIP-1a, or
pcDNAS.1 vector and luciferase expression were previously generated and characterized
[24]. These three cell lines Jurkat-pcDNA-luc, Jurkat-PTHrP-luc, and Jurkat-MIP-1a-luc
will be referred to as Jurkat-pcDNA, Jurkat-PTHrP, or Jurkat-MIP-1a throughout this paper.
Real-time RT-PCR (gRT-PCR) was used to confirm expression levels of PTHrP and MIP-1a
MRNA for this study (not shown; see ref. [24] for original figure). Secretion of PTHrP in
Jurkat-PTHTrP cells was confirmed by immunoassay at the Diagnostic Center for Population
and Animal Health at Michigan State University {Jurkat-PTHrP (42.4 pmol/l)}. The cells
were cultured in RPMI 1640 medium supplemented with 10% FBS, 2 mM glutamine, and
antibiotics (50 ug/ml streptomycin and 50 U/ml penicillin) at 37°C and 5% CO,.

Mouse injections and bioluminescent imaging

All animal experiments were approved by The Ohio State University Institutional
Laboratory Animal Care and Use Committee. Mice were purchased from the Target
Validation Shared Resource (The Ohio State University, Columbus, OH).

Intratibial injections

Five, 4-6-week-old male NSG mice per group were injected into the marrow cavity of their
tibias with 10 pL of RPMI medium containing a suspension of 250,000 Jurkat-pcDNA,
Jurkat-PTHTrP, or Jurkat-MIP-1a cells, as previously described [25].

Intracardiac injections

Five NSG male mice per group were injected into the left ventricle with 0.1 mL of RPMI
medium containing a suspension of 1 million Jurkat-pcDNA or Jurkat-PTHrP cells, as
previously described [25].

Bioluminescent imaging

Bioluminescent imaging was performed weekly, as previous described [25].

Measurement of plasma calcium concentrations

Mice were euthanized at the end of the study and blood was collected and placed into
lithium heparin blood collection tubes. After mixing, tubes were centrifuged to separate the
plasma. Total calcium concentrations were measured from the plasma of each mouse using
the QuantiChrom Calcium Assay Kit (BioAssay Systems, Hayward, CA, USA).
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Radiography
Radiographs of the tibias of mice with intratibial and intracardiac injections were performed
postmortem. Tibias were fixed in 10% neutral-buffered formalin for 48 hours and then
placed in 70% ethanol for 72 hours. Tibias were placed centrally on a Faxitron laboratory
radiography system LX-60 (Faxitron X-ray Corp., Wheeling, IL) imaging platform and
high-resolution radiographs were taken at 29 kV with 7 second exposures. The degree of
radiolucency was used as a surrogate for bone loss and was quantified using Bioquant Osteo
2010 (Version 10.3.60MR). Radiograph dicom images were uploaded, the perimeter of each
tibia was outlined and areas of radiolucency were then outlined and measured for each tibia.
Percent of tumor-associated bone loss was calculated by dividing the area of radiolucency
(bone loss) over the total tibial area for each sample.

Histopathology, Immunohistochemistry, Histomorphometry

Complete necropsies were performed on all mice. Following Faxitron imaging, tibias were
decalcified in 10% EDTA (pH 7.4) for two weeks at 4°C and embedded in paraffin. Tibias
from mice with intratibial injections were stained for tartrate-resistant acid phosphatase
(TRAP) (Sigma-Aldrich (kit #387A), St. Louis, MO). PTHrP immunohistochemistry was
performed on Jurkat-PTHrP and Jurkat-pcDNA bone tumors using rabbit polyclonal anti-
PTHrP/PTH antibody (Santa Cruz (#sc-9860), Dallas, TX). Tissue from equine pituitary
gland was used as a positive control. H&E and TRAP-stained slides were scanned at 20x
using a Nanozoomer scanner (Hamamatsu Nanozoomer, Washington University, St. Louis,
MO) and trabecular bone perimeter, osteoclast number, and osteoclast perimeter were
measured using Bioguant software (Bioquant Osteo 2013 Version 13.2.60). To calculate
trabecular volume per (total) bone volume (TV/BV), total tibial area from just below the
growth plate to the proximal-mid diaphysis was outlined and measured for each H&E-
stained tibia. Trabecular bone was then outlined and measured. The area of trabecular bone
was divided by total tibial area to calculate the TV/BV. Trabecular bone perimeter from
TRAP-stained tibias of each mouse was outlined and measured, and each osteoclast that was
lining trabecular bone (identified by a TRAP-positive, burgundy-red color) was quantified.
The number of osteoclasts was then divided by the surface (mm) of trabecular bone
perimeter.

Calvarial bone culture

Conditioned media was collected from Jurkat-PTHrP, Jurkat-MIP-1a., and Jurkat-pcDNA
cell lines. Forty-million cells of each cell type were cultured in T-75 flasks containing 20 mL
of serum-free RPMI 1640 media supplemented with L-glutamine and penicillin/
streptomyecin for 48 hours in 37°C and 5% CO,. After 48 hours, cells were centrifuged and
the media was collected and stored at —80°C until use.

Calvarial disks were harvested as previously described [3] from 4—6-day-old heterozygous,
nude mouse pups obtained from the Target Validation Shared Resource Center (The Ohio
State University, Columbus, OH). Paired disks were randomly assigned to culture in 50%
bone culture medium and 50% of the 48-hour conditioned media from Jurkat-pcDNA cells
(m=20) for one disk and either Jurkat-PTHrP (7=10) or Jurkat-MIP-1a (/7=10) conditioned
media for the other disk in any given pair. On the sixth day of co-culture, medium was
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harvested and total calcium concentrations were measured using the QuantiChrom Calcium
Assay Kit (BioAssay Systems, Hayward, CA, USA). Calvarial bone disks were fixed and
stained for TRAP activity using the TRAP staining kit (Sigma-Aldrich (kit #287A, St. Louis,
MO).

Statistical Analysis

Results

Data was analyzed using Graph Pad Prism 6.0 software (San Diego, CA). Students #test and
analysis of variance (ANOVA) tests were used for statistical analysis. A pvalue < 0.05 was
considered to be statistically significant. For the /n vivo study, the average bioluminescence
(photons/sec/cm?) and corresponding standard deviations were determined for each
experiment. Bioluminescence from the three groups of mice were compared using a one-
way ANOVA. Calvarial surface area and calcium concentrations in the conditioned media of
calvaria co-cultures were analyzed using a one-way ANOVA. Continuous variables
including plasma calcium concentrations, and histomorphometry values, osteoclast number
and trabecular bone perimeter were analyzed using a one-way ANOVA.

PTHrP from Jurkat-PTHrP cells stimulated ex vivo bone resorption

PTHrP and MIP-1a are two factors that have demonstrated a significant role in endocrine-
mediated bone resorption and HHM but the paracrine role of these factors in ATL remains
unknown. To investigate the individual contributions of PTHrP and MIP-1a on local
osteolysis, we made use of cell lines that we had previously generated and used for an
intraperitoneal injection study [24].

To model the effect of secreted factors from tumor cells on bone ex vivo, calvarial discs
from neonatal mice were co-cultured in 48-hour conditioned media from Jurkat-PTHrP,
Jurkat-MIP-1a, or Jurkat-pcDNA cells. Calvarial discs were TRAP-stained to evaluate the
distribution and extent of osteoclast activity (Figure 1A-D). Activated osteoclasts resorb the
bone matrix and subsequently release growth factors and calcium stored in the mineralized
matrix. Thus, calcium concentrations were measured in the medium to assess bone
resorption. Calcium concentrations were greater in the medium of calvarial discs co-cultured
with conditioned medium from Jurkat-PTHrP cells compared to the Jurkat-MIP-1a and
Jurkat-pcDNA cells (Figure 1F). The increase in calcium paralleled the decrease in relative
surface area in the corresponding calvarial disc. The area of each disc was measured using
Bioquant Imaging software. There was a significant decrease in calvarial area in the discs
co-cultured with the Jurkat-PTHrP conditioned media compared to the Jurkat-MIP-1a and
Jurkat-pcDNA discs (Figure 1E). This experiment demonstrated that the effects of Jurkat-
PTHrP cells on bone are due to the secretion of PTHrP acting locally on bone as the primary
mechanism of bone resorption from these cells.

PTHrP and MIP-1a decreased intratibial tumor growth in Jurkat cells

To investigate the individual contributions of PTHrP and MIP-1a on local osteolysis in T-
cell leukemia bone metastases, we injected the Jurkat cell lines into the tibias of
immunosuppressed NSG mice. /n vivo bioluminescent imaging of the injected mice was
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performed weekly. By day 8, signal was observed in the tibias of all mice in the Jurkat-
PTHTrP group (Figure 2A). The relative bioluminescent signal was similar among all mice on
the day of injection. On day 30 (day of sacrifice), tumor bioluminescence increased in all
groups, and evidence of metastasis was observed in the lung and liver (Figure 2). Jurkat-
PTHTrP tibial neoplasms grew at a significantly slower rate compared to Jurkat-pcDNA
tumors (Figure 2). On the day of sacrifice, tumor bioluminescence was significantly lower in
Jurkat-PTHTrP tibial neoplasms compared to Jurkat-pcDNA neoplasms (Figure 2). Jurkat-
MIP-1a tibial neoplasms also grew slower and tumor burden was lower on the day of
sacrifice compared to Jurkat-pcDNA, but the difference was not statistically significant.

Overexpression of PTHrP alone was sufficient to induce pathologic osteolysis in Jurkat
intratibial bone neoplasms

We investigated the /7 vivo bone phenotype in T-cell lymphoma with overexpression of
PTHrP or MIP-1a.. On the day of sacrifice, blood was collected, and plasma calcium was
measured. There was no significant difference between plasma calcium concentrations in
mice with Jurkat-PTHrP (9.7 mg/dL + 0.5), Jurkat-MIP-1a (10.1 mg/dL + 0.1), and Jurkat-
pcDNA (9.6 mg/dL £ 1.7) xenografts. The absence of hypercalcemia in the mice with
Jurkat-PTHrP xenografts is consistent with local activation of osteoclasts resulting in focal
bone resorption, rather than diffuse, whole body bone loss.

Tibial radiographs of the Jurkat-PTHrP mice demonstrated a dramatic increase in
radiolucency that ranged from large focal to variably sized multifocal, coalescing areas of
bone loss spanning from the proximal metaphysis throughout the diaphysis (Figure 3A).
Jurkat-MIP-1a-bearing tibias had evidence of mild to moderate tumor-associated bone loss,
characterized by focal to coalescing areas of radiolucency that largely remained confined to
the area of the metaphysis and proximal diaphysis (Figure 3B). The tumor-bearing tibias of
the Jurkat-pcDNA cell line had minimal evidence of osteolysis (Figure 3C). The percent
tumor-associated bone loss was significantly greater in the Jurkat-PTHrP tumor bearing
tibias when compared to the tibias of mice bearing Jurkat-MIP-1a or Jurkat-pcDNA
neoplasms (Figure 3D). The bioluminescent data (Figure 2) showed that the overall tumor
burden was lower in the Jurkat-PTHrP bone neoplasms compared to Jurkat-pcDNA
neoplasms, indicating that the increased osteolysis was not a result of greater tumor mass in
the tibias.

Jurkat-PTHrP neoplasms had pathologic bone resorption with increased osteoclast
number and activity and decreased trabecular bone

H&E-stained tibias from the Jurkat-PTHrP mice revealed sheets of large, round, atypical
lymphoma cells with prominent mitoses. Lymphoma cells extended from the proximal
metaphysis to the mid- or distal diaphysis. A decrease in the number of trabeculae and total
area of trabecular bone was observed, and trabeculae were lined by large, bone-resorbing
osteoclasts and eroded surfaces (Figure 4). Activated osteoclasts contained one to multiple
round nuclei, and moderate amounts of amphophilic cytoplasm. There were occasional areas
of activated osteoclasts adjacent to Jurkat-PTHrP tumor cells that were eroding through the
cortex of the bone. Tibias of Jurkat-MIP-1a and Jurkat-pcDNA mice revealed similar
lymphoma cells as seen in the Jurkat-PTHrP tumors with cells extending from the
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metaphyseal region to varying depths of the tibial diaphysis. In contrast to the Jurkat-PTHrP
bone neoplasms, both Jurkat-MIP-1a and Jurkat-pcDNA mice had significantly more
trabeculae and endosteal new bone formation (Figure 4B;4C). H&E-stained tibias were
scanned and analyzed using Bioquant software to evaluate the amount of trabecular bone.
Jurkat-PTHrP bone neoplasms had a significant decrease in the number and area of
trabeculae compared to Jurkat-pcDNA and Jurkat-MIP-1a bone neoplasms (Figure 4E).

TRAP-stained tibias from the Jurkat-PTHrP neoplasms had a marked increase in TRAP-
positive osteoclasts lining the resorbing surfaces of trabecular and cortical bone (Figure 4D).
Osteoclasts were also detached from bone surfaces and found within the medullary cavity
associated with tumor cells and admixed with fibrous stroma. TRAP-stained tibias of Jurkat-
MIP-1a mice had a mild increase of TRAP-stained osteoclasts that lined the new medullary
bone and the growth plate. Bone histomorphometry of TRAP-stained tibias showed a
significant increase in the number of TRAP-stained osteoclasts per trabecular surface in the
Jurkat-PTHrP bone neoplasms compared to the Jurkat-MIP-1a and Jurkat-pcDNA tibial
neoplasms (Figure 4D).

PTHrP did not increase skeletal metastasis in T-cell ymphoma

The bone phenotype in Jurkat-PTHrP xenografts raised the possibility that Jurkat-PTHrP
neoplasms may have a tropism for the bone microenvironment. PTHrP overexpression could
mediate communication between the lymphoma cells and bone cells to create a pro-
tumorigenic microenvironment and promote distant bone metastasis. We tested whether
PTHrP would enhance bone metastasis following intracardiac injection. Our hypothesis was
that PTHrP is sufficient to increase skeletal metastasis in Jurkat lymphoma cells.

Jurkat-PTHrP and Jurkat-pcDNA cells were injected into the left cardiac ventricle of NSG
mice, and /n vivo bioluminescent imaging was performed weekly to monitor for metastasis.
After 24 days, bioluminescent signal was detected in all mice and signal intensity was
monitored until the end of the study (Table 1). Six weeks following injection, mice were
euthanized and bioluminescent signal was present in the bones of most mice in the two
groups. Bioluminescent signal was used to quantify bone metastases between the two groups
and showed an increased number of metastatic sites in Jurkat-pcDNA mice compared to
Jurkat-PTHrP mice (Fig. 5C and Table 1).

To evaluate potential tumor-induced bone changes, tibias were isolated on the day of
sacrifice and high resolution Faxitron imaging and histopathology were performed. There
was no evidence of radiographic bone changes in the Jurkat-PTHrP and Jurkat-pcDNA mice
that had confirmed tibial bone neoplasms by histopathology, likely due to the small size of
the micrometastases. On histopathologic examination, tibias and femurs of Jurkat-PTHrP
xenografts showed multifocal to focal areas of lymphoma cells in the diaphysis and were
admixed within the hematopoietic population in the marrow (Figure 5A). Bone surfaces that
were adjacent to and lined by intramedullary tumor cells showed evidence of cortical
erosion. Jurkat-pcDNA xenografts showed multifocal to diffuse distribution of lymphoma
cells throughout the diaphysis of the tibia and femur that was frequently seen with extensive
necrosis and hemorrhage (Figure 5B). These data demonstrate that, contrary to our
hypothesis, PTHrP overexpression does not increase metastasis in Jurkat lymphoma.
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Discussion

We developed and characterized a mouse model of human leukemia that can be used to
investigate the mechanisms and tumor-bone signaling factors responsible for the bone
phenotypes T-cell leukemia. When the Jurkat T-cell line was injected into the marrow cavity
of NSG mice, the tumor cells proliferated within the marrow inducing minimal bone cell
response. Previous reports have demonstrated that several factors secreted from HTLV-1-
infected cells can induce ex vivo bone resorption and osteoclast activity, including PTHrP
and MIP-1a. Therefore, we evaluated the individual contribution of PTHrP and MIP-1a to
the osteolytic tumor-bone phenotype using overexpression technology and intratibial
xenograft models.

PTHrP expression has been identified in multiple types of cancer including breast cancer,
prostate cancer, ATL, multiple myeloma, and several other malignancies [12]. PTHrP can
function as an endocrine, paracrine, autocrine, and/or intracrine hormone depending on the
tumor type [26]. HHM occurs in 80% of ATL patients [27,28]. Constitutive expression of
PTHrP by lymphoma cells was reported in ATL patients, resulting in whole-body osteoclast
activation and bone resorption and increased renal tubule reabsorption of calcium [29].
When human peripheral blood mononuclear cells were transformed in vitro by the HTLV-1
virus, both PTHrP and the PTHZ1 receptor were upregulated, suggesting a potential autocrine
role for PTHrP in ATL [9]. Osteolytic bone metastases frequently occur in breast cancer
patients with advanced disease with greater than 90% of bone metastatic sites expressing
PTHTrP [30]. Overexpression and knockdown of PTHrP in breast cancer has identified a role
for PTHrP in enhancing breast cancer-mediated osteolysis and induction of cancer-
associated hypercalcemia [31-33]. PTHrP can decrease bone metastases if it is expressed in
primary breast tumors [34]. In prostate cancer, bone metastases with PTHrP expression are
often osteoblastic, and are characterized by pathologic new bone formation [11].

In this study, we found that PTHrP expression by the Jurkat T-lymphocyte resulted in
paracrine-mediated osteolysis and was sufficient to recapitulate the osteolytic lesions seen in
ATL bone tumors, demonstrating a significant paracrine role for PTHrP in osteolytic
lymphoma lesions. Although overexpression of PTHrP was sufficient to induce marked
pathologic osteolysis, PTHrP overexpression also modified other bone signaling genes in the
Jurkat cells [24], suggesting a potential synergistic, or cooperative role for PTHrP in
osteolysis.

MIP-1a has been shown to have an important role in HHM and in promoting tumor growth
and metastasis in ATL and other osteolytic bone neoplasms such as multiple myeloma
[6,9,10,19,23,35,36]. MIP-1a has been consistently detected in the serum of ATL patients
with hypercalcemia. In one study, 24/24 hypercalcemic ATL patients had circulating
MIP-1a., whereas it was rarely identified in normocalcemic ATL patients [19]. MIP-1a can
induce osteoclast formation and activity through both RANKL-dependent and independent
mechanisms [37]. MIP-1a has been shown to significantly enhance human osteoclast
precursor migration and RANKL expression by ATL cells [19]. ATL osteolytic primary
bone neoplasms were positive for MIP-1a by immunohistochemistry even when they were
negative for PTHrP [16]. Despite the evidence to suggest that overexpression of MIP-1a by
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Jurkat T cells would cause pathologic osteolysis, we found minimal increases in osteolysis
between Jurkat- MIP-1a-luc and Jurkat-pcDNA cells /n vivo. These results suggest that
additional intrinsic factors, or cooperative tumor-associated cytokines are required for
MIP-1la-mediated bone resorption and hypercalcemia in ATL and T-cell lymphoma.

PTHrP has been associated with the progression of skeletal metastasis in breast, prostate,
and lung cancers [11,38-40]. Breast cancers that overexpress PTHrP can be less invasive/
aggressive, but have more bone resorption [34]. The high incidence of PTHrP and bone
metastasis seen in ATL patients suggested that PTHrP may have a role in promoting skeletal
metastasis in ATL. However, PTHrP overexpression in Jurkat T cells did not increase the
incidence of bone metastasis following intracardiac injections when compared to controls.
Our findings were consistent with the idea that PTHrP overexpression does not increase
skeletal metastasis in T cell lymphoma and suggests that other factors are responsible for the
multifocal bone involvement of human patients.

In conclusion, we investigated the potential of two factors that are highly expressed in ATL
using a mouse model of T-cell lymphoma in bone. Our studies show that PTHrP
overexpression resulted in paracrine-mediated osteolytic bone resorption characterized by
increased osteoclast number and decreased trabecular bone 7n vivo, and increased calvarial
bone loss ex vivo. These results demonstrate an important role of PTHrP in pathologic bone
loss in T-cell lymphoma. We found that PTHrP did not increase the incidence of skeletal
metastasis, suggesting that other factors are responsible for bone involvement in T-cell
lymphoma. We showed that MIP-1a overexpression alone did not significantly increase
local osteolysis in T-cell lymphoma. Our development of this novel mouse model of
lymphoma in bone will be useful for future investigations of the independent and synergistic
functions of individual factors that potentially play a role in the leukemia-bone
communication and could be useful therapeutic targets in the future.
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Figurel.
Conditioned medium from Jurkat-PTHTrP cells had greater bone resorption and calcium

release in ex vivo experiments. (A-D) Neonatal calvarial discs co-cultured with conditioned
media from Jurkat cells and TRAP-stained for osteoclast activity. Vertical pairs were from
the same mouse, thus each PTHrP-pcDNA and MIP-1-pcDNA comparison was internally
controlled. (E) Jurkat-PTHrP conditioned medium significantly decreased bone area of
calvaria due to increased osteoclastic bone resorption comparedto Jurkat-pcDNA as
indicated by a decrease in calvarial area (**p < .01). (F) Co-cultures resulted in higher
concentrationsof calcium in the medium containing the calvaria and conditioned medium
from the Jurkat-PTHrP cells when compared to Jurkat-MIP-1a and Jurkat-pcDNA cells (*p
<.03).
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Figure2.

In vivo bioluminescent imaging showing Jurkat-PTHTrP tibial neoplasms grew at a
significantly slower rate than JurkatpcDNA neoplasms. Bioluminescent imaging of mice
with Jurkat cells with overexpression of PTHrP, MIP-1a., or vector mRNA control. (A)
Successful tibial engraftment was confirmed on the first week of bioluminescent imaging. Y-
axes are x 103. (B) On day 30 (sacrifice) tibial tumor burden had increased in all groups. Y-
axes are x 106, (C) The Jurkat-pcDNA tibial neoplasms had the greatest bioluminescent
signal. Jurkat-pcDNA bone neoplasms grew at a significantly faster rate than Jurkat-PTHrP
bone neoplasms (*p <.05). (D) On the day of sacrifice, overall tibial tumor burden was
significantly decreased in the Jurkat-PTHrP mice, as determined by decreased intensity of
bioluminescence in the tibias (*p < .05).
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Radiographic bone loss was significantly greater in the Jurkat-PTHrP tumor-bearing tibias.
(A) Tibias with Jurkat-PTHrP neoplasms had significantly greater bone loss as indicated by
the total area of radiolucency. Multifocal to coalescing areas of radiolucency spanned from

the proximal metaphysis to the mid- to distal diaphysis in Jurkat-PTHrP-bearing bone

neoplasms. (B) Jurkat-MIP-1a -bearing tibias had focal to coalescing areas of radiolucency
that were significantly less than the Jurkat-PTHrP neoplasms but more than Jurkat-pcDNA

tumor-bearing tibias. (C) Jurkat-pcDNA tibial bone neoplasms had minimal areas of
radiolucency. (D) Bone loss was quantified on high-resolution faxitron images using

Bioquant software. Jurkat-PTHrP mice had significantly greater tumor-associated bone loss

than Jurkat-MIP-1a and JurkatpcDNA (**p < .01).
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Figure 4.

Jurkat-PTHrP neoplasms had increased osteoclast number and decreased trabecular bone

volume. (A) H&E-stained tibias from the Jurkat-PTHrP mice had lymphoma cells that

spanned from the proximal metaphysis to the mid- to distal diaphysis. A decrease in the
number and total area of trabecular bone was present. Tibias of Jurkat-MIP-1a (B) and

Jurkat-pcDNA (C) mice had lymphoma cells spanning from the metaphysis to varying

depths of the tibial diaphysis. Endosteal new bone formation was present adjacent to the
lymphoma cells within the metaphysis in both Jurkat-MIP-1a and Jurkat-pcDNA mice. (D)
The number of osteoclasts per surface of trabecular bone and the number of osteoclasts was
significantly increased in Jurkat-PTHrP tumor-bearing tibias when compared with Jurkat-

pcDNA and Jurkat-MIP-1a mice (***p <.001). (E) The area of trabecular bone was

significantly decreased in the Jurkat-PTHrP mice compared to the Jurkat-pcDNA and Jurkat-

MIP-1a mice (**p < .004).
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Figureb.
PTHTrP did not increase the incidence of skeletal metastasis following intracardiac injection

of Jurkat-PTHIrP cells. (A) H&E-stained tibias of Jurkat-PTHrP bone metastases following
intracardiac injection. Metastases had a multifocal distribution in the tibias and occasionally
lymphoma cells were seen adjacent to eroded cortices (bottom potion of the bone). (B) In
contrast, JurkatpcDNA tibial metastases were characterized by a diffuse distribution with
extensive necrosis and hemorrhage. Tibial and femoral metastases were confirmed by
histopathology. (C) The average incidence of bone metastasis was greater in the Jurkat-
pcDNA mice than Jurkat-PTHrP mice, indicating that PTHrP did not increase the incidence
of Jurkat cell bone metastases.
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Distant metastases for Jurkat-pcDNA and Jurkat-PTHrP were evaluated by bioluminescent imaging and

histopathology.

Table 1-

Cell line Mouse number Metastasis
Tibia | Tibia | Femur | Histopathologic metastasis BLI metastasis

Jurkat-pcDNA M1 X X - -
Jurkat-pcDNA M2 X X X Vertebrae, humerus Stomach, vertebrae, humerus
Jurkat-pcDNA M3 X X - Vertebrae Vertebrae
Jurkat-pcDNA M4 X X - - -
Jurkat-pcDNA M5 X X X Vertebrae Vertebrae
Jurkat-PTHrP M6 X X X Extranodal (fat) Stomach, extranodal (fat)
Jurkat-PTHrP M7 X X X - -
Jurkat-PTHrP M8 - - - - -
Jurkat-PTHrP M9 - - - - Stomach
Jurkat-PTHrP M10 - - - - -

Leuk Lymphoma. Author manuscript; available in PMC 2021 February 01.

Page 17



	Abstract
	Introduction
	Materials and Methods
	Cell Lines
	Mouse injections and bioluminescent imaging
	Intratibial injections
	Intracardiac injections
	Bioluminescent imaging
	Measurement of plasma calcium concentrations
	Radiography
	Histopathology, Immunohistochemistry, Histomorphometry
	Calvarial bone culture
	Statistical Analysis

	Results
	PTHrP from Jurkat-PTHrP cells stimulated ex vivo bone resorption
	PTHrP and MIP-1α decreased intratibial tumor growth in Jurkat cells
	Overexpression of PTHrP alone was sufficient to induce pathologic osteolysis in Jurkat intratibial bone neoplasms
	Jurkat-PTHrP neoplasms had pathologic bone resorption with increased osteoclast number and activity and decreased trabecular bone
	PTHrP did not increase skeletal metastasis in T-cell lymphoma

	Discussion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Table 1-

